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RÉSUME ́  
 
La dystrophie myotonique de type 1 (DM1), ou maladie de Steinert, est une maladie qui 

touche plusieurs tissus, dont le système nerveux central (SNC). L’atteinte neurologique est 
variable et inclut des troubles de la fonction exécutive, des changements de comportement et 
une hypersomnolence dans la forme adulte, ainsi qu’une déficience intellectuelle marquée dans 
la forme congénitale. Dans leur ensemble, les symptômes neurologiques ont un fort impact sur 
le parcours académique, professionnel et les interactions sociales. Aujourd’hui aucune thérapie 
n’existe pour cette maladie.  

La DM1 est due à une expansion anormale d’un triplet CTG non-codant dans le gène 
DMPK. Les ARN messagers DMPK, porteurs de l’expansion, s’accumulent dans le noyau des 
cellules (sous forme de foci) et perturbent la localisation et la fonction de protéines de liaison à 
l’ARN, notamment des familles MBNL et CELF, ce qui entraine des défauts d’épissage 
alternatif, d’expression, de polyadenylation et de localisation d’autres ARN cibles. Malgré le 
progrès récent dans la compréhension des mécanismes de la maladie, les aspects cellulaires et 
moléculaires de l’atteinte neurologique restent méconnus: nous ne connaissons ni la 
contribution de chaque type cellulaire du cerveau, ni les voies moléculaires spécifiquement 
dérégulées dans chaque type cellulaire. L’objectif de ma thèse a été de répondre à ces deux 
questions importantes en utilisant un modèle de souris transgéniques et des cellules primaires 
dérivées de celui-ci. 

Pour mon projet, j’ai utilisé les souris DMSXL générées par mon laboratoire. Ces souris 
reproduisent des caractéristiques importantes de la DM1, notamment l’accumulation des ARN 
toxiques et la dérégulation de l’épissage alternatif dans plusieurs tissus. L’impacte fonctionnel 
des transcrits DMPK toxiques dans le SNC des souris DMSXL se traduit par des problèmes 
comportementaux et cognitifs et par des défauts de la plasticité synaptique. Afin d’identifier les 
mécanismes moléculaires associés à ces anomalies, une étude protéomique globale a montré une 
dérégulation de protéines neuronales et astrocytaires dans le cerveau des souris DMSXL. De 
plus, l’étude de la distribution des foci d’ARN dans les cerveaux des souris et des patients a 
montré un contenu plus élevé dans les astrocytes par rapport aux neurones. Ensemble, ces 
résultats suggèrent une contribution à la fois neuronale et gliale dans la neuropathogenèse de la 
DM1. 

L’étude protéomique globale des cerveaux des souris DMSXL, a aussi montré des défauts 
de protéines synaptiques spécifiques des neurones, que nous avons par la suite validés dans le 
cerveau des patients. SYN1 est hyperphosphorylée d’une façon CELF-dépendante et RAB3A 
est surexprimé en réponse à l’inactivation de MBNL1. Les protéines MBNL et CELF régulent 
l’épissage alternatif d’un groupe de transcrits au cours du développement, et leur dérégulation 
dans la DM1 entraine l’expression anormale d’isoformes d’épissage embryonnaires dans le tissu 
adulte. Dans ce contexte, j’ai étudié si les défauts des protéines RAB3A et SYN1 sont associés à 
une dérégulation d’épissage, et si les anomalies des protéines synaptiques identifiées dans la 
DM1 reproduisent des évènements embryonnaires de la régulation de RAB3A et SYN1. Mes 
résultats indiquent que les défauts de ces protéines dans les cerveaux adultes ne sont pas dus à 
une altération de l’épissage alternatif des transcrits et ne recréent pas des évènements 
embryonnaires. La neuropathogenèse de la DM1 va, donc, au delà de la dérégulation de 
l’épissage et d’autres voies moléculaires restent à explorer dans les cerveaux DM1. 

Afin d’identifier des sous-populations cellulaires susceptibles à l’accumulation des ARN 



 

 6 

toxiques, nous avons étudié la distribution des foci dans plusieurs régions cérébrales. Nous 
avons trouvé une accumulation très prononcée des ARN toxiques dans les astrocytes de 
Bergmann du cervelet des souris DMSXL et des malades DM1, en association avec une 
hyperactivité neuronale des cellules de Purkinje. Une analyse protéomique quantitative a montré 
une diminution significative de la protéine GLT1 – un transporteur du glutamate exprimé par 
les astrocytes, notamment par les cellules de Bergmann du cervelet. J’ai confirmé le défaut de 
GLT1 dans d’autres régions du cerveau murin et humain. La recapture du glutamate par les 
astrocytes est essentielle pour la physiologie cérébrale, donc je me suis intéressée aux causes et 
aux conséquences de la diminution de GLT1 dans la DM1. J’ai montré que les niveaux d’ARN 
GLT1 sont diminués suite à l’inactivation de MBNL1, ce qui pourrait expliquer le défaut de ce 
transporteur dans la DM1. Mes résultats indiquent que le déficit en GLT1 réduit la recapture du 
glutamate par les astrocytes DMSXL et entraine une neurotoxicité par le glutamate en co-
cultures. De façon importante, l’excitotoxicité neuronale est corrigée par la surexpression de 
GLT1 dans les astrocytes. 

Pour mieux comprendre la spécificité cellulaire de la DM1 dans le SNC, j’ai établi et 
caractérisé des cultures  primaires des neurones et astrocytes dérivées des souris DMSXL. J’ai 
confirmé une toxicité des ARNs plus sévère dans les astrocytes DMSXL par rapport aux 
neurones. De plus, les astrocytes DMSXL montrent des défauts de la dynamique de croissance, 
particulièrement au niveau de l’adhésion, en association avec une diminution des adhésions 
focales, des défauts de polarisation du cytosquelette et des anomalies de migration. En 
revanche, les neurones DMSXL montrent des défauts tardifs de neuritogenèse, qui deviennent 
plus prononcés en co-culture avec des astrocytes DMSXL. Au niveau moléculaire, l’étude 
protéomique globale des cultures primaires homogènes a indiqué une dérégulation de protéines 
d’adhésion, essentielles dans le fonctionnement de la synapse tripartite. Ces résultats montrent 
une forte implication des astrocytes et de la communication neurogliale dans la 
neuropathogenèse de la DM1. 

Enfin, suite à l’hyperphosphorylation de protéines dans la DM1 (comme CELF, MAPT 
ou SYN1) je me suis intéressée à l’activité des kinases dans le SNC. J’ai étudié les niveaux 
d’expression et activation des kinases candidates GSK3 et CDK5, connues pour phosphoryler 
MAPT et SYN1 respectivement, dans les cerveaux des souris DMSXL et des patients DM1. J’ai 
ensuite élargit l’étude aux neurones et astrocytes DMSXL par une analyse du 
phosphoproteome, afin de mieux comprendre quelles kinases et voies de phosphorylation sont 
dérégulées dans la DM1. 

Les résultats obtenus pendant ma thèse contribuent à mieux comprendre les mécanismes 
neuropathologiques de la DM1 et permettront d’identifier d’autres pistes pour de nouveaux  
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ABSTRACT   
 
 
Myotonic dystrophy type 1 (DM1) is a severe disorder that affects many tissues, including 

the central nervous system (CNS). The degree of brain impairment ranges from executive 
dysfunction, attention deficits, low processing speed, behavioural changes and hypersomnia in 
the adult form, to pronounced intellectual disability in the congenital cases. The neurological 
manifestations have a tremendous impact on the academic, professional, social and emotional 
aspects of daily life. Today there is no cure for this devastating condition. 

DM1 is caused by the abnormal expansion of a CTG trinucleotide repeat in the 3’UTR of 
the DMPK gene. Expanded DMPK transcripts accumulate in RNA aggregates (or foci) in the 
nucleus of DM1 cells, disrupting the activity of important RNA-binding proteins, like the 
MBNL and CELF families, and leading to abnormalities in alternative splicing, gene expression, 
RNA polyadenylation, localisation and translation. In spite of recent progress, fundamental gaps 
in our understanding of the molecular and cellular mechanisms behind the neurological 
manifestations still exist: we do not know the contribution of each cell type of the CNS to brain 
dysfunction, or the molecular pathways specifically deregulated in response to the CTG 
expansion. The aim of my PhD project has been to gain insight into these two important 
questions using a relevant transgenic mouse model of DM1 and cell cultures derived thereof.  

In my studies I used the DMSXL mice, previously generated in my host laboratory. The 
DMSXL mice express expanded DMPK mRNA with more than 1,000 CTG repeats. They 
recreate relevant DM1 features, such as RNA foci and missplicing in multiple tissues. The 
functional impact of expanded DMPK transcripts in the CNS of DMSXL mice translates into 
behavioural and cognitive abnormalities and defective synaptic plasticity. To identify the 
molecular mechanisms behind these abnormalities, a global proteomics analysis revealed 
changes in both neuron-specific and glial-specific proteins in DMSXL brain. We also 
investigated RNA foci in DMSXL and human DM1 brains and found non-homogenous 
distribution between cell types, with a higher foci content in astrocytes relative to neurons. 
Together these results suggest that both neuronal and glial defects contribute to DM1 
neuropathogenesis. 

The global proteomics analysis of DMSXL brains also identified abnormalities in 
neuronal synaptic proteins that we have validated in human brain samples. SYN1 is 
hyperphosphorilated in a CELF-dependent manner while RAB3A is upregulated in association 
with MBNL1 depletion. CELF and MBNL proteins regulate the alternative splicing of a subset 
of transcripts throughout development, and their deregulation in DM1 leads to abnormal 
expression of fetal splicing isoforms in adult DM1 brains. In this context, I have studied if 
RAB3A and SYN1 deregulations observed in adult brains are associated with splicing 
abnormalities or if they recreated embryonic expression and phosphorylation events. My results 
indicate that the synaptic proteins abnormalities observed in adult DMSXL brains are not 
caused by defective alternative splicing and do not recreate embryonic events. Thus, DM1 
neuropathogenesis goes beyond missplicing and other molecular pathways must be explored in 
DM1 brains. 

To better understand the cellular sub-populations susceptible of accumulating toxic RNA 
foci we have studied foci distribution in different brain regions. We identified pronounced 
accumulation of toxic RNAs in Bergman astrocytes of DMSXL mice cerebellum and DM1 
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patients, associated with neuronal hyperactivity of Purkinje cells. A quantitative proteomics 
analysis revealed a significant downregulation of GLT1 – a glial glutamate transporter expressed 
by the Bergmann cell in the cerebellum. I have confirmed the GLT1 downregulation in other 
brain regions of mouse and human brain. As glutamate uptake by the astrocytes is essential for 
brain physiology I have studied the cause and consequences of the GLT1 downregulation in 
DM1. I show that GLT1 mRNA is downregulated as a consequence of MBNL1 inactivation, 
which could explain the abnormalities of this glutamate transporter in DM1. My results also 
indicate that the GLT1 deficit is associated with decreased uptake of glutamate by DMSXL 
astrocytes and leads to glutamate-induced neurotoxicity in co-cultures. Interestingly, neuronal 
excitotoxicity is corrected by GLT1 overexpression in the astrocytes. 

To gain insight into the brain-cell type specificity of DM1, I have established and studied 
neuronal and astroglial primary cultures derived from DMSXL brains. I confirmed higher RNA 
toxicity in DMSXL astrocytes relative to neurons. Moreover, primary DMSXL astrocytes show 
deficits in growth dynamics, particularly in adhesion, associated with a decrease in focal 
adhesions, abnormal cytoskeleton polarization and erratic migration. In contrast DMSXL 
neurons show late neuritogenesis defects, which become more pronounced in co-culture with 
DMSXL astrocytes. At a molecular level, a global proteomics analysis of homogeneous cultures 
revealed abnormalities in proteins regulating cell adhesion, important for the proper functioning 
of the tripartite synapse. These results indicate an important role for the astrocytes and 
neuroglial interplay in DM1 neuropathogenesis.  

Finally, as different proteins have been reported hyperphosphorilated in DM1, like 
CELF, SYN1 and MAPT, I got interested in the kinases activity in the CNS. I have studied the 
expression and activity levels of two of the candidate kinases, GSK3 and CDK5, known to 
phosphorylate MAPT and SYN1 respectively, in DMSXL and DM1 brains. I next extended this 
study to DMSXL neurons and astrocytes with a phosphoproteomics analysis to better 
understand the kinases and phosphorylation pathways deregulated in the DM1 brain.  

In conclusion, my PhD project contributes to better understand DM1 brain disease by 
providing a better insight into the cell-specific mechanisms operating in the DM1 brain, guiding 
us closer to efficient CNS therapies. 
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Chapter I. Myotonic dystrophy type 1 – 

from clinics to therapeutic trials  

 “Right now I don’t  think that the publ i c  knows very much about myotonic  

dystrophy but I  f ee l  l ike i t ’ s  ge t t ing there .  I  know that i t  a f f e c t s  his  musc les  most ly… and 

the heart ,  lungs and brain… and that he ’s  not  able  to focus for  very long.  Sam has taught 

me a ton about courage ,  he teaches me how I ’m always ready to he lp people  and how I can 

he lp people  and how I should he lp people .”   

   Extract of “Hope & Inspiration: MDF Community Voices” 
 

 
Will Florence talks about his brother Sam’s journey with congenital myotonic dystrophy. 

A journey of hope and inspiration, about which both public and scientists did not know much, 

25 years ago. A journey that turned out to follow a very difficult path; a path that affects on its 

way several organs and tissue systems of the people who take up this challenging trail. A complex 

journey that taught scientists new ways of understanding molecular genetics, of studying the 

numerous biological consequences of one sole mutation in different types of cells, and pushed 

them towards new and innovative ways to treat and help the people who have set forth on the 

myotonic dystrophy journey. 
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I.A. Unstable microsatellite repeats and human 
neurological diseases 

About 3% of the human genome is composed of simple sequence repeats of 2-10 

nucleotides, known as microsatellites, distributed in both coding and non-coding regions (Lander 

et al. 2001). Among them, tri- and hexanucleotides are more abundant in exons and, even if the 

overall abundance of microsatellites is relatively uniform across the genome, the chromosome 19 

shows the highest microsatellite density (Subramanian et al. 2003).  

Abnormal expansion of a certain group of microsatellites can lead to 

neurological/neuromuscular disorders, and among them, trinucleotide expansions are the most 

common group of disease-associated microsatellites. The expanded microsatellite can be located 

in different regions of a gene and thus have different pathological mechanisms (Fig. I.1). A loss 

of function of the gene, due to disrupted transcription, is observed in the fragile X syndrome 

(FXS) and Friedreich’s ataxia (FRDA); a toxic protein gain of function, due to translation of 

expanded polyglutamine sequences, is observed in the HD (HD) and several types of 

spinocerebellar ataxias (SCAs); and a toxic gain of function of the RNA, linked to aggregation 

and sequestration of disease modulators, is the main cause of myotonic dystrophy type 1 (DM1) 

and type 2 (DM2), as well as familial amyotrophic lateral sclerosis with frontotemporal dementia 

(ALS/FTD). Additionally a combined toxicity of protein and RNA is observed in Huntington’s 

disease-like 2 (HDL2) and spinocerebellar ataxia 8 (SCA8). While most of these neurological 

diseases are caused by expansion of trinucleotides, some are associated with different types of 

expanded repeats. For instance, DM2 is caused by the abnormal expansion of a tetranucleotide, 

SCA10 and SCA31 are caused by a pentanucleotide expansion, and ALS/FTD is caused by the 

abnormal expansion of a hexanucleotide. A summary of these expanded microsatellite diseases, 

including the causing microsatellite, its location and pathological threshold and main clinical 

features is presented in Table I.1.  
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Figure I.1. Schematic representation of inherited human neurological disorders associated with 
microsatellite expansions 
Some human neurological disorders are associated with microsatellite expansions in different regions of 
many different genes, and are mediated by different pathological mechanisms, including gene loss of 
function, or toxic gain of function of the mutant protein or RNA (adapted from Wojciechowska & 
Krzyzosiak 2011). 
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Table I.1. Summary of some relevant neurological diseases caused by unstable microsatellite 
expansions. 

Category Disease Microsat. 
exp 

Repeat 
location 

Normal 
size 

Disease 
size Main clinical features 

Loss of 
function 

Friedreich’s Ataxia 
(FRDA) GAA FXN 

Intron 1 
5-30 70-1000 

Progressive ataxia, muscle 
weakness, sensory loss, 

cardiomyopathy, diabetes 

Fragile X syndrome 
(FXS) CGG FMR1 

5’UTR 6-50 200- 
4000 

Severe intellectual disability, ASD, 
macroorchidism 

Protein gain 
of function 

 

Huntington’s disease 
(HD) CAG 

HTT 
Exon 1 6-29 38-180 

Chorea, dystonia, cognitive 
decline, psychiatric disease 

Spinal and bulbar 
muscular atrophy 

(SBMA) 
CAG 

AR 
Exon1 10-36 38-62 

Proximal muscle weakness, 
muscle atrophy, gynecomastia 

Dentatorubral-
pallidolusyan atrophy 

(DRPLA) 
CAG ATN1 

Exon 5 6-35 49-88 Seizures, cognitive decline, ataxia, 
choreoathetosis 

Spinocerebellar 
Ataxia 1 (SCA1) CAG 

ATXN1 
Exon 8 6-39 41-83 

Ataxia, dysarthria, spasticity, 
ophthalmoplegia 

Spinocerebellar 
Ataxia 2 (SCA2) CAG 

ATXN2 
Exon 1 <31 32-200 

Ataxia, slow eye movement, 
hyporeflexia, motor disease, 

occasional parkinsonism 

Spinocerebellar 
Ataxia 3 (SCA3) CAG 

ATXN3 
Exon 8 12-40 52-86 

Ataxia, dystonia, lower motor 
neuron disease 

Spinocerebellar 
Ataxia 6 (SCA6) CAG CACNA1A  

Exon 47 
<18 20-33 Ataxia, dysarthria, sensory loss 

Spinocerebellar 
Ataxia 7 (SCA7) CAG 

ATXN7 
Exon 3 4-17 

>36 to 
>460 

Ataxia, dysarthria, cone-rod 
dystrophy retinal disease 

Spinocerebellar 
Ataxia 17 (SCA17) CAG TBP 

Exon 3 
25-42 45-66 Ataxia, dementia, chorea, seizures, 

dystonia 

RNA gain of 
function 

Myotonic dystrophy 
type 1 
(DM1) 

CTG 
DMPK  
3’UTR 5-37 

>50 to 
 >4000 

Myotonia and muscle weakness, 
cardiac-endocrine-endocrine-GI- 
defects, cognitive and behavioral 

abnormalities… 

Myotonic dystrophy 
type 2 
(DM2) 

CCTG CNBP 
Intron 1 

<30 55- 
1100 

Proximal myotonia and muscle 
weakness, multisystemic 

abnormalities, cognitive and 
behavioral dysfunction 

Fragile X 
tremor/ataxia 

syndrome (FXTAS) 
CGG 

FMR1 
5’UTR 6-50 55-200 Intellectual disability 

Spinocerebellar 
Ataxia 10 (SCA10) ATTCT 

ATXN10 
 Intron 9 15-34 89-250 

Ataxia, dysarthria, seizures, 
dysphagia 

Amyotrophic lateral 
sclerosis & 

frontotemporal 
dementia 

(ALS/FTD) 

GGGGCC 
C9ORF72  
Intron1 2-30 

300- 
3800 

Motoneuron degeneration, muscle 
wasting, weakness, pre-senile 

dementia 

Combined 
mechanism 

Huntington’s disease 
-like 2 (HDL2) CTG 

JPH3 Exon 
2A / 3’UTR 6-27 36-57 

Chorea, dystonia, cognitive 
decline 

Spinocerebellar 
Ataxia 8 (SCA8) 

CTG/ 
CAG 

ATXN8/OS 
3’UTR 

15-50 71- 
21.300 

Ataxic dysarthria, nustagmus, limb 
and gait ataxia, cerebellar atrophy 
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I.B. Clinical and genetic aspects of  DM1 
Described for the first time in 1909 by Steinert and, independently, by Batten and Gibb, 

myotonic dystrophy type 1 (DM1) is today the most common form of adult muscular dystrophy. 

Although many reports cite a worldwide prevalence of 1 in 8,000 individuals (Harper 2001), 

recent literature review studies point out the great variability between geographical regions, 

ranging from 1/200,000 to 1/5,500 (Theadom et al. 2014), without taking into account the high 

prevalence of 1/632 people in Saguenay-Lac-St-Jean, a geographically isolated region northeast of 

Quebec, Canada (Mathieu and Prevost 2012).  

I.B.I Genetic mechanisms behind DM1 
The autosomal dominant mode of inheritance of DM1 was known since 1918, as well as 

the appearance of symptoms at an earlier age in subsequent generations within a DM1 pedigree, a 

phenomenon that we call today anticipation (Harper et al. 1992). Additionally, the symptoms 

become more severe from one generation to the next: while the grandparents usually show mild 

cataracts with minimal muscular involvement, the parents show more severe neuromuscular 

symptoms and the affected children (usually in the third generation of a typical DM1 family) 

show severe neurological as well as muscular symptoms. Interestingly, the severe congenital form 

of the disease is mostly, but not exclusively, inherited from affected mothers. For a long time, 

this increase in severity of one genetic disease, in addition to the influence of the gender of the 

transmitting parent, was difficult to understand in the context of Mendelian inheritance.  

The discovery of the dynamic mutation leading to DM1 shed light on this puzzling 

genetic condition. Positional cloning strategies allowed the identification of an abnormally 

expanded CTG trinucleotide in the 3’ untranslated region (UTR) of what we know today as the 

DM protein kinase (DMPK) gene (Aslanidis et al. 1992; Brook et al. 1992; Fu et al. 1992; 

Mahadevan et al. 1992), located on the chromosome 19q13.32, between the upstream Dystrophia 

Myotonica WD Repeat Containing (DMWD) gene and the downstream Sine Oculis Homeobox Homolog 
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5 (SIX5) gene (Fig. I.2). The size of the CTG expansion is highly polymorphic, varying between 

5 and 37 repeats in the non-affected population, while DM1 patients carry more than 50 CTG 

repeats. Subsequent studies indicated a positive correlation between the number of the CTG 

repeats and the severity of the symptoms, and a negative correlation with the age of onset (Harley 

et al. 1993). Disease-associated CTG repeats are highly unstable, increasing in size during 

intergenerational transmission. Intergenerational instability also plays an important role in DM1, 

resulting in the transmission of a larger repeat number from one generation to the next, which 

will generally give rise to more severe symptoms, appearing at a younger age, accounting thus for 

the anticipation phenomenon. Moreover, the gender and CTG repeat size of the parent can 

influence the expansion size of the child. When the parent shows <±100 CTG repeats, the larger 

expansions are inherited by paternal transmission; whereas when the parents have >±500 CTG 

repeats, paternal transmission usually results in CTG contraction while maternal transmission 

leads to dramatically high CTG lengths, that are usually associated to the congenital form in the 

newborn (Barceló et al. 1993; Brunner et al. 1993). Interestingly, the same transmission dynamics 

is also observed for the 38 to 50 CTG repeats premutation. These premutations are not directly 

pathogenic but can result in pathogenic expansion in the following generation, acting thus as a 

reservoir of DM1 mutations in the healthy population (Imbert et al. 1993; Martorell et al. 2001). 

The expanded repeats are also unstable in somatic tissues, throughout the life on an 

individual, resulting in the accumulation of larger repeats over time. The somatic instability 

generates a range of different sizes of CTG repeats within a tissue known as somatic mosaicism. 

Different degrees of repeat size variability among different tissues could contribute to the 

phenotypical variability of DM1 (Martorell et al. 1995; Martorell et al. 1998). Indeed, larger 

expansions occur in the most affected tissues, like muscle, brain or liver, which can reach 2- to 

13-fold greater sizes compared to blood leucocytes (Zatz et al. 1995; Thornton et al. 1994). It has 

been proposed that expansion-biased, age-dependent somatic instability, may contribute to the 
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aggravation of disease symptoms with age (Ashizawa T, Dubel JR 1993; Monckton et al. 1995; 

Gomes-Pereira & Monckton 2006). 

A second type of DM, called DM2 or proximal myotonic myopathy (PROMM), clinically 

related to DM1, is caused by the expansion of a CCTG tetranucleotide in the first intron of the 

CCHC-type zinc finger nucleic acid binding protein (CNBP) gene, previously known as zinc finger 9 

(ZNF9) (Liquori 2001). DM2 patients show similar muscular, cardiac and CNS-related 

symptoms, as well as molecular and histological abnormalities, pointing to a common 

pathological mechanism between DM1 and DM2 (Cho & Tapscott 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.2. Representation of the DM1 locus and CTG repeat number in non-affected and DM1 
population  
(A) DM1 locus on chromosome 19q13.32 including DMWD, DMPK and SIX5 genes and the CTG 
repeat in the 3’UTR of DMPK. (B) Distribution of CTG alleles in the non-affected population (adapted 
from Brook et al. 1992). (C) Distribution of CTG repeats at age of onset in DM1 patients (adapted from 
Harley et al. 1993). 
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I.B.II DM1 clinical spectrum 
Myotonic dystrophy type 1 (DM1, OMIM #160900) is a very complex neuromuscular 

disorder with multisystemic clinical manifestations. From a clinical point of view the disease 

manifests through myotonia (delayed muscle relaxation), progressive muscle weakness, cardiac 

conduction defects, insulin resistance, gastrointestinal (GI) dysfunction, posterior iridescent 

cataracts, cognitive and behavioral abnormalities, as well as excessive daytime sleepiness (Harper 

2001; Schara & Schoser 2006). The clinical spectrum of DM1 is thus highly variable, making the 

clinical diagnosis very difficult, as well as the application of standardized medical aid and the 

establishment of homogeneous groups for clinical studies. Recently the French DM-Scope 

Registry integrated data from 2167 French patients to support the establishment of five main 

clinical categories: congenital, infantile, juvenile, adult and late-onset, based on the occurrence 

and onset of the main symptoms of DM1 and the distribution of the CTG size (De Antonio et 

al. 2016; Dogan et al. 2016). The CTG repeat size was broadly distributed within each clinical 

form and it increased significantly with the severity of the symptoms. 

I.B.II.1 Late-onset form. 

It represents the mildest form of the disease, often asymptomatic and thus frequently 

undetected. The age of onset of the symptoms is around 50 years and the search for posterior 

subcapsular iridescent cataracts is often helpful for clinical diagnosis. Mild myotonia can also be 

present in some late-onset patients. 

I.B.II.2 Adult form. 

The adult form of DM1, sometimes referred as classical form, is highly multisystemic, with 

an onset of symptoms around 35 years of age. It is generally characterized by myotonia (delayed 

relaxation after voluntary muscle contraction) and distal muscle weakness and wasting, as well as 

cardiac conduction defects that can lead to arrhythmia and, sometimes, sudden death. Muscular 
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biopsies reveal histopathological changes in skeletal and cardiac muscles, which include increased 

variation in muscle fibers, splitting and atrophic fibers, centrally-located nuclei and fibrosis. 

Other DM1 features include insulin insensitivity, endocrine disorders that can lead to reduced 

fertility and testicular atrophy, early-onset cataracts, dysphagia and GI tract dysfunction. The 

CNS is also affected to a variable degree: patients frequently show behavioral dysfunction 

(including hypersomnolence, avoidant personality and apathy), attention deficits, low IQ scores, 

frontal dysexecutive syndrome and impaired ability to infer other people’s mental states, thought 

and feelings (known as Theory of Mind) (Winblad et al. 2006; Sistiaga et al. 2010; Jean et al. 2014).  

I.B.II.3 Juvenile form. 

With an onset of symptoms between 10 and 20 years of age, juvenile patients show more 

severe cognitive impairment than adult form patients. The prevalent cognitive impairment of 

juvenile patients is mainly characterized by visuo-spatial deficits, executive dysfunction and 

learning abnormalities (Douniol et al. 2009). Together they translate into learning problems at 

school and employment difficulties, and they often require medical attention. The muscular 

symptoms, typically associated with the adult form, can be absent at young age, appearing later 

on during adulthood, but with greater severity when compared to patients suffering from the 

adult form (De Antonio et al. 2016). 

I.B.II.4 Infantile form. 

CNS manifestations are more severe in infantile patients than in the juvenile form. In this 

group, they usually manifest between the age of 1 month and 10 years. The CNS-related 

symptoms include more pronounced cognitive impairment and reduced IQ values, attention 

deficits, communication problems, visuo-spatial impairment and they are sometimes associated 

with autism spectrum disorder (Ekström et al. 2008; Douniol et al. 2012). Myotonia is present at 

a very early age, followed by muscle weakness, GI troubles and cardiac and respiratory defects 

(De Antonio et al. 2016).  



Chapter I. Myotonic dystrophy type 1 – from clinics to therapeutic trials 

 23 

I.B.II.5 Congenital form. 

It represents the most severe form of the disease and manifests during pregnancy, with 

reduced fetal movement and polyhydramnios. Newborns present severe hypotonia and muscle 

weakness, sucking or swallowing difficulties and facial dysmorphism. Respiratory complications 

are frequent in neonates, leading to the need of mechanical ventilation and high perinatal 

mortality. Patients who survive the neonatal period show a pronounced delay in psychomotor 

development as well as severe cognitive impairment (Douniol et al. 2009; Echenne & Bassez 

2013). 

I.B.III CNS involvement in DM1 
Although classically described as a muscular disease, personality and cognitive 

disturbances have been widely reported in DM1 patients since the first clinical descriptions. 

Today the implication of the CNS is well recognized thanks to the increased number of clinical, 

neuropsychological and neuroimaging studies, recently reviewed in Gourdon & Meola 2017 and 

Okkersen et al. 2017.  

I.B.III.1  Clinical CNS data 

Both behavioral and cognitive impairment are observed in DM1 patients and the severity 

of the CNS symptoms is often correlated with the size of CTG repeats (Gourdon & Meola 

2017). Moreover, the anticipation phenomenon is noticeable in the CNS-related symptoms alone 

in DM1 pedigrees.  

Cognitive impairment, for instance, can range from mild in adult patients to marked 

intellectual disability in the most severe congenital cases. In adult patients, cognitive impairment 

manifests through low IQ, affecting both verbal and non-verbal abilities of more than 60% of 

adult DM1 patients, and it is not a consequence of motor impairment (Jean et al. 2014; Perini et 

al. 1999). Studies of the childhood form of DM1 indicate low efficiency in coding the visuo-
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spatial information of complex special representations, suggesting abnormalities in the fronto-

parietal network, which connects two brain regions responsible for the processing and integration 

of visual spatial relationships and for the subsequent transmission to the action systems (Angeard 

et al. 2007; Angeard et al. 2011). In addition to intellectual disability, congenital patients present 

language and speech delays that often require special educational support (Campbell 2012). 

Verbal and non-verbal episodic memory problems, strategic planning difficulties, impairment of 

visuospatial, visuoconstructive and executive abilities, as well as visual memory deficits, are often 

reported in all forms of DM1. Overall cognitive abilities decline progressively with the age of the 

patient, suggestive of an early and accelerated aging process (Gallais et al. 2017). 

 Behavioral abnormalities are also often reported in DM1 patients. Besides low initiative, 

apathy and decreased emotional participation, dysfunction of the cognitive abilities is associated 

with anxiety and depressiveness in adult patients, as well as some paranoid and aggressive traits, 

which impact their quality of life (Sistiaga et al. 2010). Juvenile patients, however, report a lower 

impact of the CNS-related symptoms on their quality of life, even in those cases when the 

cognitive and psychiatric symptoms are the only clinical manifestations of the disease. This 

observation could either indicate that they accustom to living with the symptoms, or that the 

cognitive impairment affects their self-perception more dramatically than in adult patients 

(Rakocevic-Stojanovic et al. 2014). Infants and congenital patients present avoidant personality, 

apathy, lack of initiative and difficulties in social interaction, associated with attention deficits, 

hyperactivity, anxiety and ASD (Meola & Sansone 2007; Ekström et al. 2008). Social cognition is 

also affected to certain extent in DM1 patients, with recent studies reporting impairments in their 

“Theory of Mind” or ability to understand the mental state, thought and feelings of others 

(Kobayakawa et al. 2012; Serra, Cercignani, et al. 2016).  

Excessive daytime sleepiness, or hypersomnia, is one of the earliest and most frequent 

non-muscular symptoms to appear, and it is present in all forms of the disease, severely 

impacting the day-to-day life. DM1 patients show increased daytime and nighttime REM sleep 
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propensity, sleep-disordered breathing problems and increased periodic limb movement during 

sleep, suggestive of motor disinhibition and brainstem deregulation (Yu et al. 2011). However, 

levels of hypocretin, the main neuropeptide regulating sleep and arousal, and the splicing of 

hypocretin receptor do not seem to be affected (Ciafaloni et al. 2008; Romigi et al. 2013). The 

molecular and cellular bases of hypersomnia remain unknown  

Lack of initiative, sleep disturbances, lack of physical activity and pain lead to an 

increased experienced fatigue (not to be confused with muscular fatigue) in around 70% of 

patients with DM1 (van Engelen 2015). Additionally, emotional and cognitive deficits also affect 

daily life, family interactions, school and work performance, further increasing their social 

withdrawal and isolation (Smith & Gutmann 2016).  

All together these data demonstrate the impact of the neurological manifestations on the 

daily like of DM1 patients, and anticipate the benefits of therapies targeting the underlying 

mechanisms. Thus, continuous research aimed at deciphering the molecular, cellular and 

pathophysiological mechanisms of CNS dysfunction is an essential step towards promising 

therapeutical approaches. 

I.B.III.2  Neuroimaging data 

An increasing number of neuroimaging studies of DM1 brains have been reported in 

recent years. There is a clear advantage of such studies compared to post-mortem brain 

autopsies, as the cognitive and behavioral state of the patients can be assessed in parallel, in the 

search for correlation with structural and brain connectivity defects. Moreover, they provide an 

opportunity for longitudinal studies. Recent neuroimaging findings have been reviewed by 

Okkersen et al and a brief summary is presented below. 

Most of the studies published report generalized brain atrophy with reduction of gray 

matter volume and cortical thickness in frontal, temporal, and parietal cortex, as well as in 

cerebellum. White matter hyperintensities, small vessels abnormalities, usually associated with 
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progressive cognitive impairment, dementia and stroke, are observed in MRI studies of DM1 

patients in frontal, temporal and parietal lobes (Wardlaw et al. 2015). Decreased fractional 

anisotropy in diffusion MRI in association, projection and commissural white matter tracts, 

reveals reduced connectivity in regions correlated with visuospatial reasoning, while abnormally 

increased connectivity is observed between the cerebellum and sensorimotor areas, similar to 

patients with autism spectrum disorder (Serra, Mancini, et al. 2016). Decreased brain perfusion, 

indicating reduced cerebral blood flow, is also reported in frontal, temporal and parietal lobes of 

DM1 patients, similar to patients suffering from attention deficit hyperactivity disorder (ADHD), 

schizophrenia, anxiety and depression (Santra & Kumar 2014). 

Interestingly, the structural abnormalities reported in these studies occur within brain 

areas relevant for the CNS symptoms of DM1 patients. The frontal lobe controls the cognitive 

skills, including emotional expression, problem solving, memory and language; the temporal lobe 

processes memories related to taste, sound, vision and touch, while the parietal lobe integrates 

sensory information to form a single perception, including the input from the visual system. It is 

conceivable, thus, that structural abnormalities in these areas contribute to the executive and 

visuo-spatial dysfunction of DM1 patients. 

Other DM1 brain abnormalities revealed by functional imaging studies include low 

uptake of glucose (main source of energy in the brain); low levels of N-acetylaspartate (a marker 

for neuronal integrity that can act as a reservoir for the synthesis of glutamate neurotransmitter); 

and abnormalities in glutamate-related metabolites (suggestive of deregulated glutamate 

neurotransmission) (Okkersen et al. 2017). 

The recent progress in imaging techniques has provided detailed characterization of brain 

abnormalities in, and the identification of most affected brain regions and networks in DM1. 

Future longitudinal studies in homogenous populations of patients, and increasing technical 

resolution will allow further research progress. 
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I.B.IV Histopathological data  
Not many histological studies have been reported in DM1 brains, possibly given the 

difficulty to obtain good quality tissue samples for further processing and analysis. Early of post-

mortem DM1 brains have reported cellular and structural abnormalities in DM1 brains. Cell loss 

in specific nuclei of the brain, including brainstem and cerebellum (Ono et al. 1995; Mizukami et 

al. 1999), could contribute to the cognitive and behavioral changes. Neurofibrillary tangles, 

hyperphosphorylated MAPT/Tau protein intracellular aggregates, similar to those seen in 

Alzheimer’s disease have been reported (Yoshimura et al. 1990; Vermersch et al. 1996), in 

association with abnormal expression of Tau proteins isoforms (Sergeant et al. 2001), thereby 

placing DM1 in the group of tauopathies. 

The combination of imaging and histopathological findings further support the 

involvement of brain in DM1, and highlight the need to understand the molecular and cellular 

mechanisms of brain dysfunction in DM1. 

I.C. Molecular pathogenesis of  DM1  
I.C.I Mechanisms of repeat dynamics 

Although many molecular mechanisms have been proposed to explain the CTG repeat 

expansion, like DNA polymerase slippage during replication or abnormal DNA repair, one of the 

best-documented hypotheses, particularly in mammalian systems, suggests the involvement of the 

mechanisms of mismatch repair (MMR). Indeed a functional MMR system is essential for the 

formation and accumulation of intergenerational and somatic expansions, while loss of its 

functional subunits, decreases the formation of expansions (van den Broek et al. 2002; Foiry et al. 

2006; Tomé et al. 2009; Gomes-Pereira & Monckton 2004; Savouret et al. 2004). The current 

view suggests that the expanded sequence forms alternative DNA structures that are recognized 

by the components of the MMR system. In an attempt to repair the mismatch within the 
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repeated sequence, the MMR system may erroneously incorporate a higher number of CTG 

repeat units into the sequence, thus resulting in repeat expansion (Gomes-Pereira & Monckton 

2006). Although this hypothesis is consistent with most of the experimental data obtained, 

particularly through the use of mouse models, we know that the dynamics of triplet repeats is 

governed by multiple factors, which are not fully understood. Other mechanisms, such as 

replication restart, other DNA repair systems or the epigenetic context and the chromatin 

structure of the repeat locus can influence the expansion (McMurray 2010). This field of study is 

continuously progressing, towards a better understand the mechanisms of microsatellite repeat 

expansions, hoping to develop therapeutic tools to modulate and/or stop repeat size gains in 

intergenerational transmissions and in somatic tissues. 

I.C.II Cis effects on DMPK and SIX5 
The CTG repeat expansion is located in the 3’UTR region of DMPK and within the 

promoter region of SIX5. One the first hypotheses to explain DM1 molecular mechanisms 

suggested that the CTG expansion would have an effect in cis, by altering chromatin structure, 

promoting nucleosome assembly and inducing haploinsufficiency of DMPK and SIX5 (Wang et 

al. 1994; Otten & Tapscott 1995). The development of transgenic mouse models allowed to test 

this hypothesis and contributed greatly to the understanding of DM1 molecular mechanisms. 

Homozygous Dmpk knock-out (KO) or DMPK-overexpressing mice did not develop all typical 

symptoms observed in DM1 patients, while showing only 50% decrease in muscular force, mild 

myopathy and cardiac conduction defects at later ages (Jansen et al. 1996; Reddy et al. 1996; Berul 

et al. 1999). On the other hand Six5 KO mice developed progressive nuclear cataracts (although 

not of the same type as those described in DM1), reduced male fertility and cardiac dysfunction 

(Klesert et al. 2000; Sarkar et al. 2000). Thus, many of the major DM1 symptoms, including 

myotonia, were absent from these KO mouse models, indicating that a dosage effect of DMPK 

and SIX5 cannot fully explain the etiology of DM1. 
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I.C.III Trans effects, through mediator proteins  

I.C.III.1 MBNL and CELF deregulation 

Nowadays we know that the DNA expansion of a non-coding repeat (transcribed, but 

not translated) leads to a toxic RNA gain of function. Different multisystemic or conditional 

murine models, expressing either the human DMPK locus, the 3’UTR of DMPK containing large 

expansions, or an unrelated gene containing the CTG expansion, have helped decipher the 

molecular consequences of the toxic RNA expansions. Progress in the understanding of disease 

mechanisms was also accelerated by the mapping of the DM2 mutation, a non-coding CCTG 

tetranucleotide expansion in the CNBP gene. The similarity between the clinical manifestations of 

DM1 and DM2 strongly suggested that the DM1 CTG expansion and the DM2 CCTG 

expansion should cause disease through similar mechanisms that share critical events and disease 

intermediates. 

DMPK transcripts containing expanded CUG repeats form a hairpin secondary structure, 

and accumulate in the nucleus of DM1 cells, as RNA aggregates or foci (Taneja et al. 1995; Davis 

et al. 1997). These RNA foci are dynamic riboprotein structures that sequester and inactivate 

important RNA binding proteins, contributing to cell dysfunction and disease phenotype (Sicot 

& Gomes-Pereira 2013). The members of the MBNL (muscleblind-like) family of splicing factors 

are found among the most enriched proteins sequestered by the RNA foci (Fardaei et al. 2002). 

On the other hand, overexpression of CELF proteins has been observed in the skeletal muscle 

(Savkur et al. 2001), heart (Timchenko et al. 2001; Kuyumcu-Martinez et al. 2007) and brain 

(Dhaenens et al. 2011; Hernandez-Hernandez et al. 2013).  

Similarly, CCUG-containing CNBP transcripts also accumulate in DM2 cells (Liquori 

2001), triggering a similar sequence of pathogenic events. MBNL proteins in particular co-

localize with CCUG RNA foci (Fardaei et al. 2002; Yuan et al. 2007), and CELF upregulation has 

been reported in some studies (Cho & Tapscott 2007). 
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I will particularly focus on the downstream mechanisms perturbed by the MBNL 

sequestration and CELF upregulation in DM1 cells in the following pages (a summary is 

represented in Fig. I.3). The disease mechanisms of DM2 are, however, very similar. 

I.C.III.2 Splicing defects  

Mbnl KO and CELF-overexpressing mouse models have helped dissect the molecular 

and phenotypical consequences dependent on each one of these DM1 mediators.  

MBNL and CELF proteins have an antagonist function in the regulation of alternative 

splicing throughout development (Kalsotra et al. 2008), Their deregulation in DM1 affects the 

alternative splicing of numerous downstream target transcripts, resulting in the abnormal 

expression of fetal splicing isoforms in adult DM1 tissues (Sicot et al. 2011). 

Some splicing abnormalities have been directly correlated to some of the muscular 

symptoms. The abnormal inclusion of exon 2 and exon 7a of the chloride channel (CLCN1) has 

a critical role in the onset of DM1 myotonia, clearly demonstrated in DM1 mouse models 

(Wheeler et al. 2007). The skipping of exon 11 of bridging integrator 1 (BIN1) and of exon 29 of 

calcium voltage-gated channel subunit alpha1 S (CACNA1S) have both been linked to muscle 

weakness (Fugier et al. 2011; Tang et al. 2012). The increased skipping of the insulin receptor (IR) 

exon 11 is most likely the molecular cause of insulin resistance in DM1 patients (Savkur et al. 

2001). Finally the missplicing of the cardiac voltage-gated Na+ channel (SCN5A) was suggested 

as the cause of cardiac conduction delays and arrhythmia (Freyermuth et al. 2016). Some of the 

splicing abnormalities reported in human muscle were also detected in the muscle of different 

DM1 mouse models expressing large CUG-containing RNA transcripts (Mankodi et al. 2000; 

Wang et al. 2007; Guiraud-Dogan et al. 2007). Although many splicing defects have been found 

in DM1 brains by gene candidate approaches and RNA sequencing, the relevance of these events 

for the etiology of specific neurological manifestations has not been established. 
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Splicing abnormalities in DM1 patient brain were first reported in 2001 by the group of 

André Delacourte (Lille, France), showing an abnormal exclusion of MAPT exon 2 in three DM1 

cases (Sergeant et al. 2001). Subsequent studies confirmed aberrant splicing events in MAPT 

transcript (Dhaenens et al. 2011; Caillet-Boudin et al. 2014). In 2004 the group of Charles 

Thornton screened 45 exons of 31 genes known to undergo alternative splicing in the brain, and 

reported abnormal exclusion of APP exon 7, exclusion of MAPT exon 2 and exon 10 and 

abnormal inclusion of NMDAR1 exon 5 in all seven DM1 brain samples included in their study 

(Jiang et al. 2004). Different laboratories have shown that these splicing abnormalities represent 

an increased expression of fetal isoforms in DM1 adult brain and some of them have been 

observed in other neurological diseases, including Alzheimer’s disease, other tauopathies, such as 

frontotemporal dementia with parkinsonism (FTDP-17), further supporting the deleterious role 

of missplicing for brain function.  

In 2007 our laboratory reported missplicing events for the first time in the CNS of a 

DM1 mouse model. CTG-expressing DMSXL mice (described in section I.D.I) displayed 

abnormal exclusion of NMDAR1 exon 21, MAPT exon 2 and exon 10 and abnormal inclusion 

of MBNL1 and MBNL2 exon 7 in the frontal cortex (Gomes-Pereira et al. 2007). In the 

following years different laboratories working on other complementary DM1 mouse models 

reported additional splicing abnormalities in the brain (Charizanis et al. 2012; Suenaga et al. 2012; 

Goodwin et al. 2015; Wang et al. 2017), providing new mechanistic insight into brain splicing 

deregulation and the mechanisms behind the neurological manifestations of the disease, as 

discussed later in the context of DM1 mouse models of brain disease. 

I.C.III.3 Alternative polyadenylation  

Recent polyA-RNA sequencing studies reported abnormal alternative polyadenylation 

(APA) of a large number of transcripts in DM1 skeletal muscle, HSALR mouse muscle and Mbnl 

triple KO mouse embryonic fibroblasts (Batra et al. 2014), as well as in the brain of DM1 patients 
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and Mbnl1/Mbnl2 double KO mice (Goodwin et al. 2015). MBNL proteins and the APA 

machinery compete to bind to APA sites of a subset of transcripts, in a mechanism that results in 

the fine regulation of the 3’UTR, with subsequent implications for mRNA stability and 

translation. As a result, the sequestration of MBNL proteins by the expanded RNAs leads to 

aberrant 3’ end processing of the target transcripts. Similar to the DM1 splicing abnormalities, 

many of the deregulated APA events identified in mouse and human DM1 tissues represent a 

return to a fetal profile. However the degree of contribution of the abnormal APA to DM1 

symptoms remains still to be elucidated. 

I.C.III.4 Abnormal localization of mRNAs 

MBNL proteins participate to the regulation of mRNA localization within the cell. 

Transcriptomics analysis of subcellular fractions of mouse myoblasts, following knocking down 

MBNL1 and MBNL2, indicated a reduction in membrane-associated mRNAs and an increase in 

transcripts in the cytoplasm fraction. These results support a direct contribution of MBNL1 and 

MBNL2 in regulating mRNA trafficking and localization within the cells, through the binding to 

3’UTRs and in facilitating transport across the cytoskeleton (Wang et al. 2012). The implications 

of these findings are particularly interesting for the DM1 molecular pathogenesis in highly 

polarized cells, such as brain cells, notably the neurons. Correct transport of mRNAs and proper 

localization into specialized cell locations (such as axons, dendrites and synapses in neurons) is 

essential for the control of localized translation and the proper functioning of the cell. mRNA 

transport deregulation may result in abnormal cell function and disease  

I.C.III.5 Transcription abnormalities 

Molecular abnormalities of DM1 go beyond missplicing and other mechanisms have been 

proposed to explain disease pathogenesis. Several transcription factors are found sequestered by 

the DMPK transcript, even if not necessarily bound to the foci (Sicot & Gomes-Pereira 2013). 

Such is the case for SP1, SP2, SP3, RARγ, STAT1 and STAT3 (Ebralidze et al. 2004), which are 
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leached from the chromatin, leading to significant decrease of target mRNA expression. NKX2-5 

(NK homeobox 5) transcription factor (Yadava et al. 2008), and SPEN/SHARP (SPEN 

homolog) transcriptional regulator (Dansithong et al. 2011) are also deregulated by the DM1 

mutation, leading to changes in gene expression in DM1 muscular and cardiac cells, likely 

contributing to muscular and cardiac symptoms of DM1 patients. Moreover, MBNL1 

sequestration by toxic CUG RNA foci can also lead to abnormal transcription of certain targets. 

Transcriptional profiling of Mbnl1 KO mice showed that the majority of transcriptome changes 

in mice expressing expanded CTG repeats can be attributed to MBNL1 loss of function, 

including alternative splicing changes and altered transcription of target transcripts (Osborne et 

al. 2009). 

I.C.III.6 Deregulated mRNA decay 

CELF and MBNL family members not only regulate alternative splicing but also other 

post-transcriptional mechanisms, such as the control of mRNA decay. By binding to the 3’UTR 

of target transcripts, MBNL1 and CELF1 proteins destabilize their mRNA targets and facilitate 

their decay. Interestingly, MBNL1 binds and accelerates the decay of Celf1 transcript, while 

CELF1 binds and promotes decay of Mbnl1. MBNL1 sequestration by the expanded RNA foci 

could lead to a decreased decay of Celf1, thus further contributing to overexpression of CELF1 

in DM1 (Masuda et al. 2012). However, the possible contributing role of MBNL1 to CELF1 

upregulation must be further explored, as Mbnl KO mice do not show increased CELF1 

expression (Kanadia et al. 2003). 

I.C.III.7 Deregulation of microRNAs  

Increasing numbers of studies are focusing on the deregulation of microRNAs in DM1. 

On one hand, microRNA deregulation could explain the origin of individual DM1 molecular 

events and associated symptoms. On the other hand, microRNAs may be useful in the future as 

non-invasive serum biomarkers of DM1 disease progression. To substantiate this hypothesis 
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different microRNAs are deregulated in DM1 skeletal muscle (Perbellini et al. 2011) and heart 

tissue (Rau et al. 2011), as well as in plasma of DM1 patients (Koutsoulidou et al. 2015; Perfetti et 

al. 2016) (Table I.2).  

One of the best-documented microRNA deregulation in DM1 is the abnormal expression 

of miR-1. Rau et al have reported in 2011 the downregulation of miR-1 in the cardiac muscle of 

DM1 patients. MBNL1 is essential for the cleavage of pre-miR-1 into miR-1, and the 

sequestration of MBNL1 by the toxic CUG RNA foci leads to lower amounts of functional miR-

1. To illustrate the consequences of miR-1 downregulation, two of its targets were found 

upregulated in DM1 heart:  the cardiac L-type calcium channel gene (CACNA1C, the main 

calcium channel in the heart) and connexin43 (GJA1, which controls intra cardiomyocyte 

conductance) (Rau et al. 2011) CACNA1C and GJA1 deregulation might subsequently contribute 

to arrhythmias and cardiac conduction defects in DM1 patients. The same year Perbellini et al. 

reported an upregulation and aberrant localization of miR-1 in DM1 skeletal muscle, in 

association with the upregulation of its targets (Perbellini et al. 2011). The discrepancy in the 

reported miR-1 levels could be explained by differential regulation of miR-1 expression between 

studied tissues. In all cases, the outcome of miR-1 abnormal expression and localization in DM1 

is an upregulation of its targets, likely mediated an impairment of the miR-1 function. Such 

molecular abnormalities could contribute to DM1 pathology.  

However, the direct link between the CTG expansion and the functional contribution of 

microRNA deregulations to DM1 pathology still needs to be investigated. Moreover, microRNA 

status in DM1 brain should also be assessed, as microRNAs play an essential role in CNS 

development and function (Rao & Pak 2016).
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Table I.2. microRNA deregulation in DM1 

MicroRNA Physiological function Deregulation in DM1 Tissue studied Reference 

miR-1 
(miR-1a, miR-

1b) 

Myogenesis, cardiogenesis, 
control of cardiac 

conduction, inhibition of 
proliferation 

Downregulation Heart Rau 2011 
Perbellini 2011 

Upregulation and 
abnormal localization 

Skeletal 
muscle Perbellini 2011 

Upregulation Plasma Perfetti 2016 

miR-27b  Downregulation Plasma Perfetti 2016 

miR-29b, miR-
29c Cardiac adaption to stress Downregulation Skeletal 

muscle Perbellini 2011 

miR-33 Cholesterol metabolism Cell 
proliferation Downregulation Skeletal 

muscle Perbellini 2011 

miR-133 
(miR-133a, miR-

133b) 

Myogenesis Control of 
cardiac conduction Muscle 

hypertrophy Apoptosis 

Abnormal localization 
 

Skeletal 
muscle 

 

Perbellini 2011 
 

Upregulation Plasma Perfetti 2016 & 
Koutsoulidou 2015 

miR-140-3p Myofibroblast differentiation, 
chondrocyte proliferation Upregulation Plasma Perfetti 2016 

miR-206 Myogenesis 
Abnormal localization Skeletal 

muscle Perbellini 2011 

Upregulation Plasma Perfetti 2016 & 
Koutsoulidou 2015 

miR-335 Muscle regeneration Upregulation Skeletal 
muscle Perbellini 2011 

miR-454 Tumor suppressor Upregulation Plasma Perfetti 2016 

miR-574 Cell differentiation Upregulation Plasma Perfetti 2016 

 

I.C.III.8 Antisense transcription at the DMPK  locus 

More than 70% of the mammalian genome presents anti-sense transcription, occurring 

from the opposite DNA strand to a sense transcript (Katayama et al. 2005). This phenomenon 

also occurs at the DMPK locus, where an anti-sense transcript starts at the SIX5 regulatory region 

and extends towards DMPK. In the healthy population CTCF-binding sites are located on each 

side of the CTG repeat, promoting nucleosome assembly and transcriptional silencing of the 

DMPK 3’UTR. The anti-sense transcription results in small 21 nucleotide fragments in the 

healthy population. In DM1 the CTG expansion leads to loss of the CTCF binding, spread of 

heterochromatin and expression of a long anti-sense transcript that covers the expansion on the 

opposite DNA strand (Cho et al. 2005). The expression of this CAG anti-sense transcript is 
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detected in adult and congenital DM1 patient tissues, including heart, skeletal muscle, diaphragm 

and brain as well as in DMSXL transgenic mouse model, forming toxic RNA foci (Huguet et al. 

2012; Michel et al. 2015). However its contribution to DM1 has not been fully resolved. In cell 

culture models, the CAG repeats form nuclear foci, sequester MBNL and result in missplicing 

suggesting a role in DM1 pathogenesis (Mykowska et al. 2011). This hypothesis is further 

supported by recent reports indicating that in DM1 the anti-sense transcript spans >6 kb, uses 

alternative transcription start sites and polyadenylation sites and undergoes alternative splicing 

that can remove the CUG repeat as part of an intron. Moreover, its expression level increases 

with disease severity (Gudde et al. 2017) suggesting that the anti-sense transcript can contribute 

to DM1 pathogenesis. 

I.C.III.9 Translational abnormalities 

CELF has been implicated in the regulation translation of important proteins, such as 

p21 and MEF2A. These proteins are essential in regulating cell cycle arrest and skeletal muscle 

differentiation. In line with this view, the overexpression of CELF1 results in abnormally high 

levels of MEF2A and p21, and in the inhibition of myogenesis. Overexpression of p21 and 

MEF2A was reported in the skeletal muscle of DM1 patients and it could contribute to muscle 

phenotypes (Timchenko et al. 2004). 

Since MBNL proteins regulate mRNA localization, they could subsequently impact 

localized translation of specific transcripts expressed in particular cell locations. Analysis of 

ribosome-associated mRNAs in MBNL-depleted myoblasts indicated a reduction in the overall 

abundance of these ribosome-bound mRNAs, suggesting that MBNL depletion results in 

reduced translation of this subset of mRNAs (Wang et al. 2012).  

I.C.III.10 RAN translation 

Repeat-associated non-ATG translation (RAN translation) has been identified for the 

first time in spinocerebellar ataxia type 8 (SCA8). In this novel and non-orthodox translation, 
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trinucleotide RNA expansions can undergo translation without the need of an initiation ATG 

codon, producing homopolymeric proteins in all three reading frames (Cleary & Ranum 2013). 

Both SCA8 and DM1 are caused by the abnormal expansion of the same trinucleotide, 

CTG/CAG, which could be RAN translated to produce six different polypeptides: the CUG 

RNA transcript would result in polyLeu, polyCys and polyAla while the CAG RNA would be 

translated into polyGln, polyAla and polySer. DMSXL mice were shown to accumulate some 

polyGln aggregates in cardiac myocytes and in leukocytes, while DM1 patients display polyGln in 

myoblasts, skeletal muscle and blood (Zu et al. 2011). Moreover the polyGln aggregates 

colocalize with the early indicator of apoptosis, caspase-8, suggestive of a toxic pro-apoptotic 

effect of RAN proteins. However the pathological contribution of RAN-translated products in 

DM1 pathological required further investigation. 

I.C.III.11 Post-translational modifications 

Several proteins show abnormal phosphorylation in different tissues of DM1 patients, hinting at 

a possible global deregulation of the cell kinome in DM1. Among them, hyperphosphorylation of 

CELF1 is observed in DM1 skeletal muscle, heart and brain (Savkur et al. 2001; Timchenko et al. 

2001; Hernandez-Hernandez et al. 2013), associated with increased phosphorylation and activity 

of PKCα/βII in DM1 heart (Kuyumcu-Martinez et al. 2007). In DM1 brains, 

hyperphosphorylation of Tau has been reported in association to neurofibrillary tangles (NFTs) 

(Sergeant et al. 2001). Synapsin 1 is hyperphosphorylated in association with CELF upregulation 

(Hernandez-Hernandez et al. 2013). Several kinases of the mTORC1 pathway appear 

deregulated, including AKT, GSK3β and rpS6 in DM1 patient-derived neural stem cells (NSCs) 

(Denis et al. 2013) and HSALR mice (Brockhoff et al. 2017). All together these results suggest 

significant phosphorylation changes in DM1 brains. However, global kinase activity and changes 

in the DM1 phosphoproteome have not been systematically assessed. 
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Figure I.3. Representation of the molecular pathogenesis of DM1.  
The expanded DMPK gene is transcribed into sense and antisense transcripts that accumulate into toxic 
nuclear foci, deregulating downstream mediators. MBNL family members are sequestered by the 
expanded transcripts, resulting downstream abnormal RNA metabolism. Upregulation of CELF proteins 
though hyperphosphorylation leads to perturbed splicing, mRNA decay and abnormal translation. 
Abnormal RAN translation also occurs from the expanded transcripts. Other transcription factors and 
protein kinases are also directly or indirectly affected by the CTG expansion. 

 

I.D. Transgenic mouse models for DM1 pathology 
I.D.I DMSXL mouse model - a powerful tool to study the disease 

In order to explore the molecular and cellular mechanisms of DM1, our laboratory 

created a transgenic mouse model containing a large number of CTG repeats within the human 

DMPK locus. The first transgenic mice contained a large fragment of 45 kb of genomic DNA 

from a mildly affected patient, with 55 CTG repeats (Gourdon et al. 1997). The 3’ region of 

DMPK of the daughter of this patient was cloned into the same 45 kb of human genomic DNA 

to create the DM300 mice, which carried originally 360 CTG repeats. A fragment with 20 CTG 

repeats was also cloned within the large DMPK locus to create the DM20 control mice (Seznec et 

al. 2000). The marked expansion-biased intergenerational instability of the DM300 mice gave rise 
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to progeny carrying increasing CTG sizes over the years, reaching today more than 1,000 CTG 

repeats (and up to ~2000 CTG) in the DMSXL mice (Gomes-Pereira et al. 2007). The increase in 

CTG size in DMSXL mice was accompanied by an increase in the severity of the phenotype, 

with higher mortality, severe growth retardation, splicing abnormalities and more severe 

myotonia and muscle weakness (Gomes-Pereira et al. 2007, Huguet et al. 2012).  

The DMSXL mice have been used to address different research questions in our 

laboratory. Since the CTG repeats are embedded in their human genomic context, surrounded by 

most of their regulatory elements, our DM1 transgenic mice have been used to understand the 

mechanisms driving the instability of CTG repeat expansions in DM1. By crossing the DM300 

mice with different mouse lines deficient in DNA repair proteins, our laboratory has 

demonstrated the need for a functional MMR repair system for the generation of 

intergenerational and somatic repeat expansions ((Savouret et al. 2003; Savouret et al. 2004; Foiry 

et al. 2006; Tomé et al. 2009). 

The expanded DMPK transgene is expressed under the control of its human promoter, 

which allows ubiquitous expression in many mouse tissues. Therefore, the DMSXL line has been 

used to investigate the downstream mechanisms of DM1 pathophysiology in multiple tissues. A 

description of DM300/DMSXL phenotypes and abnormalities is detailed in Table I.3, and a 

summary is presented below.  

Homozygous DMSXL mice express enough toxic RNA to produce toxic CUG RNA foci 

in multiple tissues, MBNL1 and MBNL2 sequestration, CELF1 and CELF2 overexpression, 

splicing defects in multiple tissues and, as a result, they develop a multisystemic phenotype 

(Seznec et al. 2001; Huguet et al. 2012; Hernandez-Hernandez et al. 2013; Michel et al. 2015; 

Sicot et al. 2017) Interestingly, antisense DMPK transcripts are also expressed in DMSXL mice 

and accumulate in nuclear foci (Michel et al. 2015). The laboratory is continuously studying the  

mechanistic link between the repeat expansion and the different phenotypes recreated in 

DMSXL mice (particularly in the CNS and in the early post-natal period), to establish the 
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foundations of therapies in the future. In the meantime, and through international collaborations, 

the DMSXL mice are already being used to test the outcomes of different ongoing therapeutic 

assays, which will be detailed at the end of this chapter.  

The DMSXL mice were until recent the only mouse model expressing large CTG repeats 

expansion in the CNS, representing thus a valuable tool to study the disease mechanisms in the 

brain. Indeed, they show cognitive and behavioral abnormalities including low exploratory 

activity, increased anxiety, working memory impairment and anhedonic-like behavior and 

cerebellum-dependent motor incoordination. These phenotypical defects have been associated 

with electrophysiological abnormalities in synaptic transmission and Purkinje cell firing and 

molecular deregulations of RAB3A and SYN1 synaptic proteins, as well as the glial GLT1 

glutamate transporter (Hernandez 2013, Sicot 2017). Studies in DMSXL mice and cell cultures 

derived thereof indicate that both neuronal and astroglial brain cells are affected by the CTG 

expansion. The previous global proteomics approaches performed in our laboratory corroborate 

this view. When we analyzed expression and phosphorylation changes in the proteome of 

different DMSXL brain regions, we found abnormalities in proteins primarily expressed in 

neurons, astrocytes or oligodendrocytes, further suggesting that all these cell types are affected by 

the repeat expansion. Therefore, future research should be focused on understanding the 

molecular intermediates and pathways deregulated in different brain cells in response to the CTG 

expansion. 
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Table I.3. Phenotypical and molecular abnormalities reported in DM300/DMSXL mice. 

 

Type of defect Observed abnormality Affected tissue Reference 

Phenotypical 

Mild myotonia 
Muscle weakness Skeletal muscle and heart Seznec 2001 

Huguet 2012 
Novelty-induced inhibition, anxiety, 

spatial and working memory 
impairment, anhedonia, cerebellum-

dependent motor incoordination 

CNS Hernandez 2013 
Sicot 2017 

Impaired respiratory function Diaphragm Panaite 2013 

Histological 

Centronuclear fibers, interfascicular 
connective tissue, reduced fiber size 

Skeletal muscle, 
diaphragm 

Seznec 2001 
Huguet 2012 
Panaite 2012 

Reduced myelination in motor axons, 
partial denervation and reduced 
complexity of neuromuscular 

junction 

Sciatic nerves, 
Diaphragm Panaite 2011, 2012 

Electrophysiological 
Reduced paired-pulse facilitation 
(short term synaptic plasticity) CNS (Hippocampus) Hernandez 2013 

Purkinje cell hyperactivity CNS (Cerebellum) Sicot 2017 

Metabolic 

Low levels of Insulin and Insulin-like 
growth factor binding protein-3 Serum Huguet 2012 

Dopamine reduction 
Increased serotonin metabolites 

CNS (Frontal cortex, 
brainstem) Hernandez 2013 

Molecular 

Toxic CUG RNA foci Almost all tissues 
studied, including CNS 

Seznec 2001 
Huguet 2012  
Michel 2015 

Anti-sense RNA foci Muscle, heart and CNS Huguet 2012  
Michel 2015 

Expansion-biased CTG instability 
(intergenerational and somatic) Almost all tissues Seznec 2000 

Gomes-Pereira 2007 

Co-localization with MBNL1 and 
MBNL2 CNS Hernandez 2013 

CELF upregulation CNS Hernandez 2013 

Splicing defects 

Skeletal muscle (TA, 
Diaphragm, Soleus, 

Gastrocnemius, 
Plantaris), heart, 

pancreas, liver and CNS 
(Frontal cortex, 

Brainstem, Spinal cord, 
cerebellum) 

Gomes-pereira 2001 
Guiraud-Dogan 2005 

Huguet 2012 
Hernandez 2013 

Sicot 2017 
 

Polyglutamine homopolymers of 
RAN translation products Heart Zu 2011 

Altered expression of Tau isoforms CNS Seznec 2001 

MAP2 downregulation Hippocampus Velazquez-Bernandino 
2011 

RAB3A upregulation 
SYN1 hyperphosphorylation 

GLT1 downregulation 

CNS (Frontal cortex, 
brainstem, hippocampus) 

Hernandez 2013 
Sicot 2017 



Chapter I. Myotonic dystrophy type 1 – from clinics to therapeutic trials 

 42 

I.D.II  Other DM1 models and their contribution to CNS studies 
Different murine models have contributed greatly to the knowledge of DM1 disease 

mechanisms, from RNA toxicity to the abnormal expression and function of mediators, 

ultimately leading to broad phenotypical consequences (Gomes-Pereira et al. 2011). Among them 

the HSALR mouse model, was one of the first to provide evidence of the trans-dominant role of 

the CTG repeat in DM1 pathology. Indeed, the sole expression in the mouse genome of 250 

CTG repeats in the final exon of the human skeletal actin (HSA) gene, unrelated to DMPK, was 

sufficient to produce nuclear RNA foci that sequester MBNL1 and missplicing in different 

transcripts, and subsequent myotonia, myopathy and centronucleated muscle fibers 

heterogeneous in size (Mankodi et al. 2000; Lin et al. 2006). CELF1 levels did not differ in the 

skeletal muscle of HSALR mice compared to WT (Kanadia et al. 2003) but later studies reported 

increased CELF1 levels in the soleus of these mice (Lin et al. 2006). The restriction of the 

expression of the expanded transcripts to the muscular tissue impedes however the use of these 

mice to study other tissues affected by the CTG repeat expansion. 

Another mouse model that contributed to the comprehension of the consequences of the 

CTG expansion is the EpA960 mouse model that expresses inducible 960 CTG repeats within 

DMPK exon 15. Expression of the EpA960 transgene in mouse heart induced severe 

cardiomyopathy, leading to death within 2 weeks, while expression in skeletal muscle resulted in 

myotonic discharges, muscle wasting and degeneration associated again with nuclear foci, 

MBNL1 sequestration, CELF1 and CELF2 upregulation and missplicing both in heart and 

muscle (Wang et al. 2007; Orengo et al. 2008). Increased phosphorylation of PKCα/βII was also 

reported in the heart of these mice (Kuyumcu-Martinez et al. 2007), and suggested to be the 

cause of CELF1 protein hyperphosphorylation, stabilization and upregulation.   

Recently these mice have been crossed with CamKII-Cre mice to specifically induce the 

regional expression of the CTG repeats in the neurons of the forebrain. The EpA960/CaMKII-
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Cre mice show nuclear foci that sequester MBNL1 and MBNL2 and misregulate alternative 

splicing. MBNL1 was reduced in the neuronal cytoplasm at 6 months, followed by dendrite 

degeneration, without signs of missplicing at this age. MBNL2 expression in both nucleus and 

cytoplasm was reduced at 12 months accompanied by missplicing. As a consequence, 

EpA960/CaMKII-Cre mice display CNS structural changes, including brain atrophy and 

degeneration of axons and dendrites, and impairment of hippocampus-dependent learning and 

synaptic potentiation (Wang et al. 2017). These results suggest that MBNL1 and MBNL2 have 

two functional roles in the CNS: while MBNL1 is involved in the maintenance of neural 

projections and dendrites, independently of missplicing; MBNL2 controls alternative splicing and 

its deregulation in DM1 leads to neurodegeneration.  

The pivotal contributing role of MBNL protein sequestration to CNS dysfunction has 

been demonstrated by the generation of Mbnl KO lines. Mbnl1 KO mice, lacking the CUG-RNA 

binding MBNL1, develop myotonia, dust-like cataracts, cardiac conduction defects, lack of 

motivation and apathy as well as splicing defects which are severe in in muscle and heart, but 

mild in the brain (Kanadia et al. 2003, Suenaga et al. 2012). In contrast, Mbnl2 KO mice develop 

mild muscular phenotypes, but significant CNS defects including spliceopathy, sleep disturbance, 

cognitive deficits and impaired synaptic transmission (Charizanis et al. 2012). These results 

indicate that, while MBNL1 regulates different molecular mechanisms in multiple tissues, with an 

important role in muscle pathology, MBNL2 has an essential role in regulating CNS function.     

The subsequent generation of double Mbnl1/Mbnl2 KO mice resulted in embryonic mortality, 

but conditional double knock-outs developed more severe muscular, cardiac and brain 

phenotypes, as well as and missplicing events than Mbnl1 or Mbnl2 single KO (Rahul N. Kanadia, 

Carl R. Urbinati, Valerie J. Crusselle, Defang Luo, Young-Jae Lee, Jeffrey K. Harrison, S. Paul 

Oh 2003; Goodwin et al. 2015), possibly because functional compensation between MBNL 

cannot occur in animals lacking both genes.  
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CELF proteins are upregulated in the skeletal muscle (Savkur et al. 2001) and patient’s 

brain (Dhaenens et al. 2011; Hernandez-Hernandez et al. 2013), suggesting a pathogenic role. 

The manipulation of CELF expression in mouse models of has provided important insight into 

this question. CELF1-overexpressing mice develop marked growth retardation, delayed 

myogenesis, histological abnormalities, missplicing and high mortality, resembling the congenital 

form of DM1 (Timchenko et al. 2004). Conditional overexpression of CELF1 in adult skeletal 

muscle recreates abnormal histology and impairs muscle function (Ward et al. 2010), while 

overexpression in the adult heart leads to cardiac conduction defects and accelerated death 

(Koshelev et al. 2010). However, the involvement of CELF proteins in DM1 brain has only been 

demonstrated by missplicing analysis in DM1 cellular models (Zhang et al. 2002; Leroy et al. 

2006; Dhaenens et al. 2011). The molecular and physiological consequences of CELF1 or CELF2 

upregulation in the brain has not yet been investigated in overexpressing mouse lines (Timchenko 

et al. 2004; Koshelev et al. 2010). 

The availability of complementary murine models is a great asset in the field, which will 

helped us to better understand the mechanistic behind DM1 pathology, in different tissues and at 

different molecular levels. The availability of these different models allows the cross-testing of 

novel identified mechanisms and replication of the results in different models by independent 

laboratories, contributing for the robustness of the results and working models proposed. 

I.D.III Molecular CNS data 
DM1 shows a vast complexity of deregulated molecular mechanisms that add up to the 

multisystemic nature of the disease. Among all the molecular mechanisms deregulated in DM1, 

Table I.4. summarizes those that have been described in the CNS and that have been mentioned 

in this chapter. 
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Table I.4. Summary of main electrophysiological and mollecular findings in DM1 brain 

Mechanism 
affected Identified defect Affected tissue in 

 DM1 model Reference 

Electrophysiologic
al activity 

 

Reduced paired-pulse 
facilitation Hippocampus DMSXL Hernandez 2013 

Reduced field excitatory 
postsynaptic potentials 

Hippocampus 
EpA960/CamKII-Cre Wang 2017 

Hyperactivity of Purkinje 
neurons Cerebellum DMSXL Sicot 2017 

Reduced field excitatory 
postsynaptic potentials  Hippocampus Mbnl2 KO Charizanis 2012 

Molecular 

Toxic RNA foci Most of brain regions of 
DMSXL, EpA960/CamKII-Cre  

Hernandez 2013, Sicot 2017, 
Michel 2015, Wang 2017 

Anti-sense foci Frontal cortex DMSXL  Michel 2015 

MBNL1 and 2 sequestration Frontal cortex DMSXL, 
EpA960/CamKII-Cre  

Hernandez 2013,  
Michel 2015 

CELF upregulation Frontal cortex DMSXL  Hernandez 

Missplicing 

Mapt/Tau  DMSXL, Mbnl2 KO & double 
KO 

Gomes-prereira 2007, 
Hernandez 2013,  
Charizanis 2012 

APP, Mapt/Tau, NMDAR1 
DMSXL, CELF1 and 2  

upregulation cell models,  
Mbnl2 KO 

Gomes-Pereira 2007, 
Hernandez 2013, Jiang 2004, 
Dhaenens 2011, Leroy 2006, 
Zhang 2002, Goowin 2015 

Tanc2, Kcnma1, Limch1, 
Spna2, St3gal3, Ndrg4, 

Csnk1d, Ppp1r12a, Cacna1d, 
Add1, Dlg2, Grin1 

Hipoccampus and forebrain 
Mbnl2 KO Charizanis 2012 

Sorbs1, Spag9, Dclk1, Mprio, 
Camk2d,  

Hippocampus and cerebellum 
of Mbnl1 KO Suenaga 2012 

Altered protein 
expression 

Altered expression of Tau 
isoforms   DM300 brain  Seznec 2001, Vermesch 2006 

RAB3A upregulation 
SYN1 hyperphosphorylation 

 

DMSXL frontal cortex, 
brainstem, hippocampus  Hernandez 2013 

GLT1 downregulation DMSXL cerebellum, frontal 
cortex, brainstem  Sicot 2017 

APA Rgs9, Sptb, Fzr1 Mbnl1&2 DKO brain Goodwin 2015 
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I.E. Therapeutic strategies 
Although the research on DM1 molecular mechanisms has progressed remarkably since 

the initial description of the genetic cause, no curative therapy is available today. However the 

collaborative efforts of different research groups within the international DM community led to a 

better characterization and molecular dissection of DM1 disease mechanisms, establishing a 

rationale for therapy development through the identification of individual events that can be 

therapeutically targeted. Future therapeutic tools will certainly target different steps in the DM1 

pathology mechanisms, from the transcription of the CTG expansion, the formation of toxic 

RNA foci, and MBNL and CELF deregulation to the deregulation of downstream targets. Of 

course, targeting DM1 mechanisms as early in the molecular cascade as possible would lead to 

broader positive effects. Targeting the mutation itself would be ideal, but the task is not easy. 

Alternatively, in recent years researchers have been developing compounds that target 

downstream steps in DM1 molecular pathogenesis, trying to ameliorate some symptoms or slow 

down disease progression. Some of the most promising results are presented below. 

I.E.I Neutralization of RNA toxicity 
It is now established that the major pathological agent in DM1 is the expanded CUG 

RNA. Strategies to destroy or neutralize its effects should therefore be beneficial and reverse 

DM1 symptoms. The proof of concept that DM1 manifestations are reversible was provided in 

the conditional GFP-DMPK-(CTG)5 mouse model (Mahadevan et al. 2006). These mice express 

high levels of a small 5-CTG repeat in the context of DMPK 3’UTR, and under the control of an 

inducible promoter. The expression levels of the short repeat in this mouse line is so high that it 

is sufficient to trigger myotonia, myopathy and cardiac conduction defects, and modest 

missplicing but without toxic foci or MBNL sequestration. Importantly, mouse phenotypes are 

reversed upon transgene silencing, demonstrating that silencing of the toxic expansion can be an 

efficient therapeutic strategy. 
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In this context, antisense oligonucleotides (ASOs) have shown very promising results in 

the neutralization of toxic RNA, either by disrupting MBNL-CUG RNA interaction, thereby 

avoiding MBNL sequestration and inactivation (Wheeler et al. 2009), or by knocking down the 

expanded CUG RNA through RNase-H cleavage (Mulders et al. 2009; Lee et al. 2012). Both 

local and systemic injection of ASOs with different chemistries in CUG-expressing DM1 mice 

dissolved the nuclear foci, corrected alternative splicing defects and/or improved physiological, 

histopathological and transcriptomic abnormalities of these mice ((Mulders et al. 2009; Lee et al. 

2012; Wheeler et al. 2009; Wheeler et al. 2012).  

The promising results obtained by the use of ASOs in mouse models of DM1, together 

with the low toxicity of these compounds tested in mice and in healthy individuals, led to the first 

phase 1/2a clinical trial held by Ionis Pharmaceuticals (USA). They have tested the IONIS-

DMPK-2.5RX, a gapmer-ASO aimed at destroying DMPK transcripts in muscle (clinical trial 

NCT02312011). Even if some reduction of misspliced transcripts was detected, the levels of 

therapeutic chemical in the biopsies of muscle patients were not high enough to achieve good 

efficiency, which led to the decision of interrupting further tests with this drug, and instead 

developing new improved chemistries for future more potent drugs for DM1.  

Interestingly other chemistries have been already been tested in DM1 mouse models. 

Newly modified ASOs have also been successful in decreasing by 70% the expression of the 

toxic DMPK RNA in skeletal muscle and by 30% in the heart of the DMSXL mice, improving 

body weight, muscular strength and muscle histology, with no obvious toxic effects detected 

((Jauvin et al. 2017). Thus different research groups continue to design and develop new ASO 

chemistries to improve bioavailability and biological efficiency of the therapeutic agents for 

future clinical trials. 

Chemical modulation of the transcription of the CTG expansion could have beneficial 

effects for DM1 pathology, since it would result in the elimination of the pathogenic element 

causing disease, the toxic CUG RNA. Actinomycin D, a transcription inhibitor, has a positive 
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affinity for the CTG-rich sequences and has already been successfully tested in cell models and in 

HSALR mice. Intraperitoneal injection of doses that are already approved for human use led to a 

decrease in transcription of the expanded transcript and improved several missplicing events in 

HSALR mice (Siboni et al. 2015). 

New ligand 9 is a rationally-designed small chemical compound that binds CTG and CUG 

expansions inhibiting the transcription of toxic RNAs and the subsequent formation of MBNL-

sequestering foci. Moreover it presents an RNase A-like activity, selectively cleaving the CUG 

expanded RNAs in vitro. The use of this small molecule in a Drosophila model of DM1 rescued 

neurodegeneration, rough-eye phenotype and larvae locomotor function (Nguyen et al. 2015). 

Although New ligand 9 seems like a promising therapeutic tool, its efficiency and target specificity 

should also be tested in other DM1 models. 

Derivatives of pentamidine, a small FDA-approved chemical compound, have proven 

successful in reverting DM1 molecular defects, such as the accumulation of toxic RNA foci and 

missplicing. These compounds can inhibit transcription of the CTG expansion in a dose-

dependent manner, reduce the stability of the toxic transcript or bind to the expanded RNA, 

thereby liberating MBNL protein from sequestration into foci (Warf et al. 2009)Continuous 

improvement of the chemical structure led to a less toxic compound, known as furamidine, that 

efficiently reversed missplicing in cellular models, as well in the quadriceps of HSALR mice 

(Siboni et al. 2015). The benefits of this chemical in other tissues remain unknown. 

I.E.II Modulation of disease interemediates 
The beneficial effects of MBNL upregulation in DM1 mouse models have been tested, 

either through AAV-mediated MBNL1 delivery, or by genome manipulation. Both strategies 

resulted in a recovery of myopathy and improved muscle histopathology, muscle strength and 

muscular activity, while also showing that MBNL1 overexpressing is not overtly toxic (Lin et al. 

2006; Chamberlain & Ranum 2012). These approaches opened the basis for therapeutic 
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interventions based on the overexpression of MBNL, or on the inhibition of its sequestration by 

the toxic expansions. Phenybutazone, an already-approved anti-inflammatory drug, has proven 

efficient in DM1 mouse models. Administration of the drug in the drinking water of the HSALR 

mice, during twelve weeks, led to increased transcription of Mbnl1 by suppressing DNA 

methylation, decreased sequestration of MBNL1 by the toxic foci, improved muscle 

histopathology, increased muscle strength and mouse activity performance, and partially 

corrected missplicing of Clcn1 leading to increased protein expression (Chen et al. 2016). 

Erythromycin has also shown beneficial effects in the HSALR mouse model. Systemic and 

oral administration of this natural antibiotic inhibited MBNL1 sequestration by toxic foci, 

thereby increasing the levels of functional MBNL1. The compound rescued missplicing in a 

dose-dependent manner and improved myotonia (Nakamori et al. 2016). Thus, this antibiotic 

could result in a safe promising therapy for DM1 patients.  

A PKC inhibitor was also proposed as an efficient DM1 treatment after being tested in 

EpA960 mice PCK inhibitor administration reduced the levels and hyperphosphorylation of 

CELF1, prevented CELF-dependent missplicing events, improved cardiac function and reduced 

the mortality rate of the EpA960 mice (Wang et al. 2009). However knockout of PCKα/β in the 

GFP-DMPK-(CTG)5  mice did not affect the abnormal CELF1 expression, missplicing or 

abnormal muscular histology, raising questions on the implication of PKC in DM1 pathology, at 

least in skeletal muscle (Kim et al. 2016). 

GSK3β has been found upregulated in HSALR mice and DM1 neural stem cells, as well as 

in patient skeletal muscle. Inhibition of GSK3β in HSALR mice reduced myotonia, muscle 

weakness and muscle histopathology (Jones et al. 2012), while the use of GSK3 inhibitors is 

known to reverse cognitive and behavioral changes in mouse models of FXS ((Mines & Jope 

2011). Thus GSK3 inhibitors might be a promising therapy for DM1 patients. A phase 2 clinical 

trial is currently ongoing by AMO Pharma and it aims to evaluate the safety and efficacy of the 
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GSK3β inhibitor tideglusib in patients suffering from juvenile and congenital form of DM1 (trial 

NCT02858908). Results of this clinical trial have not yet been reported.   

I.E.III Empirical strategies and natural compounds 
 Empirical screening of disease modulators indicate new possible therapeutical targets. 

Recently the AMPK and mTORC1 pathway were reported deregulated, in association with 

autophagy, in the skeletal muscle of the HSALR mice. Two inhibitors of these pathways, AICAR 

and rapamycin respectively, ameliorate the phenotype of the mice: while AICAR treatment 

reduces foci content, decreases myotonia, and improves Clcn1 splicing and protein levels, 

rapamycin improves mouse muscle force, without affecting splicing (Brockhoff et al. 2017).  

Many of these promising drugs and compounds have only been tested in the HSALR mice, 

which show a strong phenotype but only in skeletal muscle. Given the multisystemic nature of 

DM1, the efficiency of these possible treatments must also be tested in other tissues such as heart 

and brain, in order to fully assess their therapeutic potential. 

Natural compounds such as reservatrol (flavonoid found in grapes) and thiamine (vitamin 

B1) have proved beneficial in rescuing splicing defects or improving patients’ symptoms. 

Although the mode of action is unknown, reservatrol improved splicing defects of IR in DM1 

patients-derived fibroblasts (Takarada et al. 2015) and thiamine administration, twice a week for 

11 months, improved muscular strength, and muscular symptomathology in two DM1 patients.  

Among the drugs that alleviate patient symptoms, modafinil, which is efficiently used in 

the treatment of narcolepsy and excessive daytime sleepiness, is prescribed to DM1 patients that 

suffer of excessive daytime sleepiness. In a study of 145 patents and 146 relatives and caregivers, 

modafinil use has been reported beneficial by 90% of the treated patients and 95% of the 

relatives and caregivers (Hilton-Jones et al. 2012). 

While waiting for molecular or pharmacological treatment of CNS-related symptoms, 

researchers and medical doctors from France, the Netherlands, Germany and United Kingdom 
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have set up the OPTIMISTIC trial: Observational Prolonged Trial In Myotonic dystrophy type 1 to Improve 

Quality of Life- Standards, a Target Identification Collaboration. This trial aims to improve the quality of 

life of DM1 patients by using exercise and cognitive behavioral therapy to stimulate active 

lifestyle, reduce fatigue and decrease the disease burden (van Engelen 2015). The results of the 

trial should be published in the near future. 

I.E.IV Future gene-editing tools 
Recent development of gene editing tools such as the Zinc Finger Nucleases (ZFNs), 

TALEN (Transcription Activator-Like Effector Nucleases) and CRISPR (Clustered Regulatory 

Interspaced Short Palindromic Repeats)/Cas9 systems have proven to be effective and reliable 

tools for genome engineering. ZFNs recognize modules of 30 trinucleotides (or codons) to target 

the FokI endonuclease activity that will cleave DNA when dimerized. TALEN proteins 

recognize 33-35 nucleotides to guide the FOKI endonuclease. The CRISPR/Cas9 system uses a 

guide RNA (gRNA) of 20 nucleotides that will bind and address the Cas9 endonuclease to the 

target sequence to produce the double strand DNA brake (DSB). Although the three systems are 

currently used in genome editing, the CRISPR/Cas9 system has several advantages over the 

ZFNs and TALENs: the design and delivery of the 20 nucleotide targeting RNA is easier than 

the elaborated design of the protein domains of the ZFNs and TALENs; importantly the 

multiplexing of different gRNAs targeting different regions and one sole Cas9 endonuclease is 

possible. However this ease of development and delivery is counteracted by the lower specificity 

of the CRISPR/Cas9, compared to the ZFNs and TALENs, as the latter need the correct 

recognition of + and – strands of the DNA for the dimerization and activation of FokI (Kim 

2016). 

In the field of DM1, many laboratories have been testing the efficiency of the ZFNs, 

TALENs and CRISPR/Cas9 system to cleave the CTG repeat expansion in somatic cells, thus 

removing permanently the DM1 mutation, or to eliminate the toxic RNA foci.  
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An innovative approach has been reported by Gao et al. in 2016. Using TALEN-induced 

homologous recombination they inserted premature polyadenylation signals (PASs) in the DMPK 

gene, upstream of the CTG repeats. PASs insertion in patients-derived iPS cells led to elimination 

of the toxic RNAs and reversal of aberrant splicing in the differentiated neurons, astrocytes and 

cardiomyocytes, opening the possibility for future autologous stem-cells transplantation 

approaches for DM1. However, the integration of the PAS at the desired locus must be further 

improved, since less than 10% of the cells showed correct insertion of the PAS and complete loss 

of the nuclear RNA foci (Gao et al. 2016). 

Among the most recent reports that efficiently remove the CTG repeats in DM1 models, 

van Agtmaal et al. have shown complete and precise excision of the CTG/CAG repeat (+ and - 

DNA strands) in DM300 and DM1 patients myoblasts, leading to loss of toxic foci formation, 

normal myoblasts differentiation into myotubes and rescue of splicing defects. Moreover in 

DM300 myoblasts one single CRISPR cleavage on only one side of the CTG repeat led to large 

gaps across the CTG sequence (van Agtmaal et al. 2017). Interestingly, induction of DSB within 

the CTG repeats causes both expansions and contractions, while single-strand breaks induced by 

CRISPR-Cas9 D10A nickase induced only contractions (Cinesi et al. 2016), suggesting that single 

strand editing could induce shrinkage of the CTG expansion.  

Another recent publication highlights the efficiency of nuclease-null “deactivated” Cas9 

(dCas9), which can be packed and delivered by an AAV, in eliminating CUG, CCUG, CAG and 

GGGCC expanded RNA foci just by binding to the expanded sequence, opening promising 

routes for the use of the CRISPR/Cas9 system for DM1, DM2, HD, SBMA, various SCAs and 

ALS. Fusion of the dCas9 to a PIN RNA endonuclease (RCas9) has been tested to act directly at 

the RNA level to promote the elimination of the expanded repeats in DM1 and DM2 patient 

primary cells, liberating MBNL proteins and reversing missplicing (Batra et al. 2017). 

However careful analysis is essential in this type of DNA-editing approaches, since 

frequent inversions occur upon double cleavage (van Agtmaal et al. 2017). Another challenge of 
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the use of gene-editing tools it the high risk of off target effects, and special attention should be 

given to their occurrence before using these systems as gene therapy in patients. Batra et al. 

propose the use of an RNA-targeted Cas9 system that would avoid the permanent genetic lesion 

of patient’s DNA, while efficiently eliminating the expanded RNA transcripts.  

Many types of possible therapeutic approaches for DM1 pathology are being developed 

and tested in different DM1 models. However not many have tested the biodistribution and 

efficiency in the CNS. Indeed the design of the chosen therapeutic strategy should take into 

account the low permeability of the blood-brain barrier, while providing a feasible mode of 

administration for clinical trials. Although some strategies have managed to eliminate toxic RNAs 

in iPS-derived neural stem cells (Xia et al. 2015; Gao et al. 2016), gene therapeutic approaches for 

DM1 brain abnormalities still need to be tested and developed. In the meantime, a better 

understanding of the molecular and cellular mechanisms operating in DM1 brains is essential, in 

order to identify critical events of the pathological cascade that can be targeted and corrected by 

therapeutic strategies based on the use of small, non-toxic molecules with high bio-availability. 
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Chapter II. Objectives and thesis structure 

The general objective of my PhD project has been to gain insight into the molecular and 

cellular mechanisms deregulated in DM1 brain. More specifically, I aimed to better understand 

the contribution of each brain cell type to DM1 CNS dysfunction, and to characterize the 

molecular pathways specifically deregulated in response to the CTG expansion. To do so, I used 

the DMSXL mouse model, primary neurons and astrocytes cultures derived thereof and human 

post-mortem DM1 brain tissues.  

 

Before my arrival to the laboratory our research group had identified abnormal 

expression and phosphorylation of RAB3A and SYN1 synaptic vesicle proteins, respectively, and 

a downregulation of GLT1 glial glutamate transporter. My first project focused on the 

investigation of the mechanisms behind RAB3A and SYN1 proteins abnormalities. I studied the 

possible contribution of abnormal alternative splicing and disrupted developmental deregulation 

to the upregulation of RAB3A and hyperphosphorylation of SYN1. The results of this project 

were reported in the following article: 

 Oscar Hernández-Hernández, Géraldine Sicot, Diana M. Dincã, Aline Huguet, Annie 
Nicole, Luc Buée, Arnold Munnich, Nicolas Sergeant, Geneviève Gourdon and Mário 
Gomes-Pereira. Synaptic protein dysregulation in myotonic dystrophy type 1 – Rare 
diseases (2013) 1: e25553  

 

My second project focused on the deregulation of GLT1 that we found in DMSXL and 

DM1 brains. Given the essential role of GLT1 in the fine regulation of glutamate levels in the 

CNS, my aim was to determine which molecular mechanisms are responsible for GLT1 

downregulation in DM1, and what are the functional consequences of this downregulation. The 
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experimental results obtained in this study are presented in the following article, in which I am 

co-first author (*): 

Géraldine Sicot *, Laurent Servais *, Diana M. Dincã *, Axelle Leroy, Cynthia 
Prigogine, Fadia Medja, Sandra O. Braz, Aline Huguet-Lachon, Cerina Chhuon, Annie 
Nicole, Noëmy Gueriba, Ruan Oliveira, Bernard Dan, Denis Furling, Maurice S. Swanson, Ida 
Chiara Guerrera, Guy Cheron, Geneviève Gourdon and Mário Gomes-Pereira 
Downregulation of the Glial GLT1 Glutamate Transporter and Purkinje Cell 
Dysfunction in a Mouse Model of Myotonic Dystrophy – Cell Reports (2017) 19, 2718-
2729 

The study of synaptic and glial proteins deregulation was integrated in a wider research 

line in the laboratory, aimed at understanding the molecular mechanisms deregulated in the CNS 

in response to the CTG expansion. In this project our group has reported the accumulation of 

toxic RNA foci in both neurons and astrocytes in different brain regions of DMSXL mice and 

DM1 patients. These results indicate that the CTG repeat expansion affects both neurons and 

astroglial cells and that DM1 neuropathogenesis involves both brain cell types. However we did 

not know how the CTG expansion affected each major brain cell type and what cellular and 

molecular pathways were specifically affected in each brain cell. In my third project I used 

DMSXL mice as a source of primary brain cells to investigate the functional consequences of the 

CTG repeat expansion on the cellular phenotypes and on the global proteome of two individual 

brain cell types: neurons and astrocytes. The experimental results of this study will be submitted 

soon for publication to the Journal of Neuroscience: 

Diana Dincã, Géraldine Sicot, Aline Huguet-Lachon, Cerina Chuuon, Chiara Ida 
Guerrera, Geneviève Gourdon, Mário Gomes-Pereira. GUG RNA toxicity is associated 
with adhesion and migration deficits in astrocytes and abnormal neuritogenesis in 
myotonic dystrophy . 

 

I have presented the results of this project in different scientific meetings and I was 

awarded the prize for the best poster presentation at the 10th International Myotonic Dystrophy 

Consortium meeting and the Colloque des Jeunes Chercheurs AFMTéléthon meeting, and with the prize 

for the best oral presentation at the Young Researchers in Life Sciences meeting. 
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Finally, I performed a preliminary study of the changes in the phosphoproteome in DM1 

CNS. Given the phosphorylation defects observed in different DM1 tissues and cells I 

hypothesized that DM1 brain disease mechanisms may involve global deregulation of key kinases 

and significant changes in the phosphoproteome. I have started to test this hypothesis by 

analyzing two main candidate kinases of interest: GSK3β and CDK5. Then, I went one step 

further and performed a global and unbiased phosphoproteomics analysis on DMSXL neurons 

and DMSXL astrocytes. The results of this fourth project are detailed in Chapter VI. 

The results that I have obtained in the different projects are structured in four results 

chapters. 

Chapter III – Synaptic proteins deregulation in DM1 brain – role of alternative splicing 

Chapter IV – Mechanisms and consequences of the downregulation of GLT1 glial 

glutamate transporter in DM1 cerebellum 

Chapter V – Patophysiological consequences of the DM1 CTG repeat expansion on 

neurons and astrocytes 

Chapter VI – Changes in the phosphoproteome and the mechanisms of brain disease in 

DM1 – a preliminary study.  

 

The first three of these chapters are based on research articles to which I have 

contributed significantly. The materials and methods used are detailed in each publication of the 

first three results chapters, and as supplementary materials and methods at the end of chapter VI.  
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Chapter III.  Synaptic proteins 

deregulation in DM1 brain – role of 

alternative splicing. 
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III.A. Introduction 
III.A.I  Developmental regulation of gene expression in the CNS  

The molecular mechanisms of DM1 include abnormalities in developmentally regulated 

events, such as alternative splicing and polyadenylation, not only in muscle, but also in brain. 

Brain development in particular, is highly complex and multifaceted. The disruption of any of the 

underlying events can lead to CNS pathology. Today, the contribution of neurodevelopmental 

delays to DM1 neurological manifestations is not fully resolved.  

Brain development is multilayered and involves many molecular dimensions. Global 

genetic and epigenetic mechanisms regulate brain development and synaptic connectivity within 

and between brain regions. The fine regulation of gene expression is essential since the first 

stages of development, when the main body axes of the embryo are determined and the 

expression and/or inhibition of developmental master genes determine the future body plan. 

Different signaling molecules are expressed in different locations at different moments during 

embryogenesis, controlling the antero-posterior and dorso-ventral patterning of the neural tube. 

This spatial regionalization is essential for further activation of specific transcription factors that 

will regulate neuronal differentiation. As an example, the generation of cortical glutamatergic 

neurons takes place in the ventricular zone of the dorsal telencephalon, expressing a particular set 

of transcription factors, while the cortical GABAergic interneurons originate in the ventral 

telencephalon, induced by a different set of transcription factors (Puelles et al. 2000; Bellion & 

Métin 2005).  

The regulation of brain development and function goes beyond genetic control of protein 

expression. Chromatin accessibility, levels of histone acetylation and DNA post-translational 

modifications, non-coding RNA-mediated processes, transcription and post-transcriptional 

modifications, translation and post-translational modifications also regulate the neuronal 

connectivity, dendritic spines and axonal branching, as well as the synaptic strength (Rajarajan et 
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al. 2016). As an example, over 10,000 enhancers regulate gene expression in response to neuronal 

activity in mouse cortical neurons (Kim et al. 2010). Finally, three-dimensional (3D) 

conformation of the nuclear genome and the chromosomal loopings allow the contact between 

far apart promoters and enhancers, thereby contributing to the long-range control of gene 

expression and protein content in the brain (Rajarajan et al. 2016).  

In summary, different molecular mechanisms control protein levels and activity and this 

fine regulation is essential throughout brain development. This complex, multifactorial process is 

crucial for proper brain connectivity and neurological function. Molecular defects before, during 

or after translation will affect the correct expression and activity of CNS proteins resulting in 

neurological abnormalities.  

III.A.II  Splicing control of isoforms expression in the CNS 
Another major mechanism controlling the protein expression and activity is alternative 

splicing. This process is particularly important in the CNS, where different splicing isoforms can 

regulate the properties and fate of many different types of neurons (Lee & Irizarry 2003). 

Alternative splicing involvement is detected at different levels, from the first steps of neuronal 

development, until the regulation of synapse strength in adult neurons (Li et al. 2007).   

An example of a critical effect of alternative splicing on brain development is the regional 

expression of fibroblast growth factor 8 (FGF8) isoforms to control the midbrain-hindbrain 

boundary. The use of an alternative 3’ splice site in the exon 1d of FGF8 gives 2 isoforms, 

FGF8a and FGF8b, which differ in only 11 amino acids in the N-terminus of the protein but 

which play two different functions in brain development. FGF8a determines the commitment of 

the neural tube towards the development of the midbrain, while FGF8b induces the 

differentiation of the cerebellar tissue (Fig. III.1A) (Sato et al. 2004; Alam et al. 2009). 

The establishment of cortical layers is also sensitive to alternative splicing. Cortical 

lamination involves the migration of neurons from the ventricular zone to the upper layers, using 
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the radial glia as a scaffold, and their detachment to integrate one particular layer. The Reelin 

pathway, and particularly Disabled-1 (DAB1), is essential for this detachment from the radial glia 

and positioning in a cortical layer. Full length DAB1 regulates neuronal detachment and cortical 

lamination in response to Reelin during the late stages of brain development. However, in the 

early stages of development, neuronal migration requires DAB1 exon 7b and 7c skipping, which 

is dependent of NOVA2 splicing factor. Loss of NOVA2, or overexpression of full length DAB1 

in early stages of development, leads to migration defects and abnormal laminar distribution of 

neurons in the mouse cortex (Fig. III.1B) (Yano et al. 2010; Grabowski 2011; Gao & Godbout 

2013). 

Another example of the involvement of alternative splicing in synaptic regulation is the 

reversible skipping of NMDAR1 exon 5 and exon 21, in response to cell excitation and 

membrane depolarization regulated by Ca2+/calmodulin dependent protein kinase (CaMK) IV 

(Xie et al. 2005). One sole gene codes for the NMDAR1 subunit of the NMDA receptor, but 

alternative splicing generates different variants. NMDAR1 exon 5 encodes the extracellular N1 

cassette that regulates the NMDA activity by interacting with several pharmacological modulators 

(Dingledine et al. 1999), while the exon 21 encodes the C1 cassette, a domain required for the 

trafficking from the ER to the plasma membrane, phosphorylation by protein kinase C (PKC) 

and A (PKA) and interaction with calmodulin and neurofilament L (Fig. III.1C) (Lee et al. 

2007). Thus alternative splicing plays an important role in the regulation of the main glutamate 

receptor in the brain, directly impacting the synaptic plasticity, learning and memory. 

Many neurological diseases are linked to missplicing of important transcripts in the brain. 

Such is the case of tauopathies, including Alzheimer’s disease, in which mutations within or 

around exon 10 of the microtubule-associated protein tau (MAPT) gene affect the 1:1 

inclusion/exclusion ratio of this exon and result in aggregation of the Tau protein into 

neurofibrillary tangles (Liu & Gong 2008). In the adult brain MAPT/Tau presents six different 

isoforms, generated by the alternative inclusion or exclusion of exons 2, 3 and 10, with the exon 
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3 being present only in isoforms that include exon 2 (Fig. III.1D). All these exons are excluded 

from the fetal MAPT isoform (Caillet-Boudin et al. 2014). Even though exon 2 and 3 do not 

seem to promote aggregation of Tau protein, all six brain isoforms are found in neurofibrillary 

tangles in different classes of tauopathies (Sergeant et al. 2005).  

 These examples, demonstrate the critical role of alternative splicing regulation for 

proper brain development, connectivity and function, and illustrate how alterations in the splicing 

pattern can give rise to pathological situations. 

Figure III.1. Alternative splicing controlling brain development and function. 
Schematic representation of alternative splicing events regulating brain development and function. (A) 
FGF8 splicing determines the midbrain-hindbrain boundary, (B) DAB1 splicing, controlled by NOVA2, 
regulates cortical lamination, (C) NMDAR1 splicing, modulated by CaMK IV activity, coordinates 
glutamatergic signaling and (D) MAPT splicing regulates microtubule polymerzation and cytoskeleton 
interaction. 
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III.B. Context of the study 
III.B.I Splicing abnormalities in DM1 brain 

In DM1 molecular pathogenesis, the toxic accumulation of expanded CUG RNAs 

perturbs the localization and/or function of MBNL and CELF splicing regulators, leading to 

global abnormalities in developmentally-regulated alternative splicing and abnormal expression of 

fetal isoforms in the adult brain, among other cellular mechanisms (Sicot et al. 2011; Gourdon & 

Meola 2017). 

Splicing abnormalities have been reported in the brain of DM1 patients, in numerous 

transcripts, including APP, MAPT, NMDAR1, SORBS1, MPRIP, CAMK2D, TANC2, 

KCNMA1, CSNK1D and CACNA1D (Sergeant et al. 2001; Jiang et al. 2004; Dhaenens et al. 

2011; Caillet-Boudin et al. 2014; Suenaga et al. 2012; Charizanis et al. 2012; Goodwin et al. 2015). 

In vitro and in vivo models have allowed the identification of the mediators linking the CTG 

expansion to these splicing abnormalities. Such is the case for CELF2 controlling MAPT and 

NMDAR1 splicing, MBNL1 controlling SORBS1, MPRIP and CAMK2D splicing, and MBNL2 

controlling TANC2, KCNMA1, CSNK1D and CACNA1D. All these missplicing events lead to 

increased expression of fetal splicing patterns in the adult brain, disturbing the fine regulation of 

gene expression and likely affecting CNS physiology. Moreover, global RNA sequencing 

approaches revealed show splicing abnormalities in many transcripts, as a consequence of 

MBNL1 and/or MBNL2 loss of function in mouse brain (Suenaga et al. 2001; Charizanis et al. 

2012 ; Goodwin et al. 2015). However, the consequences of these events on CNS function and 

their direct involvement in DM1 neuropathology have not yet been dissected. 

III.B.II Molecular abnormalities in DMSXL mice brain 
Before my arrival to the laboratory, our group had started the characterization of the 

molecular mechanisms deregulated in DMSXL mice brain and their consequences on behavior 
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(Hernandez-Hernandez et al. 2013). We reported toxic RNA foci accumulation in neurons and 

astrocytes, in multiple regions of the brain including frontal and temporal cortex, hippocampus, 

brainstem and cerebellum, co-localizing with MBNL1 and MBNL2. Furthermore, both CELF1 

and CELF2 are upregulated in the frontal cortex of the mice.  

As a consequence, the developmentally regulated splicing pattern of candidate transcripts 

was mis-regulated, with an increased expression of fetal isoforms in the frontal cortex and 

brainstem of DMSXL mice, two regions with high content of toxic RNA foci. The analysis of 

DMSXL brains showed an increase in the embryonic isoforms of Nmdar1, Mapt, App, Mbnl1 and 

Mbnl2, as previously reported in human DM1 brains. Interestingly, we found dysregulation of 

both MBNL1-dependent splicing of Ldb3 and CELF1-dependent splicing of Fxr1, previously 

described in the heart of MBNL1 KO and CELF1 upregulation mouse models. These 

missplicing events, which recreated abnormal embryonic profiles in adult mouse brain, confirmed 

the important role of MBNL and CELF proteins in regulating splicing transitions during brain 

development. 

DMSXL mice show behavioral and electrophysiological abnormalities (Hernandez-

Hernandez et al. 2013). In an attempt to find the underlying molecular pathways contributing to 

CNS dysfunction, our laboratory performed a global proteomics analysis, and found, MBNL1-

dependent upregulation of RAB3A and CELF1- and CELF2-dependent hyperphosporylation of 

Synapsin1 (SYN 1) in DMSXL mice and DM1 post-mortem brains. RAB3A and SYN1 are two 

abundant proteins involved in the regulation of presynaptic vesicles release. 

III.C. Research objectives 
 Following this study two questions remained unanswered:  

1) Do RAB3A upregulation and SYN1 hyperphosphorylation also recreate embryonic 

events in the adult DMSXL and DM1 brain, like the missplicing events previously studied?  
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2) Do RAB3A and SYN1 transcripts present splicing abnormalities that could explain the 

protein expression and phosphorylation abnormalities observed in DMSXL and DM1 brains? 

I answered these questions by analyzing the expression and phosphorylation of RAB3A 

and SYN1 throughout WT mouse brain development and aging, as well as the splicing of 

alternative exons previously described in the literature for RAB3A and SYN1 transcripts, in 

DMSXL mouse and human DM1 brain samples.  

III.D. Results 
The results of RAB3A expression and SYN1 phosphorylation throughout mouse brain 

development, and the analysis of alternative splicing of their transcripts are reported in the 

following article and in the supplementary Figures III.S1-S3. The main findings are summarized 

below: 

Oscar Hernández-Hernández, Géraldine Sicot, Diana M. Dincã, Aline Huguet, Annie 
Nicole, Luc Buée, Arnold Munnich, Nicolas Sergeant, Geneviève Gourdon and Mário 
Gomes-Pereira.  Synaptic protein dysregulation in myotonic dystrophy type 1 – Rare 
diseases (2013) 1: e25553  

My contribution to this work was the analysis of RAB3A expression and SYN1 

phosphorylation during the WT mouse brain development and aging, in order to determine if the 

protein abnormalities observed in the DMSXL adult brain recreate WT fetal levels of expression. 

Both RAB3A expression and SYN1 phosphorylation increased in WT mouse brain from 

postnatal day 8 onward and were maintained at high levels during adulthood. These results 

indicate that the RAB3A overexpression and SYN1 hyperphosphorylation observed in adult 

DMSXL brains do not recreate embryonic expression patterns.  

RAB3A upregulation is correlated with MBNL1 loss of function and SYN1 

hyperphosphorylation is induced by upregulation of CELF1 and CELF2 (Hernandez-Hernandez 

et al. 2013). Given the major role of MBNL and CELF in the regulation of alternative splicing I 

have studied the described alternative exons of RAB3A and SYN1 in the frontal cortex of WT 
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and DMSXL mice, by RT-PCR. I performed the analysis at 4 months, when protein 

abnormalities were previously detected, and at 1 month, when splicing defects are usually more 

pronounced in DMSXL brains. As RAB3A and SYN1 protein abnormalities are more 

pronounced in human DM1 brains (Hernandez-Hernandez et al. 2013), I have also extended the 

splicing analysis to human DM1 brain samples. I detected no splicing defects in RAB3A and 

SYN1 transcripts, neither in human nor in murine frontal cortex (additional transcripts not 

reported in the article are shown in supplementary Figure III.S1-S3).  

These results demonstrate that, even if mediated by MBNL loss of function and CELF 

upregulation, RAB3A and SYN1 protein abnormalities in DM1 brain do not recreate embryonic 

events, and are not caused by missplicing.  

III.E. Discussion 
Synaptic proteins are deregulated in the brain of DM1 murine model. Together, these 

molecular deregulations are associated with cognitive and behavioral phenotypes, abnormal 

presynaptic neurotransmitter release and defective levels of dopamine and serotonin (Hernandez-

Hernandez et al. 2013). Although induced by MBNL1 depletion and CELF upregulation, the 

DM1 synaptic proteins abnormalities do not recreate an embryonic expression profile and are 

not associated with abnormal splicing. These results indicate that DM1 brain pathology is not 

only mediated by neurodevelopmental splicing defects, but functional deregulations can also 

contribute to DM1 CNS involvement, pointing out the need of better understanding the 

consequences of the CTG repeat expansion in DM1 brain at the molecular, cellular and 

physiological level. Further investigation of the molecular mechanisms connecting the CTG 

expansion to the synaptic proteins abnormalities are essential in order to better understand DM1 

neuropathogenesis. 

The contribution of RAB3A upregulation and SYN1 hyperphosphorylation to DM1 CNS 

manifestations is still elusive. It is conceivable that abnormalities in RAB3A expression and 
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SYN1 phosphorylation lead to abnormal vesicle release at the presynaptic terminals contributing 

to the electrophysiological defects observed in DMSXL brains. Indeed RAB3A regulates the 

vesicle dynamics at the presynaptic terminal by controlling the docking, fusion and recycling of 

the synaptic vesicles, while SYN1 attaches the synaptic vesicles to the actin cytoskeleton and 

liberates them in a phosphorylation-dependent manner regulating the availability of synaptic 

vesicles for exocytosis. The upregulation of RAB3A and hyperphosphorylation of SYN1 in DM1 

brain possibly deregulate the neuronal exocytosis and synaptic vesicles release.  

The detailed analysis of the contributing role of RAB3A and SYN1 abnormalities to 

vesicle dynamics and release in DMSXL and DM1 neurons will give a better insight on DM1 

brain dysfunction. Moreover it will shed light into the possibility of using RAB3A and SYN1 as 

therapeutic targets. 
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The toxicity of expanded transcripts 
in myotonic dystrophy type 1 

(DM1) is mainly mediated by the disrup-
tion of alternative splicing. However, the 
detailed disease mechanisms in the cen-
tral nervous system (CNS) have not been 
fully elucidated. In our recent study, we 
demonstrated that the accumulation 
of mutant transcripts in the CNS of a 
mouse model of DM1 disturbs splicing 
in a region-specific manner. We now 
discuss that the spatial- and temporal-
regulated expression of splicing factors 
may contribute to the region-specific 
spliceopathy in DM1 brains. In the 
search for disease mechanisms operating 
in the CNS, we found that the expres-
sion of expanded CUG-containing RNA 
affects the expression and phosphoryla-
tion of synaptic vesicle proteins, possibly 
contributing to DM1 neurological phe-
notypes. Although mediated by splicing 
regulators with a described role in DM1, 
the misregulation of synaptic proteins 
was not associated with missplicing of 
their coding transcripts, supporting 
the view that DM1 mechanisms in the 
CNS have also far-reaching implica-
tions beyond the disruption of a splicing 
program.

Myotonic Dystrophy and the  
Central Nervous System

Myotonic dystrophy type 1 (DM1) is the 
most common form of inherited muscu-
lar dystrophy in adults, with a worldwide 
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incidence of 1 in 8,000 individuals. DM1 
is a typical multisystemic disease, affect-
ing a large number of tissues and organs 
in the human body.1 The central ner-
vous system (CNS) is compromised to 
different extents in adult, juvenile and 
congenital forms of the disease. Several 
neuropsychological symptoms have been 
reported in adult-onset DM1 patients, 
such as excessive daytime sleepiness and 
fatigue, visuoconstructive impairment, 
attention deficits, reduced initiative and 
apathy, increased anxiety and anhedonia, 
as well as reduced intelligence quotients. 
Marked mental retardation and delayed 
psychomotor development are found in 
the congenital cases.2 In addition to the 
clinical evidence, imaging and histopath-
ological techniques have also illustrated 
brain dysfunction in DM1. MRI scans 
have revealed that white and gray matter 
are affected in DM1 brains, while PET-
SPECT imaging techniques revealed 
deficits in brain glucose metabolism and 
hypoperfusion.3,4 The histopathological 
distribution of tau protein in the brain 
revealed the accumulation of pathogenic 
protein isoforms in DM1 individuals,5 in 
association with changes in the alterna-
tive splicing of tau transcripts,6 result-
ing in the classification of DM1 as a 
tauopathy.

The neurological manifestations of the 
disease are highly debilitating and have a 
tremendous impact on the quality of life 
of DM1 patients and their families. As a 
result of their intellectual impairment and 
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(Fig. 1A), suggesting that the DMSXL 
splicing changes detected mimic true 
DM1 molecular features. Our RT-PCR 
analysis also revealed that missplicing 
was more pronounced in human frontal 
cortex than in brainstem, particularly 
for MBNL1 and MBNL2 transcripts. 
Coincidentally, the missplicing of Mbnl1 
and Mbnl2 are among the most notice-
able and reproducible defects detected 
in the brain of DMSXL mice, and may 
provide useful molecular biomarkers for 
the pre-clinical assessment of therapies 
aiming to correct DM1-spliceopathy in 
the CNS.

The extent and nature of the spliceopa-
thy in DMSXL brains is region-specific, 
as illustrated by Grin1/Nmdar1 tran-
scripts. Grin1/Nmdar1 exon 5 is abnor-
mally excluded in DMSXL brainstem 
(but not in frontal cortex), while exon 21 
is abnormally excluded in DMSXL fron-
tal cortex (while it remains unaffected in 
brainstem).22 The regional splicing defects 
of this gene (and others) might be the 
consequence of a spatially regulated splic-
ing program. In support of physiological 
region-specific mechanisms of splicing 
regulation, we have found that the distri-
bution of Grin1/Nmdar1 isoforms varied 
between frontal cortex and brainstem in 
wild-type animals: while exon 5 is pref-
erentially included in brainstem, exon 21 
shows a much higher inclusion ratio in 
frontal cortex.22 These differences sug-
gest that the levels and/or activity of the 
key splicing regulators that control these 
events vary between different brain terri-
tories. We have addressed this hypothesis 
and found higher levels of CELF1 and 
CELF2 proteins in adult frontal cortex 
than in brainstem of wild-type mice. In 
contrast, the levels of MBNL proteins 
were higher in brainstem than in frontal 
cortex.22 Additionally, the distribution 
of MBNL2 protein isoforms differed 
significantly between frontal cortex and 
brainstem: western blot immunodetection 
following long electrophoresis migration 
revealed high molecular weight isoforms 
that were specifically present in frontal 
cortex, as well as a higher expression of 
low molecular weight isoforms in brain-
stem (Fig. 1B). Given the role of CELF 
and MBNL proteins in the control of 
alternative splicing in the CNS,23-25 these 

Recreating RNA Toxicity in the 
CNS of DM1 Transgenic Mice

Given the compromised function of the 
CNS in DM1 patients and the impact of 
the neurological symptoms on their daily 
life, a growing effort has been made to 
unravel the mechanisms of DM1 neuro-
pathogenesis over the last few years. We 
have been tackling this question by using 
DMSXL transgenic mice, previously gen-
erated in our laboratory.19,20 These animals 
carry a large fragment of the human DM1 
locus containing more than 1000 CTG 
repeats in the 3'UTR of the DMPK gene. 
Homozygous DMSXL mice produce suf-
ficient toxic RNA transcripts to reproduce 
some critical and highly relevant molecu-
lar features of DM1, such as RNA foci 
accumulation and missplicing, as well as 
muscle phenotypes.21 In order to investi-
gate whether RNA toxicity extended to 
the CNS, we have studied nuclear RNA 
foci accumulation and found CUG-
containing ribonuclear inclusions in 
DMSXL mice, not only in the brain, but 
also in the spinal cord.22 RNA foci were 
particularly abundant in the frontal cor-
tex and in some neuronal nuclei of the 
brainstem—two brain regions that are 
considered to play critical roles in the 
development of some of the most charac-
teristic neurological symptoms of DM1. 
The nuclear accumulation of toxic RNA 
foci was associated with sequestration of 
MBNL proteins, upregulation of CELF 
proteins and resulted in the disruption 
of alternative splicing in DMSXL frontal 
cortex and brainstem.22

While most of the exons misspliced in 
DMSXL brains were previously reported 
as misregulated in post-mortem DM1 
brains,6,18 the missplicing of GRIN1/
NMDAR1 exon 21, MBNL1 and MBNL2 
exon 7 in human patients was poorly doc-
umented. To confirm that the splicing 
changes of these exons in DMSXL mice 
recreate relevant molecular events charac-
teristic of DM1, we have now validated 
these abnormalities in human DM1 fron-
tal cortex and brainstem. The RT-PCR 
analysis confirmed increased inclusion 
of GRIN1/NMDAR1 exon 21, MBNL1 
exon 7 and MBNL2 exon 7 in human 
DM1 frontal cortex and brainstem, rela-
tive to non-DM1 control individuals 

behavioral deficits, DM1 patients experi-
ence low education achievements, low 
employment, poor familial environment, 
as well as social, economic and material 
deprivation.7

Unraveling the Molecular  
Mechanisms of DM1 in the CNS

DM1 is caused by the abnormal expan-
sion of a non-coding CTG trinucleotide 
repeat in the 3'UTR of the DMPK gene.8 
Experimental evidence supports a pre-
vailing model of disease pathogenesis, 
in which the DM1 phenotype is mainly 
mediated by a deleterious gain-of-func-
tion of expanded DMPK transcripts.9,10 
CUG repeat-containing expanded tran-
scripts form secondary RNA structures 
that bind to and sequester muscleblind-
like proteins (MBNL) into ribonuclear 
inclusions or nuclear RNA foci,11 and 
upregulate the CUG/Elav-like family 
(CELF) proteins.12 Given the antagonistic 
role of MBNL and CELF proteins in the 
control of a developmentally regulated 
splicing program, CUG-associated RNA 
toxicity results in the aberrant expression 
of embryonic isoforms in adult skeletal 
muscle and heart.12,13 Typical DM1 symp-
toms, such as myotonia, muscle weakness 
and insulin resistance, are explained by 
abnormal splicing of the CLCN1 chlo-
ride channel,14,15 BIN1 bridging integra-
tor protein16 and the insulin receptor,17 
respectively. Although splicing defects 
have been described in human DM1 
brains,18 we do not understand the func-
tional impact of MAPT/TAU, GRIN/
NMDAR1 and APP RNA missplicing in 
DM1 neuropathophysiology. Nor do we 
know the cell populations, neuronal cir-
cuits, molecular pathways and neurologi-
cal functions that are primarily disturbed 
in DM1 brains.

In addition to spliceopathy, evidence 
has shown that additional elements may 
contribute to (or at least modify) disease 
pathogenesis, such as chromatin rear-
rangements within the DM1 locus, leach-
ing of transcription factors away from 
active chromatin, dysregulated miRNA 
metabolism, altered protein translation, 
and accumulation of toxic peptides result-
ing from non-conventional repeat-associ-
ated RNA translation.9,10
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and confirmed a statistically significant 
RAB3A upregulation and SYN1 hyper-
phosphorylation in post-mortem DM1 
frontal cortex.22 Furthermore, higher 
RAB3A levels and SYN1 phosphoryla-
tion were also detected in neuronal-like 
PC12 cells expressing expanded CUG-
containing transcripts. In these cells, the 
abnormal metabolism of synaptic vesicle 
proteins was associated with aberrant 
exocytosis, indicating a physiologically 
relevant consequence of the expression of 
toxic DMPK transcripts in neuronal cell 
lineages. Overall, we gathered electro-
physiological, neurochemical, cellular and 
molecular data suggesting that the DM1 
neuropsychological manifestations are 
mediated by the dysregulation of synaptic 
vesicle proteins, which likely affects neu-
ronal vesicle release and exocytosis, and 
disrupts synaptic function in the CNS.

Since it has been suggested that DM1 
molecular features, particularly splic-
ing dysregulation, recreate embryonic 
events,13 we asked whether synaptic pro-
tein expression and/or phosphorylation 
were also developmentally regulated. 
More importantly, we were interested in 
investigating whether RAB3A upregula-
tion and SYN1 hyperphosphorylation in 
adult DMSXL mice recreated embryonic 
events, and supported a contribution of 
neurodevelopmental deficits behind DM1 
neuropathology. To answer these ques-
tions, we studied protein expression and/
or phosphorylation levels throughout 
wild-type brain development and aging 
(Fig. 2A). The analysis revealed that 
RAB3A levels increased at one month 
of age (M1), and indicated that RAB3A 
upregulation detected at four months of 
age did not mimic an embryonic expres-
sion profile, and it was unlikely to be a 
direct consequence of defective devel-
opmental regulation of this protein. 
Similarly, the total levels of SYN1 also 
showed a marked post-natal increase, par-
ticularly after one month of age. However, 
SYN1 phosphorylation at residues serine-9 
and serine-553 preceded the pronounced 
increase in the steady-state levels of this 
protein. As a result, the phosphorylation 
of SYN1 appears to peak at post-natal day 
eight (P8), but mainly as a result of the 
low steady-state of SYN1 at this stage (Fig. 
2A). This situation differs from the SYN1 

and the first month of age (M1). MBNL1 
and MBNL2 were hardly detected in 
embryonic stages and at post-natal day 1 
(P1) even following long exposures (Fig. 
1D). The dramatic change in MBNL1 
levels at one month of age coincided with 
a striking switch in the splicing patterns 
of Mbnl1 and Ldb3/Cypher transcripts 
previously detected.22 This is not surpris-
ing, since the alternative splicing of the 
alternative exons in these genes is specifi-
cally regulated by MBNL1.28 In contrast, 
the splicing profile of Fxr1 (a gene specifi-
cally regulated by CELF1) showed a less 
pronounced developmental splicing tran-
sition,22 possibly due to the mild changes 
in the levels of CELF1 throughout brain 
development.

More importantly, the analysis of 
CELF and MBNL protein levels through-
out wild-type brain development and 
aging revealed that DM1-associated 
CELF upregulation (particularly in the 
brainstem), and the functional inactiva-
tion of MBNL proteins by sequestration 
into ribonuclear foci recreated an embry-
onic scenario, thereby contributing to the 
abnormal expression of embryonic iso-
forms in adult DMSXL brain tissues.

We have extended our analysis to the 
hnRNP H ribonucleoprotein, an alterna-
tive splicing regulator with a described role 
in DM1 spliceopathy.29 hnRNP H steady-
state levels exhibited a marked decrease 
from wild-type embryonic stages to adult 
ages, in both frontal cortex and brainstem 
to similar extent (Fig. 1D). In contrast to 
the upregulation of hnRNP H reported in 
DM1 myoblasts,29 the steady-state levels 
of hnRNP H did not differ significantly 
between DMSXL and wild-type brain 
regions at one month of age (Fig. 1E).

Changes in Synaptic Vesicle 
Proteins are not Associated with 

Missplicing

To identify dysfunctional disease inter-
mediates and pathways behind CUG-
associated brain dysfunction, we 
investigated the proteomic profile of 
DM1 transgenic mice and found abnor-
mal RAB3A upregulation and synapsin 
I (SYN1) hyperphosphorylation relative 
to control animals. We extended our 
findings from mouse to human brains, 

differences may contribute to the regional 
splicing profiles in wild-type brains, and 
to the region-specific susceptibility of 
alternative exons to the accumulation of 
toxic RNA transcripts in DMSXL mice. 
Consistent with this view, a role of CELF2 
in the regional regulation of alternative 
splicing in the mouse brain has been previ-
ously reported.26 Our data suggest that the 
regional distribution of different splicing 
isoforms in the brain is regulated by the 
interplay between multiple RNA-binding 
proteins, which include not only CELF 
family members, but also MBNL proteins.

Missplicing in DMSXL CNS was 
not confined to frontal cortex and brain-
stem areas of the brain, and it was found 
throughout the CNS to a variable extent, 
including the hippocampus22 and spi-
nal cord (Fig. 1C), among other regions. 
These results demonstrate that CUG tox-
icity operates throughout the entire CNS. 
In agreement with this view, signs of neu-
ronopathy, the expression of pathological 
forms of MAPT/tau protein and a reduced 
number of lumbar motor neurons were 
reported in the spinal cord of DMSXL 
mice.27 However, the correlation between 
histopathology and splicing dysregula-
tion in spinal cord remains to be further 
explored.

Expression of Splicing Regulators 
is Regulated during Mouse CNS 

Development

The missplicing events detected in 
DMSXL brains increased the expression 
of embryonic splicing profiles in adult ani-
mals, to a limited extent,22 as previously 
reported in skeletal muscle and heart.12,13 
To gain insight into the mechanisms 
underlying the developmental splicing 
program in the CNS, we have studied the 
steady-state levels of MBNL and CELF 
proteins throughout brain development 
and aging in wild-type mice. We found 
that CELF1 and CELF2 protein levels 
experienced a pronounced decrease in 
brainstem. In the frontal cortex, how-
ever, only CELF1 displayed a very mild 
decrease from embryonic day 12.5 (E12.5) 
onwards. In contrast, MBNL1 and 
MBNL2 levels increased significantly in 
adult frontal cortex and brainstem, par-
ticularly between post-natal day eight (P8) 
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conclude that the hyperphosphorylation 
of SYN1 in adult DMSXL brains does not 

but unchanged steady-state levels relative 
to wild-type control mice.22 Therefore, we 

profiles in adult DMSXL mice, which 
show increased SYN1 phosphorylation 

Figure 1. DM1-associated RNA spliceopathy and the expression of splicing regulators in the CNS. (A) Representative splicing analysis of candidate 
genes in the frontal cortex and brainstem of DM1 patients (n = 4–5) and non-DM controls (n = 2) by RT-PCR (Table S1). The alternative exons are 
indicated on the right of each panel. The higher molecular product results from the amplification of the transcript that includes the alternative exon 
(+); the lower band does not include the alternative exon (−). (B) Western blot analysis of MBNL1 and MBNL2 in the frontal cortex and brainstem of 
wild-type animals (Table S1), following long migration times to increase resolution and separation of protein isoforms. β-Actin was used as loading 
control. (C) Representative splicing analysis of alternative exons of Grin1/Nmdar1, Mapt/Tau, Mbnl1 and Mbnl2 by RT-PCR (Table S1) in the spinal cord 
of one-month-old DMSXL homozygous mice and wild-type controls (n = 3, per genotype). Newborn splicing profiles (P1) were determined in a cDNA 
pool prepared from three wild-type animals. Notably, DMSXL spinal cord exhibited increased exclusion of both Grin1/Nmdar1 exon 5 and Mapt/Tau 
exon 10, as well as a mild increase in the inclusion of both Mbnl1 exon 7 and Mbnl2 exon 7. (D) Western blot analysis of splicing regulators throughout 
wild-type embryonic development (E12.5, E14.5, E18.5), in newborn (P1), postnatal day 8 (P8), and adult mice aged one (M1), four (M4) and 10 (M10) 
months (Table S2). Protein extracts from three individual animals were pooled for each developmental stage, electrophoresed and analyzed in three 
independent assays. Representative western blots are shown for frontal cortex and brainstem. Over-exposed of MBNL1 and MBNL2 western blots are 
shown to confirm low protein expression during embryonic stages and at P1. (E) Western blot analysis of hnRNP H in the frontal cortex and brainstem 
of DMSXL and wild-type animals at one month of age (Table S2), when missplicing dysregulation is more pronounced. Protein extracts from three 
individual animals of each genotype were pooled. β-Tubulin was used as loading control.

D
ow

nl
oa

de
d 

by
 [9

0.
92

.2
37

.1
9]

 a
t 0

7:
06

 1
1 

O
ct

ob
er

 2
01

7 



www.landesbioscience.com Rare Diseases e25553-5

in mouse brain in response to the inac-
tivation of MBNL1, while SYN1 was 
hyperphosphorylated in PC12 cells over-
expressing CELF1 or CELF2.22 Given the 
role of MBNL and CELF protein families 
in the regulation of alternative splicing, 

than CUG-associated neurodevelopmen-
tal deficits.

To gain insight into the mechanisms of 
synaptic protein dysregulation, we studied 
additional mouse and cell models of DM1. 
We found that RAB3A was upregulated 

truly mimic the early post-natal metabo-
lism of this protein. In summary, our data 
are consistent with the view that DM1-
associated RAB3A upregulation and SYN1 
phosphorylation is more likely mediated 
by neurofunctional abnormalities, rather 

Figure 2. Expression, phosphorylation, and alternative splicing of RAB3A and SYN1. (A) Quantification of RAB3A steady-state levels and SYN1 phos-
phorylation throughout wild-type brain embryonic development (E10.4, E12.5, E14.5, E18.5), in newborn (P1), postnatal day 8 (P8), and adult mice aged 
one (M1), four (M4) and 10 (M10) months (Table S2). Frontal cortex protein extracts from three individual animals were pooled for each developmental 
stage and analyzed in two independent western blot assays (only one is shown). The graphs on the right represent the mean RAB3A and SYN1 steady-
state levels (± SD) throughout the development and aging of mouse frontal cortex, as well as mean SYN1 phosphorylation on amino acid residues 
serine-9 (S9) and serine-553 (S553). (B) Representative RT-PCR splicing analysis of RAB3A exon 2 and the 5' end of SYN1 exon 13 in the frontal cortex 
of DM1 (n = 9) and non-DM individuals (n = 4), as well as in DMSXL and wild-type mice at four months of age (n = 6, each genotype) (Table S1). The 5' 
end of exon 2 of Rab3A is alternatively spliced only in mouse, and included in the analysis. The graphs show the mean inclusion ratio (± SEM) of each 
alternative exon or alternative 5' end.
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DMSXL mice and the neuropsychological 
manifestations of DM1 patients.
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even if SYN1 is hyperphosphorylated as a 
result of the upregulation of CELF1 and/
or CELF2 splicing regulators, the splicing 
of SYN1 transcripts remains unaltered. 
In summary, although involving the dys-
function of known splicing factors (such 
as MBNL and CELF family members), 
DM1 neuropathogenesis goes beyond the 
abnormal expression of embryonic splic-
ing isoforms, and implicates other molec-
ular mechanisms.

Conclusion

DMSXL mice recreate relevant signs of 
RNA toxicity in the CNS, associated 
with behavioral, electrophysiological and 
neurochemical changes. In the search for 
the mechanisms and dysfunctional path-
ways behind these phenotypes, we found 
altered expression and phosphorylation 
of synaptic proteins, which are indepen-
dent of splicing dysregulation. RAB3A is 
an abundant synaptic vesicle protein that 
regulates neurotransmission, through the 
interaction with other synaptic proteins 
that control vesicle fusion to the cell mem-
brane.30 SYN1 regulates neuronal vesicle 
release in a phosphorylation-dependent 
manner31 (Fig. 3). As a result, RAB3A 
upregulation and SYN1 hyperphosphory-
lation disrupts synaptic function and neu-
rotransmitter release, likely contributing 
to the cognitive and behavioral deficits of 

and the prevalent role of RNA spliceopa-
thy in the etiology of DM1, we sought to 
investigate whether RAB3A and SYN1 
protein abnormalities were associated 
with missplicing of the corresponding 
transcripts. We initially studied the splic-
ing profiles of the main alternative exons 
previously described in the literature and 
found no differences between DMSXL 
and wild-type mice at four months, an age 
when protein abnormalities were notice-
able.22 We have now extended this analy-
sis to the remaining internal exons of the 
mouse and human genes. Our RT-PCR 
analysis confirmed additional splicing 
events in the RAB3A and SYN1 genes pre-
viously described in the literature, such as 
the alternative inclusion of exon 2 in both 
human and mouse RAB3A transcripts; the 
inclusion of an additional 25-bp sequence 
through the use of an alternative 5' splice 
site in mouse Rab3A exon 2; and the 
inclusion of a short 38-bp sequence due 
to the use of an alternative 5' splice site 
of exon 13 in both human and mouse 
SYN1 transcripts (Fig. 2B). Nevertheless, 
we did not detect significant splicing 
changes induced by the expression of toxic 
CUG-containing transcripts in mouse or 
human brains (Fig. 2B). Our data dem-
onstrate that, although mediated by the 
inactivation of MBNL1 splicing regulator, 
RAB3A upregulation appears to be inde-
pendent of missplicing events. Similarly, 

Figure 3. Schematic representation of the role of RAB3A and SYN1 in the dynamics of synaptic vesicles. (A) RAB3A is an abundant vesicle-associated 
protein that regulates synaptic efficiency. The reported functions of RAB3A in exocytosis range from docking and fusion of the synaptic vesicle to its 
subsequent recycling. RAB3A functions through a variety of interactions with multiple effector proteins. The upregulation of RAB3A likely perturbs the 
highly regulated vesicle dynamics and release, affecting neurotransmission and synaptic function in DM1. (B) SYN1 is expressed in mature neurons, 
where it associates with the cytoplasmic surface of synaptic vesicles. SYN1 regulates the supply of synaptic vesicles available for exocytosis by binding 
to both vesicles and actin cytoskeleton in a phosphorylation-dependent manner. Under resting conditions, non-phosphorylated SYN1 attaches syn-
aptic vesicles to the actin cytoskeleton. Synaptic stimulation induces SYN1 phosphorylation that facilitates vesicle dissociation from cytoskeleton and 
potentiates exocytosis. Abnormal SYN1 hyperphosphorylation in DM1 likely dysregulates neuronal exocytosis and vesicle release.
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Supplementary Table 1. Oligonucleotide primer sequences. 
 

Gene Exon  Forward primer Reverse primer 
PCR 
product 
size (bp) 

Mouse transcripts 
Grin1/ 
Nmdar1 5 AGCGTCGTCCTCGCTTGCAGAA GACAAGAGCATCCACCTGAGCT 360 (+5) 

297 (-5) 
Grin1/ 
Nmdar1 21 GCAGCTGGCCCTCCTCCCTCTC ATGCCCCTGCCACCCTCACTTTT 381 (+21) 

270 (-21) 
Mapt/ 
Tau 10 CTGAAGCACCAGCCAGGAGG TGGTCTGTCTTGGCTTTGGC 367 (+10) 

274 (-10) 

Mbnl1 7 TGGTGGGAGAAATGCTGTATGC GCTGCCCAATACCAGGTCAAC 270 (+7) 
216 (-7) 

Mbnl2 7 CTTTGGTAAGGGATGAAGAGCAC ACCGTAACCGTTTGTATGGATTAC 255 (+7) 
201 (-7) 

Rab3A 2 CCAGCGTTGTCTCAGCTTAGAGAG CGGTAATAGGCTGTGGTGATGG 303 (+2) 
75 (-2) 

Rab3A 2 (5’) ATCCCCCGCATCCTCTTCTG GGTGCTGACAAAGGCTGGAGTG 270  
245  

Syn1 13 (5’) AAACCCAGCCAGGATGTGC GGATGTCAGTCGGAGAAGAGG 209 
171 

Human  transcripts 
GRIN1/ 
NMDAR1 21 CGTGTGGCGGAAGAACCTG CTGTCTGCGGGGGAGGGG 292 (+21) 

181 (-21) 

MBNL1 7 GCTGCCCAATACCAGGTCAAC TGGTGGGAGAAATGCTGTATGC 216 (+7) 
162 (-7) 

MBNL2 7 ACAAGTGACAACACCGTAACCG TTTGGTAAAGGATGAAGAGCACC 212 (+7) 
158 (-7) 

RAB3A 2 CCACCGCCAAAAAAGTCAC ATGAGGATGAAGCCCATAGC 358 (+2) 
130 (-2) 

SYN1 13 (5’) CCACCCACCACGCAGCAG GCTTTCACCTCGTCCTGGCTAAG 224 
186 

 
 
Supplementary Table 2. Primary antibodies used for protein immunodetection in 
western blot analysis (WB) 
 

Antigen Supplier 
Reference # 

PAGE  
(%) 

Species 
origin 

Incubation 
conditions 

Ab 
dilution  

Actin BD laboratories 
612656 10-12 Mouse 5% blotto,  

1h, RT 1:5000 

CELF1 Upstate,  
05-621 10 Mouse 5% blotto,  

1h, RT 1:1000 

CELF2 Sigma,  
C9367 10 Mouse 2h, RT 1:1000 

hnRNP H Santa Cruz 
sc10042 10 Goat 5% blotto,  

O/N, 4°C 1:500 

MBNL1 G. Morris,  
MB1a (gift) 10 Mouse 5% blotto,  

1 h, RT 1:1000 

MBNL2 G. Morris,  
MB2a (gift) 10 Mouse 5% blotto,  

1 h, RT 1:1000 

RAB3A Abcam,  
ab3335 12 Rabbit 10% blotto,  

1h, RT 1:1000 

ß-Tubulin Sigma,  
T4026 10-12 Mouse 5% blotto,  

1 h, RT 1:2000 

Synapsin I Abcam,  
ab8 10 Rabbit 5% blotto,  

O/N, 4°C 1:10000 

Synapsin I 
Ser553 

Epitomics,  
1532-1 10 Rabbit 5% blotto,  

O/N, 4°C 1:5000 

Synapsin I  
Ser9 

Epitomics,  
2228-1 10 Rabbit 5% blotto,  

O/N, 4°C 1:5000 
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SUPPLEMENTARY FIGURES: 

Figure III.S1. Schematic representation of RAB3A and SYN1 transcripts 
The figure shows the position of oligonucleotide primers and PCR products amplified for the analysis of 
RAB3A and SYN1 alternative splicing. Stripped pattern indicates alternative spliced sequences previously 
described. 
 
 

 

 
Figure III.S2. RAB3A splicing analysis in DMSXL mice and human DM1 frontal cortex. 
RT-PCR analysis of Rab3a splicing in DMSXL mice and wild-type (WT) controls frontal cortex, at (A) 4 
months of age (4M; n=6 for each genotype) and (B) 1 month (1M; n=4 for each genotype). (C) 
Representative analysis of RAB3A splicing in DM1 patients frontal cortex (n=9) and non-DM control 
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individuals (n=5). Fetal mouse and human samples were included in the study. (D, E) Percentage of 
inclusion of the alternatively spliced exon 2 and the 5’ region of exon 2, in mouse frontal cortex (± SEM) 
and (F) in human frontal cortex (± SEM). 

 

 

Figure III.S3. SYN1 alternative splicing analysis in DMSXL mice and human DM1 frontal cortex. 
RT-PCR analysis of SYN1 splicing in DMSXL mice and wild-type controls, at (A) 4 months of age (4M, 
n=6 for each genotype) and (B) 1 month (1M, n=4 for each genotype). (C) RT-PCR analysis of SYN1 
splicing in DM1 patients frontal cortex (n=6) and non-DM control individuals (n=4). Fetal mouse and 
human samples were included in the study. (D, E) Percentage of inclusion of the alternatively spliced 
5’region of exon 13 in in mouse frontal cortex (± SEM) and in (F) human frontal cortex (± SEM). 
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Chapter IV.  Mechanisms and 

consequences of the downregulation of 

GLT1 glial glutamate transporter in DM1 

cerebellum. 
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IV.A. Introduction 
IV.A.I Glutamate transport in the brain 

Brain activity is controlled by neurotransmitters. These are endogenous chemicals 

produced by the presynaptic neurons, loaded into synaptic vesicles and released into the synaptic 

cleft to induce an effect on the postsynaptic neuron. Depending on the effect on the postsynaptic 

cell, the neurotransmitters are divided in excitatory, when the postsynaptic neuron is depolarized 

and produces an action potential; or inhibitory, when the postsynaptic neuron is hyperpolarized. 

The major mediator of excitatory synapses in the mammalian CNS is the amino acid glutamate. It 

plays an essential role in normal brain function, including cognition, memory and learning 

through active participation in synapse formation and elimination, cell migration, differentiation 

and death (Danbolt 2001).  

Glutamate is present at high concentrations of 5-15 mmol/kg in the brain, mostly in the 

cytoplasm of glutamatergic neurons, where it reaches concentrations of 5-10 mM. The 

concentration of glutamate is further increased in synaptic vesicles reaching 100 mM or more, 

thanks to proton/glutamate antiport proteins called vesicular glutamate transporters (VGluts) 

(Takamori 2006). At the synaptic cleft the basal concentrations of glutamate are of 0.5-5 µM, but 

during excitatory synaptic transmission the synaptic vesicles fuse to the plasma membrane of the 

presynaptic neuron releasing up to several hundred µM of glutamate into the synaptic cleft, to 

activate the receptors of the postsynaptic neuron. The excitatory signal is terminated when the 

glial and neuronal glutamate transporters actively uptake the excess glutamate from the synaptic 

cleft. A failure to uptake the excess glutamate from the synaptic cleft leads to overactivation of 

glutamate receptors, excitotoxicity and death of the postsynaptic neurons as well as spillover of 

glutamate between synapses and loss of the specificity of synaptic input (Danbolt 2001; Mattson 

2008; Murphy-Royal et al. 2017). Astroglial cells convert glutamate to glutamine and transport it 

back to the neurons, where glutamine is converted back to glutamate for a new cycle to begin. 
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IV.A.II Glutamate receptors 
Two major types of neuronal glutamate receptors have been described based on their 

functional properties: metabotropic and ionotropic glutamate receptors (Kew & Kemp 2005; 

Niswender & Conn 2010; Zhuo 2017): 

 Metabotropic receptors (mGluRs) are seven-pass transmembrane proteins, which 

activate intracellular signalling cascades via G-proteins coupling, upon glutamate binding. There 

are eight genes encoding mGluRs, clasified in three major groups based on sequence homology, 

G-protein coupling and ligand selectivity. Group I mGluRs activate downstream phospholipase 

C pathways, increasing Ca2+ intracellular levels, activity of PKC and neuronal excitability. Group 

II and group III mGluRs inhibit adenylate cyclase activity, decreasing the intracellular levels of 

cAMP and ihibiting neurotransmitter release. 

 Ionotropic receptors (iGluRs) are multimeric glutamate-gated ion channels that 

change conformation upon glutamate binding, allowing cation flow though plasma membrane 

and leading to depolarisation of the postsynaptic neuron. There are also three types of iGluRs 

named after the agonists that activate them : NMDA (N-methyl-D-aspartate), AMPA (α-amino-

3-hydroxyl-5-methyl-4-isoxazole-propionate) and kainate receptors. NMDA receptors play a 

critical role in long-term synaptic plasticity, as their activation initiates Ca2+-dependent signalling 

cascades that lead to changes in gene expression. AMPA receptors mediate fast excitatory 

transmission, while kainate receptors play a minor contribution in single synaptic responses.  

IV.A.III Glutamate transporters 
The role of the glutamate transporters is essential in maintaining very low extracellular 

glutamate levels, while intracellular glutamate concentrations are several thousand-fold higher. 

Five glutamate transporters (excitatory amino acid transporters or EAATs), sharing 50-60% 

amino acid sequence identity, have been cloned and characherized. They are summarized in 

Table IV.1 and reviewed in Grewer et al. 2014. All of them uptake glutamate from the 
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extracellular space, using the electrochemical gradient across the plasma membrane, by 

cotransporting 3 Na+ and 1 H+ and countertransporting 1 K+. 

Table IV.1. Nomenclature and expression pattern of EAATs 
Gene name Alias Cell-specific expression Anatomic localization 

SLC1A3 EAAT1, GLAST Astrocytes Cerebellum, cortex, spinal cord 

SLC1A2 EAAT2, GLT1 Astrocytes mainly, 
in some neurons at low levels All CNS 

SLC1A1 EAAT3, EAAC1 Neurons Hippocampus, cerebellum, striatum 

SLC1A6 EAAT4 Purkinje neurons Cerebellum 

SLC1A7 EAAT5 Photoreceptors and bipolar cells Retina 

 

GLT1/EAAT2 is considered the most important glutamate transporter in the CNS, as 

it accounts for about 95% of the total glutamate uptake in the brain (Danbolt et al. 1992; 

Haugeto et al. 1996). Loss of GLT1 in mouse brain leads to lethal spontaneous seizures and 

increased susceptibility to acute cortical injury (Tanaka et al. 1997). GLT1 protein is mainly 

expressed in astrocytes and located at the glial membrane in the normal adult brain and spinal 

cord (Danbolt 2001; Furness et al. 2008). However, recent results indicate that GLT1 is also 

detected in axon terminals in hippocampal, somatosensorial and striatal neurons, contributing to 

uptake of glutamate from the synaptic cleft (Petr et al. 2015).  

Expression of GLT1 is regulated in a very complex manner, at different levels:  

- Epigenetically, by DNA methylation-mediated inhibition at the CpG island, close to 

the translationsl start site (Zschocke et al. 2005). 

- Transcriptionally, by the nuclear transcription factor-kappa B (NFκB), activated by 

cAMP, TGFα and EGF. β-lactam antibiotics such as ceftriaxone also induce NFκB-mediated 

transcription of GLT1 (Lee et al. 2008). 

- Post-transcriptionally, upon alternative splicing and alternative polyadenylation. At 

least 3 different C-terminal, 4 distinct N-terminal regions and 4 events of exon skipping have 

been reported so far in rat, mouse and human GLT1 (Grewer et al. 2014), as well as alternative 
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polyadenylation after the STOP codon (Münch et al. 2000) or in intronic regions (Flomen & 

Makoff 2011). 

- Micro-RNAs mediation, such as the upregulation of GLT1 protein by exosome-

mediated intracellular transfer of miR-124a from neurons to astrocytes (Morel et al. 2013). 

- Posttranslationally by PKC-induced and NEDD4-2 mediated ubiquitination (Garcia-

Tandon et al. 2012), sumoylation (Foran et al. 2014) and clustering and redistribution close to 

synapse (Benediktsson et al. 2012). 

The fine regulation of GLT1 levels underlines the importance of a rigorous control of the 

availability of functional GLT1 in the brain. Defective regulation of GLT1 expression will lead to 

aberrant glutamate uptake, abnormal synaptic activity and neurological deficits.  

IV.A.IV GLT1 in neurological diseases  
Alterations in some of the mechanisms controlling the levels of functional 

GLT1/EAAT2 have been reported in different CNS pathologies. 

In ischemia oxygen and glucose supply is reduced, impairing the ATP synthesis and 

thus the Na+ and K+ gradients, leading to reverse transport of glutamate and increased synaptic 

glutamate concentrations and excitotoxicity (Takahashi et al. 2015). Therapeutic strategies to 

reduce extracellular glutamate or enhance the expression of glutamate transporters, such as 

ceftriaxone treatment, have proven beneficial in ischemia animal models (Hu et al. 2015).   

The central role of GLT1/EAAT2 in epilepsy has been well established through the 

generation of the first Glt1 KO murine model (Tanaka et al. 1997) and the demonstration that 

pharmacological upregulation of GLT1/EAAT2 expression reduces spontaneous seizures and 

mortality in epilepsy mouse models (Goodrich et al. 2013; Kong et al. 2014). 

GLT1/EAAT2 has also been reported as downregulated in the CNS of amyotrophic 

lateral sclerosis (ALS) patients as well as in transgenic rodent models (Rothstein et al. 1995; 

Bendotti et al. 2001; Howland et al. 2002).  
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In animal models of HD (HD) GLT1/EAAT2 levels are decreased at mRNA and 

protein level, and ceftriaxone-induced upregulation of this glutamate transporter attenuates the 

disease phenotype in the severely-affected R6/2 HD transgenic mouse model (Miller et al. 2008). 

Other neurological disorders have been linked to GLT1/EAAT2 downregulation such 

as Alzheimer’s disease (AD), major depresive disorder (MDD), FXS (FXS), taumatic 

brain injury (TBI) and Parkinson’s disease (PD). Pharmachological upregulation by means of 

ceftriaxone or LDN/OSU-0212320, a novel translational activator, result in a rescue of the 

phenotye of the respective disease models (Takahashi et al. 2015), pointing to the potential 

modulation of GLT1 in the treatment of major neurological disorders. 

IV.A.V Cerebellum as a model for neuroglial interaction 
The cerebellum represents a very elegant model to study the synaptic circuitry and 

neuroglial interaction, as the neuronal circuits and the release of excitatory and inhibitory 

neurotransmitters are well defined and characterized (Fig. IV.1) (Watson et al. 2012).  

The cerebellar cortex can be divided in three morphologically distinct layers: the 

granular layer, which contains numerous granule neurons and scattered Golgi neurons and less 

studied Lugaro cells and unipolar brush cells; the Purkinje cell layer, a monolayer formed by the 

soma of the Purkinje neurons and Bergman glia; and the molecular layer, in which stellate and 

basket interneurons are located as well as the Purkinje cells dendritic arborization, Bergmann glia 

processes and the axons of the granule cells forming the parallel fibers.  

Two major synaptic inputs, both excitatory, arrive to the cerebellar cortex: the mossy 

fibers from the neurons in the thalamus, brainstem and spinal cord; and the climbing fibers from 

the neurons in the inferior olivary nucleus of the medulla oblongata in the brainstem. Both mossy 

and climbing fibers project glutamatergic synapses to the deep cerebellar nuclei, as well as to the 

cerebellar cortex. In the cerebellar cortex, the mossy fibers form excitatory synapses on the 

granule cells. The axons of the granule cells will form glutamatergic synapses on the distal 
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dendrites of the Purkinje neurons, in the molecular layer. On the other hand, the climbing fibers 

form excitatory synapses directly on the cell body and proximal dendrites of the Purkinje cells. 

The Bergmann glia tightly wraps the Purkinje cells synapses, preventing prolonged excitation and 

spillover of the glutamate to adjacent synapses through the re-uptake of excessive glutamate. 

Inhibitory interneurons, such as Golgi cells in the granule cell layer and stellate and 

basket cells in the molecular layer, assure the fine-tuning of the cerebellar synaptic transmission.  

Finally, axons of the Purkinje cells form inhibitory synapses on the neurons of the deep 

cerebellar nuclei, which will send the cerebellar outputs towards the cortex and the brainstem, to 

modulate the motor control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.1. Schematic representation of the main neuronal circuits in the cerebellar cortex. 
Major cell types of the cerebellar cortex are represented inside the cerebellar layers. Inputs and outputs of 
the cerebellum are indicated by black arrows. Excitatory and inhibitory neurons and synapses are indicated 
by (+) and (-) respectively. 
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Besides motor control, the cerebellum regulates movement of distal and proximal 

muscles, maintenance of posture and equilibrium and also highly skilled movements, including 

eye movement and speech. In recent years, the cerebellum has also been linked to language, 

spatial and cognitive functions, including visuo-motor learning (Glickstein et al. 2011). Thus, 

abnormalities in cerebellar excitatory and inhibitory neurons, synaptic transmission or Bergmann 

glia function will disrupt the fine control of coordinated movement and visuospatial learning, 

resulting in different types of ataxia, dysarthria and cerebellar cognitive affective syndrome 

(Schmahmann 2004).  

IV.B. Context of the study 
IV.B.I Glutamatergic neurotransmission in DM1 brain 

While structural imaging studies provide increasing data on brain connectivity and gray 

and white matter changes in the brain of DM1 patients, the metabolic status of DM1 brain is 

today still largely unknown. Some studies have reported abnormal levels of neurotransmitters and 

brain metabolites, such as a reduction in N-acetylaspartate, creatine and choline in different brain 

regions (Chang et al. 1998; Vielhaber et al. 2006), and one recent study reported abnormalities in 

the glutamatergic system in DM1 brain (Takado et al. 2015). However, a wider and detailed study 

of neurotransmitters and metabolites must be performed in different regions of DM1 brain, on a 

large cohort of patients, to better understand the neurochemical mechanisms of CNS 

impairment. The use of proton magnetic resonance spectroscopy (H-MRS) to detect early 

changes in brain metabolites, together with the use of already available pharmacological 

approaches to correct those changes, could provide palliative treatment for DM1 

neuropathology, while waiting for efficient molecular therapies targeting the CTG/CUG 

expansion. 
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IV.B.II Cerebellar dysfunction in DMSXL mice 
With a general aim of better understanding the molecular and pathophysiological 

consequences of the CTG expansion, our laboratory has been increasingly focusing on 

deciphering the CNS abnormalities and neurophysiological impairment observed in DM1 

patients, with the help of DMSXL transgenic mice. The DMSXL mouse model is today the only 

research model expressing human DMPK transcripts, with more than 1500 CTG repeats, in many 

tissues, including the brain. Thus, DMSXL mice represent a powerful tool to study the molecular 

and cellular mechanisms linking the CTG expansion to DM1 neurological symptoms, including 

the regional distribution of toxic RNA foci throughout brain regions, the abnormalities in 

transcriptome and proteome and the behavioral abnormalities in response to the CTG expansion. 

Before my arrival to the laboratory, the research group had found abundant CUG foci 

in the Bergman glia in the cerebellum of DMSXL mice, which co-localized with MBNL1 and 

MBNL2 and were associated with more pronounced spliceopathy in these cells relative to the 

neighboring Purkinje cells. The high RNA toxicity in the Bergman glia was correlated with 

abnormal electrophysiological activity of the Purkinje neurons, as well as motor incoordination in 

the runway test, which assesses cerebellum-dependent motor behavior. Interestingly, proteomics 

analysis revealed downregulation of the glial glutamate transporter GLT1 in DMSXL mice 

cerebellum, frontal cortex and brainstem, which could explain the DMSXL Purkinje cells 

hyperexcitability through defective neuroglial communication. These molecular abnormalities 

were validated in human DM1 post-mortem cerebellum, pointing to the cerebellum as a possible 

contributor to DM1 neuropathology. 

IV.C. Research objectives 
Given the essential role of GLT1 in fine regulation of glutamate levels in the CNS, my 

aim was to determine which molecular mechanisms are responsible for GLT1 downregulation 

in DM1, and what are the functional consequences of this downregulation.  
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I have first studied the possible contribution of missplicing to GLT1 downregulation as 

well as the impact of MBNL knock down and CELF upregulation on the levels of GLT1 protein 

and mRNA. Next I analyzed the functional consequences of GLT1 downregulation on glutamate 

uptake and excitotoxicity in neuroglial co-cultures and the possibility of rescuing the observed 

phenotypes by upregulation of GLT1 levels. 

IV.D. Results 
The experimental results obtained in this study are presented in the following article, in 

which I am co-first author (*): 

Géraldine Sicot *, Laurent Servais *, Diana M. Dincã *, Axelle Leroy, Cynthia 
Prigogine, Fadia Medja, Sandra O. Braz, Aline Huguet-Lachon, Cerina Chhuon, Annie 
Nicole, Noëmy Gueriba, Ruan Oliveira, Bernard Dan, Denis Furling, Maurice S. Swanson, Ida 
Chiara Guerrera, Guy Cheron, Geneviève Gourdon and Mário Gomes-Pereira 

Downregulation of the Glial GLT1 Glutamate Transporter and Purkinje Cell 
Dysfunction in a Mouse Model of Myotonic Dystrophy – Cell Reports (2017) 19, 2718-
2729 

A brief summary of my contribution to this work is presented below: 

 

First of all, to determine if the electrophysiological abnormalities observed in the 

DMSXL cerebellum were not mediated by other mechanisms besides GLT1 downregulation I 

measured the expression levels of key calcium-binding proteins (calbindin, calretinin and 

parvalbumin) and of the other major glial glutamate transporter in the cerebellum (GLAST). 

None of these proteins showed deregulated expression in DMSXL cerebellum, further 

supporting the specific mediating role of GLT1 in DMSXL cerebellum dysfunction. 

Second, I studied the molecular mechanisms of GLT1 downregulation in DM1. I 

confirmed the downregulation of GLT1 at the mRNA level in human astroglioma cells in 

response to the CTG expansion, and analyzed the possible contribution of abnormal splicing 

events in both mouse and human brains. None of the missplicing events previously described in 
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other neurodegenerative conditions were detected in DMSXL mice or DM1 patients’ post-

mortem brains.  

Next I assessed the contribution of CELF upregulation and MBNL depletion to GLT1 

downregulation: CELF 1 and CELF 2 do not play a major role, as their overexpression in human 

astroglioma cells did not affect GLT1 expression. On the other hand, MBNL1 inactivation in 

human cells was sufficient to reduce GLT1 mRNA levels, and the loss of MBNL1 in Mbnl1 KO 

and Mbnl1/Mbnl2 DKO mice significantly reduced GLT1 protein levels in vivo, confirming the 

mediating role of MBNL1 in GLT1 expression regulation, independent of CELF proteins. Loss 

of MBNL2 in Mbnl2 KO mice did not affect GLT1 levels, probably due to the compensation by 

MBNL1. The critical role of MBNL1 in the regulation of glial GLT1 was associated with a 2-fold 

increase of MBNL1/MBNL2 ratio in homogenous DMSXL astrocytes compared to neurons, 

which may suggest a more important role of MBNL1 in the astroglial population. 

Finally I studied the pathophysiological consequences of GLT1 downregulation in 

DMSXL brains. Lower levels of GLT1, confirmed both in the cytoplasm as well as membrane-

bound fraction in DMSXL cerebellum, are expected to decreased uptake of glutamate from the 

extracellular space. My results indicated a decrease in glutamate uptake by DMSXL cultured 

astrocytes, which was rescued by the overexpression of GLT1. The reduced glutamate uptake 

was not mediated by defects in GLAST expression, since the levels of this glutamate transporter 

were unchanged in DMSXL primary astrocytes. I next tested the consequences of lower 

glutamate uptake on the neuroglial interactions in mixed co-cultures. An excess of glutamate at 

the synapse has excitotoxic effects on the postsynaptic neurons, leading to neurites collapse and 

neuronal death. Interestingly, neurons cultured in presence of DMSXL astrocytes displayed 

increased susceptibility to glutamate-induced excitotoxicity, showing a faster collapse of their 

neurites than in the presence of WT astrocytes. This enhanced neurotoxicity was rescued by the 

overexpression of GLT1 via plasmid transfection or ceftriaxone treatment. The positive effect of 

ceftriaxone in DMSXL mice was further confirmed by our collaborators, who demonstrated that 
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5 days of treatment with this antibiotic resulted in a significant improvement of DMSXL motor 

coordination, and a significant decrease in Purkinje cells hyperexcitability. Together these results 

open a promising route to pharmacological modulation of GLT1 expression and glutamate 

activity in DM1 brains. 

IV.E. Discussion 
The defective expression of GLT1 in DMSXL cerebellum is associated with Purkinje cell 

hyperexcitability and mouse motor incoordination. Toxic CUG RNAs sequester and deplete 

MBNL1 from the cells, leading to downregulation of GLT1. As a consequence, glutamate uptake 

by DMSXL astrocytes is decreased and glutamate-mediated neuronal excitotoxicity is increased in 

neuroglial co-cultures. Pharmacological upregulation of GLT1 rescues the cellular and behavioral 

abnormalities of DMSXL mice, demonstrating the important role that glial abnormalities play in 

the control of CNS functions and opening the way for preclinical assessment of novel therapies 

in DM1.  

The promising results obtained in this project have paved the route to a new ongoing 

study aimed to characterize the glutamate homeostasis and evaluate the therapeutic modulation 

of glutamate neurotransmission in DM1 CNS. It is important to determine if GLT1 

downregulation in DMSXL brains leads to impaired glutamate uptake and exitotocicity in vivo, by 

measuring the extracellular glutamate concentrations by microdialysis and evaluating synaptic and 

neuronal ultrastructure by electron microscopy.  

The cerebellum represents a good model for studying synaptic abnormalities and 

neuroglial interaction defects, as different cell types are juxtaposed and easy to identify, the 

synaptic projections are well characterized and the output of the Purkinje cells activity is easy to 

measure from a technical point of view. In this study we have centered our attention on the 

cerebellum, given its high content in toxic RNA foci, splicing abnormalities and behavioral 

defects associated with this brain area in DMSXL mice. Even if clinical reports have not centered 
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their attention on the cerebellum of DM1 patients, the high frequency of stumbles and falls 

(Wiles et al. 2006) and abnormal connectivity observed in DM1 cerebellum (Serra, Mancini, et al. 

2016) strongly suggest that this brain region should no longer be overlooked in DM1 patients. 

GLT1 downregulation is not confined to DM1 cerebellum but it also extends to frontal 

cortex, brainstem and possibly to other brain regions. Electrophysiological measurements of 

neuronal activity in these regions could give an indication of the functional impact of GLT1 

downregulation, and its possible link to the abnormal behaviors previously described in DMSXL 

mice (Hernandez-Hernandez et al. 2013) and DM1 patients (Gourdon & Meola 2017). Moreover, 

DMSXL behavior can be re-assessed after ceftriaxone treatment or other means pharmacological 

intervention to upregulate GLT1 expression. These experiments will clarify the relationship 

between abnormal glutamate neurotransmission and the behavior abnormalities described and 

allow the identification of the most promising molecule to modulate DM1 brain glutamatergic 

transmission for possible future clinical trials. 

Since the identification of increased GLT1 expression induced by β-lactam antibiotics 

(Rothstein et al. 2005), many studies have focused on the beneficial effects of this class of 

compounds on neurological diseases. Ceftriaxone has proved to have positive effects in several 

animal models of neurological diseases (Takahashi et al. 2015), including delay loss of neurons 

and muscle strength and increase survival in a mouse model of ALS (Rothstein et al. 2005), 

improve glutamate uptake and behavioral phenotype in the R6/2 mouse model of HD (Miller et 

al. 2008) and reduce regional gliosis and post-traumatic seizures in in a rat model of epileptogenic 

traumatic brain injury (Goodrich et al. 2013). Given its positive effects and low toxicity, 

ceftriaxone has been included in clinical trials for the treatment of bipolar disorders and ALS. No 

results have been reported yet for the use of ceftriaxone as a treatment for bipolar disorders 

(Clinical trial identifier: NCT00512616). The three-stage clinical trial of ceftriaxone in ALS 

indicated that ceftriaxone presents promising pharmacokinetics (stage 1) and safety (stage 2), with 

a slower functional decline in ceftriaxone-treated patients compared to placebo (stage 2). 
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However during the efficacy (stage 3) trial, which included more than 500 ALS patients, the 

functional decline did not differ between treatment and placebo, and neither did the survival rate 

between groups (Cudkowicz et al. 2014). Ceftriaxone did not demonstrate high efficacy on ALS 

patients, who suffer from a very rapid motoneuron decline, which demands and highly efficient 

therapeutic strategies in a short time window. Despite these negative results in ALS, it still 

remains possible that ceftriaxone will improve the neurological manifestations of DM1, which are 

slow progressing over long periods of time, and include defects in high order executive function, 

visuospatial memory and learning. As no curative treatment is currently available for DM1 

patients, the repositioning of a drug (already in the market) that could slow down the progression 

of CNS-related symptoms would represent a major breakthrough and could significantly improve 

the quality of life of DM1 patients.  
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9Sorbonne Universités UPMC Université Paris 06, Inserm, Centre de Recherche en Myologie UMRS974, Institut de Myologie,
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SUMMARY

Brain function is compromised in myotonic dystro-
phy type 1 (DM1), but the underlying mechanisms
are not fully understood. To gain insight into the
cellular and molecular pathways primarily affected,
we studied a mouse model of DM1 and brains of
adult patients. We found pronounced RNA toxicity
in the Bergmann glia of the cerebellum, in association
with abnormal Purkinje cell firing and fine motor
incoordination in DM1 mice. A global proteomics
approach revealed downregulation of the GLT1
glutamate transporter in DM1 mice and human pa-
tients, which we found to be the result of MBNL1
inactivation. GLT1 downregulation in DM1 astrocytes
increases glutamate neurotoxicity and is detrimental
to neurons. Finally, we demonstrated that the upre-
gulation of GLT1 corrected Purkinje cell firing and
motor incoordination in DM1 mice. Our findings
show that glial defects are critical in DM1 brain path-
ophysiology and open promising therapeutic per-
spectives through the modulation of glutamate
levels.

INTRODUCTION

Repeat-containing RNA can cause neurological diseases
through a trans-dominant gain of function (Mohan et al., 2014;

Sicot and Gomes-Pereira, 2013). RNA toxicity is best described
in myotonic dystrophy type 1 (DM1), but it operates in an
increasing number of conditions (Sicot et al., 2011). DM1 is the
most common muscular dystrophy in adults, with a variable
prevalence ranging from 0.5 to 18 cases in 100,000 individuals
(Theadom et al., 2014). DM1 is a multisystemic disorder that
affects the skeletal muscle, heart, and the CNS, among other
tissues (Udd and Krahe, 2012). Five main clinical forms of DM1
can be distinguished based on age at onset: congenital, child-
hood, juvenile, adult, and mild or late onset (Dogan et al.,
2016). CNS impairment is more pronounced in the early-onset
cases. Among these, the congenital patients exhibit moderate
to severe intellectual disability. The childhood- and juvenile-
onset cases can also show reduced IQ, low cognitive processing
speed, and visuospatial impairment, as well as attention and
executive deficits (Angeard et al., 2007, 2011). The main CNS
manifestations in the adult form include dysexecutive behavior
(such as apathy, lack of motivation, and inflexibility), reduced
attention and visuospatial construction ability, daytime sleepi-
ness, and impaired social cognition (Meola and Sansone,
2007; Serra et al., 2016; Sistiaga et al., 2010). Overall, the quality
of life of DM1 patients is significantly impaired by their cognitive
deficits (Antonini et al., 2006; Dogan et al., 2016). Brain disease is
further supported by histopathological changes, such as the
aggregation of hyperphosphorylated Tau protein isoforms,
particularly in the amygdala, hippocampus, and entorhinal and
temporal cortex (Caillet-Boudin et al., 2014). White matter le-
sions, gray matter changes, metabolic deficits, and changes in
functional connectivity were reported in multiple brain areas
(Caliandro et al., 2013; Minnerop et al., 2011; Serra et al.,
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2014, 2015; Weber et al., 2010; Wozniak et al., 2014), implicating
the dysregulation of complex brain networks and various cell
types (Schneider-Gold et al., 2015; Serra et al., 2016). However,
the link between the distribution of DM1 pathology across brain
territories and cell types and the neurological symptoms of the
disease must be further elucidated.
DM1 is caused by the expansion of an unstable CTG repeat in

the 30 untranslated region (30 UTR) of the DM protein kinase
(DMPK) gene (Brook et al., 1992). Repeat number correlates
with disease severity and inversely with age of onset. Expanded
DMPK transcripts accumulate in nuclear RNA foci and perturb
the activity of multiple RNA-binding proteins. Among these, the
sequestration of muscleblind-like (MBNL) proteins and the upre-
gulation of the CUGBP/Elav-like family (CELF) affect primarily
alternative splicing but also RNA transcription, localization and
polyadenylation, miRNA processing, protein translation, and
phosphorylation of downstream targets (Batra et al., 2014;
Goodwin et al., 2015; Hernández-Hernández et al., 2013a,
2013b; Sicot et al., 2011; Wang et al., 2012). Today we do not
know the extent or distribution of these events in the CNS, their
cellular specificity, or how they contribute to neuropathogenesis.
To investigate DM1 brain disease, we have been using DMSXL

mice, which carry a human DMPK transgene containing >1,000
CTG repeats (Gomes-Pereira et al., 2007; Seznec et al., 2000).
DMSXL homozygotes express enough toxic transcripts to per-
turb muscular, cardiac, and respiratory function (Algalarrondo
et al., 2015; Huguet et al., 2012; Panaite et al., 2013), in associ-
ation with RNA foci and missplicing (Hernández-Hernández
et al., 2013a; Huguet et al., 2012). The expression of expanded
CUG RNA in the CNS affects behavior and synaptic function of
DMSXL mice (Hernández-Hernández et al., 2013a). In contrast,
DM20 mice, overexpressing short DMPK transcripts, do not
show RNA foci accumulation, obvious phenotypes, or synaptic
protein dysfunction (Hernández-Hernández et al., 2013a; Sez-
nec et al., 2001). The differences between mouse lines corrobo-
rate the toxicity of expanded CUG RNA repeats in the CNS of
DMSXL mice. However, the underlying molecular and cellular
mechanisms leading to brain impairment are not entirely known,
which delays the development of efficient therapeutic strategies
in the CNS.
To overcome this limitation, we have combined molecular,

electrophysiological, and behavioral approaches to gain insight
into the susceptible cell populations, dysfunctional connections,
and affected molecular pathways in the CNS of DM1. It was our
aim to better understand brain disease pathogenesis and find
promising therapeutic targets. We found evidence of cerebellar
glial dysfunction, which is caused by the downregulation of a
glutamate transporter that affects neuronal physiology.

RESULTS

Bergmann Glia Show Abundant RNA Accumulation in
DMSXL Cerebellum
To investigate the impact of the DM1 expansion on different cell
populations and networks in the CNS, we investigated the distri-
bution of the canonical molecular signs of the disease (the toxic
CUG RNA foci) in different areas of the DMSXL mouse brain. We
were particularly intrigued by the distinctive and peculiar distri-

bution of RNA foci in the cerebellum. The cerebellum is a well-
organized brain region with a highly specific and uniform laminar
arrangement of cells into distinct, easily identified anatomical
layers (Voogd and Glickstein, 1998). Fluorescence in situ hybrid-
ization (FISH) revealed that CUG RNA foci were rarely found in
Purkinje cells, but in contrast, theywere abundant in a population
of neighboring cells, extending toward the molecular layer.
MBNL1 and MBNL2 co-localized with RNA in these foci-rich
cells in DMSXL mice (Figure 1A), in contrast to wild-type animals
(Figure S1A). MBNL proteins remained distributed throughout
the nucleus and cytoplasm of DMSXL Purkinje cells, even in
those rare neurons showing RNA foci accumulation, without pro-
nounced sequestration (Figure 1A).
Given the intriguing distribution of RNA foci in DMSXL cere-

bellum, we sought to identify the nature of foci-rich cells through
immunodetection of cell-specific markers. NeuN stains almost
exclusively mature granular neurons, whereas Fox1 and Fox2
stain Purkinje and Golgi cells; Fox2 stains also the granular neu-
rons (Kim et al., 2011). We found that foci accumulated preferen-
tially in non-neuronal cells of the molecular layer, which did not
express NeuN, Fox1, or Fox2. The non-neuronal nature of these
cells was confirmed byGFAP staining (Figure 1B). The distinctive
localization around the Purkinje cells into the molecular layer of
the cerebellum, the expression of GFAP, and the lack of neuronal
markers strongly suggested that the foci-rich cells were Berg-
mann astrocytes. We have confirmed their nature by the immu-
nodetection of GLAST/SLC1A3, a glial glutamate transporter,
which in adult mouse cerebellum is primarily expressed in Berg-
mann glia (Regan et al., 2007): immunofluorescence combined
with FISH revealed greater GLAST expression near Purkinje
cells, usually in foci-rich cells (Figure 1B).
To elucidate the reasons behind the preferential accumulation

of CUG RNA foci in Bergmann glia, we quantified the levels of
expanded DMPK transcripts in Bergmann astrocytes and Pur-
kinje cells collected from DMSXL cerebellum by laser capture
microdissection. The purity of the collected cells was controlled
by RT-PCR amplification of cell-specific transcripts (Figure S1B).
qRT-PCR revealed levels of toxic CUG RNA nearly three times
higher in Bergmann glia than in adjacent Purkinje cells (Fig-
ure 1C). We conclude that higher transgene expression in cere-
bellar Bergmann glia contributes to the higher foci abundance in
this cell type.

RNA Spliceopathy Is More Pronounced in the Bergmann
Glia of the Cerebellum
Higher levels of CUG RNA and foci in Bergmann astrocytes pre-
dict pronounced spliceopathy in this cell type. Thus, we studied
splicing defects in microdissected DMSXL Bergmann and Pur-
kinje cells. We have previously shown that Mbnl1 and Mbnl2
transcripts show consistent missplicing in DMSXL mouse brains
(Hernández-Hernández et al., 2013a) and serve as robust
markers of spliceopathy in our mouse model. In line with our hy-
pothesis, Mbnl1 and Mbnl2 splicing was significantly dysregu-
lated in DMSXL Bergmann glia while remaining unaltered in
Purkinje cells (Figure 1D). Overall, the missplicing of these tran-
scripts wasmild in the analysis of whole DMSXL cerebellum (Fig-
ure S1C), suggesting that splicing abnormalities are pronounced
in Bergmann astrocytes but diluted in whole-tissue samples.
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Finally, we assessed the contributing role of CELF proteins to
cerebellum pathology. Western blot analysis in whole DMSXL
cerebellum revealed mild upregulation of CELF2 but no signifi-
cant changes in CELF1 levels (Figure S1D).

Electrophysiological Abnormalities of Purkinje Cells in
DMSXL Cerebellum
We next investigated whether Bergmann RNA toxicity in DMSXL
mice was sufficient to affect cerebellar function. The functional
output of the cerebellar cortex is determined by the Purkinje
cell firing, which can be electrophysiologically identified by two
types of firing patterns: complex spikes and simple spikes
(Cheron et al., 2013). We performed electrophysiological record-
ings in the Purkinje cell layer of alert DMSXL mice and found

Figure 1. RNA Foci Accumulate in Cere-
bellar Bergmann Astrocytes and Deregulate
Alternative Splicing
(A) FISH detection of RNA foci (red) and immuno-

fluorescence of calbindin 1 (CALB1) and MBNL

proteins (green) in mouse cerebellum. An example

of a rare foci-positive Purkinje cell is shown in the

bottom panel.

(B) Identification of cell types showing abundant

nuclear RNA foci (red) in DMSXL cerebellum

through immunodetection of NeuN, Fox1, Fox2,

GFAP, or GLAST (green). DAPI was used for nu-

clear staining.

(C) Nested qRT-PCR of DMPK transgene expres-

sion (±SEM) in Purkinje cells and Bergmann as-

trocytes microdissected from DMSXL cerebellum

(n = 3).

(D) Percent of spliced in (PSI) of alternative exon 7

of Mbnl1 and exon 5 of Mbnl2 transcripts (±SEM).

Purkinje cells and neighboring Bergmann glia were

collected by laser microdissection from DMSXL

and wild-type (WT) mice (n = 3, each genotype).

Three independent technical replicates were

studied for each mouse. Representative analyses

of alternative splicing by nested RT-PCR are

shown.

PC, Purkinje cells; GL, granular layer; ML, molec-

ular layer. The scale bar represents 10 mm.

*p < 0.05, **p < 0.01, ***p < 0.001; Mann-Whitney

U test. See also Figure S1.

significantly higher simple spike firing
rates (86.8 ± 7.6 versus 50.5 ± 4.2 Hz)
and rhythmicity index (0.13 ± 0.02 versus
0.07 ± 0.01) in DMSXL mice relative
to the wild-type controls, indicative of
neuronal hyperactivity of Purkinje cells
(Figure 2A). In addition, spontaneous fast
local field potential (LFP) oscillations
were found throughout the cerebellum
in all DMSXL mice but were absent in
wild-type controls. DMSXL fast LFP oscil-
lations appeared as spindle-shaped epi-
sodes of oscillation with a frequency of
200 ± 27 Hz and maximal amplitude of
0.48 ± 0.26 mV (Figure 2B). We quantified

calcium buffering proteins and studied DMSXL cerebellum his-
tology, but we did not find obvious changes in steady-state pro-
tein levels or overt histopathology that could contribute to the
defective Purkinje neuronal activity and cerebellum dysfunction
(Figures S2A and S2B).

Cerebellum-Dependent Motor Incoordination in
DMSXL Mice
To confirm cerebellar dysfunction in DMSXL mice, we assessed
a cerebellum-dependent behavior phenotype. In the runway
test, mice run along an elevated platform and must surmount
low obstacles intended to impede their progress. The test
assesses cerebellum-dependent motor coordination, and in
contrast with rotarod, it is minimally influenced by muscle
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performance (Bearzatto et al., 2005). The number of slips of the
right hind leg is a direct indication of motor incoordination.
Both wild-type and DMSXL showed a progressive and signif-

icant decrease in number of hind leg slips from day 1 to day 5
(Figure 2C), indicating the capacity to learn new cerebellum-
dependent tasks. However, DMSXL mice showed significantly
higher numbers of slips from day 1, pointing to deficits in the
fine-tuning of movements and cerebellar dysfunction. After
3 weeks, the test still revealed significantly lower number of slips
relative to day 1 in both wild-type and DMSXL mice, demon-
strating efficient task retention by both genotypes (Figure 2C).
In summary, although capable of acquiring and retaining new
cerebellum-dependent motor tasks, DMSXL mice showed signs
of motor incoordination.
In conclusion, both electrophysiological and behavioral

assessment demonstrated that the expression and accumula-
tion of toxic RNA foci in DMSXL cerebellum (particularly in Berg-
mann glia) are associated with cerebellum pathology, which is
characterized by abnormal Purkinje cell firing and fine motor
incoordination.

The GLT1 Glutamate Transporter Is Downregulated in
DMSXL Cerebellum
To decipher the mechanisms of abnormal Purkinje cell activity
and cerebellar dysfunction, we used global proteomics to iden-
tify expression changes and dysregulated pathways in DMSXL
cerebellum. We first studied whole-cell lysates and found that
the expression of 241 proteins was altered in DMSXL cere-
bellum. A Gene Ontology analysis on this 241-protein set re-
vealed that many altered proteins were membrane-bound, but
we did not find a biological process predominantly dysregulated
in DMSXL cerebellum (Figure 3A). To refine our search, we spe-
cifically investigated the membrane-bound proteome of mouse
cerebellum and found 60 proteins with altered expression in
DMSXL cerebellum. This protein set showed enrichment for
ion transport, synaptic transmission, and glutamate signaling
(Figure 3B) and included the glial high-affinity glutamate trans-
porter (GLT1) (excitatory amino acid transporter 2 [EAAT2] or
solute carrier family 1 member 2 [SLC1A2]). GLT1 is a membrane

transporter that in the cerebellum is mainly expressed by the
Bergmann glia to clear glutamate released during synaptic
transmission from the extracellular space, avoiding excessive
stimulation of postsynaptic neurons (Kanai and Hediger, 2004).
Therefore, we tested the hypothesis that abnormal GLT1 expres-
sion in DMSXL cerebellum results in defective neuroglial
communication and abnormal DMSXL Purkinje cell firing.
We first confirmed GLT1 downregulation by western blot in

DMSXL cerebellum (Figure 3C), as well as in other mouse brain
regions (Figure S3A), but not in control DM20 mice (Figure S3B).
Semiquantitative analysis of GLT1 immunofluorescence inten-
sity by confocal microscopy showed a significant reduction in
the DMSXL molecular layer, close to the Purkinje cells (Fig-
ure S3C). In contrast to GLT1, the levels of GLAST remained un-
changed in DMSXL brains (Figure S3D), demonstrating that the
impact of expanded DMPK transcripts is specific to the GLT1
glutamate transporter. Fractioning of DMSXL cerebellar tissue
revealed downregulation of GLT1 in the membrane-bound
protein faction (Figure 3D), in line with defective glutamate trans-
port across the membrane. To investigate the functional impact
of reduced GLT1 levels, we measured the uptake of radioactive
glutamate by DMSXL astrocytes in the presence of WAY213623
(GLT1-specific inhibitor), UCPH (GLAST-specific inhibitor), or
TBOA (pan-glutamate transporter inhibitor). We found a signifi-
cant reduction in total and in GLT1-mediated glutamate uptake
when compared to wild-type controls (Figure 3E), consistent
with GLT1 downregulation in DMSXL astrocytes (Figure S3E).
In contrast, GLAST-mediated transport was unaltered, while
TBOA nearly abolished glutamate uptake in both cultures. Trans-
fection of DMSXL astrocytes with GLT1-expressing plasmids
corrected defective glutamate transport (Figure 3E). Altogether,
these results demonstrate the causative role of GLT1 downregu-
lation in defective glutamate transport by DMSXL astrocytes.
GLT1 downregulation is not explained by Bergmann cell loss,
as revealed by the quantification of Bergmann-specific tran-
scripts in DMSXL cerebellum,which showed no reduced expres-
sion relative to wild-type controls (Figure S3F). Overall, the
reduction of GLT1 within the molecular layer is consistent with
Bergmann dysfunction.

Figure 2. Cerebellum Dysfunction in DMSXL Mice Revealed by Behavioral and Electrophysiological Phenotyping
(A) In vivo electrophysiological recordings of single spike (SS) frequency and rhythmicity index (RI) in 2-month-old alert DMSXL (n = 4) and WT mice (n = 3). Error

bars represent the SEM. *p < 0.05, ***p < 0.001; Mann-Whitney U test.

(B) Representative fast LFP oscillation in the cerebellum of one DMSXL compared to WT control.

(C) Assessment of cerebellum-dependent motor-coordination of DMSXL (n = 20) and WT controls (n = 21), at 3–4 months in the runway test over 5 consecutive

days (days 1–5). The graph represents the average number of hind leg slips per trial (±SEM) (*p < 0.05, **p < 0.01; two-way ANOVA). Learning was assessed by the

number of slips at day 5 relative to day 1 (##p < 0.01; two-way ANOVA). Retention of the task was assessed at day 26, following a period of 3 weeks without

testing, relative to day 1 (xxp < 0.01; two-way ANOVA).

See also Figure S2.
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Human DM1 Cerebellum Shows Bergmann-Specific
RNA Foci Accumulation and GLT1 Downregulation
We then assessed the implications of the mouse findings to the
human condition through the analysis of post-mortem DM1
brains. In human DM1 cerebellum, although small foci were
rarely detected in Purkinje cells, large and more abundant foci
accumulated predominantly in calbindin 1 (CALB1)-negative
cells, co-localizing with MBNL1 and MBNL2 (Figure 4A). Like in
DMSXL mice, the preferential accumulation of RNA foci was
concentrated in the Bergmann glia, which expressed GFAP
and GLAST in the absence of NeuN, Fox1, or Fox2 neuronal
markers (Figure 4B). The analysis of selected MBNL1 and
MBNL2 candidate splicing events revealed that human DM1
cerebellar tissue showed mild spliceopathy (Figure S4A), in as-
sociation with CELF2 upregulation (Figure S4B).

Finally, we studied GLT1 protein expression in human DM1
cerebellum and found a dramatic reduction in five of seven adult
DM1 patients: overall, GLT1 was reduced by !50% relative to
non-DM controls (Figure 4C). GLT1 was also decreased in
DM1 frontal cortex and brainstem (Figure S4C), indicating wider
dysregulation of this glutamate transporter throughout the CNS.

GLT1 Downregulation Is Mediated by MBNL1
Inactivation
To gain insight into themechanisms of GLT1 downregulation, we
quantified transcript levels and found significantly lower levels of

GLT1 mRNA in the cerebellum and frontal cortex of the DM1
patients with pronounced protein downregulation (Figure 5A).
In amyotrophic lateral sclerosis (ALS), missplicing of GLT1 re-
sults in RNA degradation and loss of protein (Lin et al., 1998).
To test whether similar mechanisms operate in DM1, we studied
ALS-associated exon missplicing and abnormal intron retention.
We did not find obvious splicing abnormalities in DM1 patients or
in DMSXL mice (Figures 5SA and 5SB).
We then tested whether GLT1 downregulation was the direct

result of the expression of CUG-containing RNA or a secondary
consequence associated with DM1 brain disease progression.
To this end, we transfected human T98G glioblastoma cells
with expanded DMPK constructs and found that CUG RNA ex-
pansions reduced GLT1 transcript levels relative to no-repeat
control constructs (Figure 5B).
MBNL proteins regulate various aspects of RNA metabolism.

Hence, we tested whether MBNL1 or MBNL2 inactivation was
sufficient to lower GLT1 levels. We used short hairpin RNA
(shRNA) to knockdown MBNL1 and/or MBNL2 in T98G cells
(Figure S5C). qRT-PCR revealed that MBNL1 downregulation
alone was sufficient to decrease GLT1 mRNA levels, while
MBNL2 inactivation leftGLT1 transcripts unchanged (Figure 5C).
The simultaneous treatment with MBNL1 andMBNL2 shRNA re-
sulted in a modest downregulation of both MBNL proteins (Fig-
ure S5C), which was insufficient to affect GLT1 mRNA levels.
We confirmed the determinant role of MBNL1 in vivo through

Figure 3. GLT1 Downregulation in DMSXL
Cerebellum
(A) Isobaric tag for relative and absolute quantifi-

cation (iTRAQ) analysis of whole cell protein frac-

tions collected from the cerebellum of 2-month-old

DMSXL mice and WT littermates (n = 4, each ge-

notype). Pie charts indicate the percentage of

altered proteins in the cellular components and

biological processes showing the highest signifi-

cant enrichment in theproteomics expression data.

(B) Quantitative proteomics analysis of the mem-

brane-bound proteins from the cerebellum of

2-month-oldDMSXLmiceandWT littermates (n=2,

each genotype). Pie charts indicate the percentage

of altered membrane proteins in the biological pro-

cesses showing the highest significant enrichment.

(C) Western blot quantification of GLT1 protein

levels in the cerebellum of DMSXL and WT mice

(n = 4, each genotype) at 2 months of age. b-actin

was used as loading control.

(D) Western blot detection of GLT1 in cytosolic and

membrane protein fractions of DMSXL and WT

cerebellum at 2 months of age (n = 2, each geno-

type). GAPDH and PSD95 confirmed cytosolic and

membrane protein enrichment, respectively. Total

protein was visualized by stain-free protocols and

used as loading control.

(E) Uptake of radioactive glutamate by WT and

DMSXL astrocytes: under control conditions, fol-

lowing DMSXL transfection with GLT1-expressing

plasmids, or upon selective inhibition of GLT1

(WAY213623), GLAST (UCPH 101), or both (TBOA)

(n = 3, each group).

Errors bars represent the SEM. *p < 0.05; Mann-

Whitney U test. See also Figure S3.
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the analysis ofMbnl1 andMbnl2 knockout (KO) mice (Charizanis
et al., 2012; Kanadia et al., 2003): only the cerebellum of
Mbnl1"/" mice showed significant downregulation of GLT1. In
contrast to double-shRNA-transfected T98G cells, the inactiva-
tion of MBNL1 and MBNL2 proteins in Mbnl1/Mbnl2 double-
KOmice (Goodwin et al., 2015) significantly reduced GLT1 levels
(Figures 5D and S5D).
In an attempt to provide insight into the prevalent role of

MBNL1 over MBNL2 in the regulation of the glial-specific GLT1
glutamate transporter, we quantified the expression of MBNL
proteins in mouse primary neurons and astrocytes. The analysis
revealed that the relative expression of MBNL1 is 2-fold higher in
mouse primary astrocytes relative to neurons (Figure S5E), sug-
gesting a more important role of MBNL1 in glial cells.
Because CELF2 is upregulated in DM1 brains, we also studied

whether CELF proteins could regulate GLT1 expression and
contribute to abnormal GLT1 levels. Transient transfection of
CELF1 and CELF2 in T98G cells (Figure S5F) did not result in
lower GLT1 mRNA levels (Figure 5E).

In summary, our results demonstrate that GLT1 protein down-
regulation in DM1 is associated with lower transcript levels
without evidence of missplicing and is mediated by partial inac-
tivation of MBNL1 in glial cells, independently of CELF proteins.

GLT1 Downregulation in DMSXL Astrocytes Is
Associated with Increased Glutamate Neurotoxicity
Glutamate transporters guard against prolonged elevation of
extracellular glutamate concentration and protect neurons
from excitotoxicity (Kanai and Hediger, 2004). To investigate
the impact of GLT1 downregulation on neuronal physiology in
DM1, we tested whether primary DMSXL astrocytes expressing
significantly lower levels of GLT1 (Figure S3E) failed to protect
neurons against glutamate neurotoxicity in culture. To this end,
we co-cultured neurons and astrocytes of mixed genotypes
and allowed neurites to extend for 8 days. Then, we added
50 mMof glutamate to themedium andmonitored neuronal dam-
age by measuring neurite collapse by fluorescence live-cell
videomicroscopy (Figure 6A). Neurite collapse was significantly

Figure 4. Analysis of RNA Foci Accumulation and GLT1 Downregulation in Human DM1 Cerebellum
(A) FISH of RNA foci (red) combined with immunofluorescence detection of CALB1 and MBNL proteins (green) in post-mortem brains from adult DM1 patients.

Some rare and small RNA foci were detected in human Purkinje cells but were not associated with pronounced sequestration of MBNL proteins.

(B) FISH of RNA foci (red) and protein markers (green) of different cerebellar cell populations near Purkinje cells.

(C) Western blot quantification of GLT1 in DM1 cerebellum (n = 7) relative to non-DM controls (n = 4). b-actin was used as loading control.

The scale bar represents 10 mm. Error bars represent the SEM. *p < 0.05; Mann-Whitney U test. See also Figure S4.

Cell Reports 19, 2718–2729, June 27, 2017 2723



more pronounced in wild-type and DMSXL neurons co-cultured
with DMSXL astrocytes than in neurons grown with wild-type
astrocytes (Figure 6B). Antagonists of NMDA and AMPA recep-
tors reduced glutamate-induced neurite collapse and eliminated
differences between genotypes (Figure 6B), demonstrating the
mediating role of glutamate receptors in the neurotoxicity de-
tected in neuroglial cultures. The increased glutamate neurotox-
icity in the presence of DMSXL astrocytes was not accounted for
by significant changes in the expression of NMDA and AMPA re-
ceptors: western blot quantification GRIN1 (NMDA receptor sub-
unit type 1) and GRIA2 (AMPA receptor subunit type 2) did not
show significant changes in DMSXL cell cultures (Figure 6C) or
in brain tissue (Figures S6A and S6B). To determine whether
the deleterious effect of astrocytes on neurons was directly
mediated by GLT1 downregulation, we transfected DMSXL as-
trocytes with GLT1 before glutamate neurotoxicity assessment.
GLT1 transfection of DMSXL astrocytes rescued the neurite
collapse (of both wild-type and DMSXL neurons) to levels that
were indistinguishable from those measured in the presence of
wild-type astrocytes (Figure 6D).

Altogether, these results demonstrate that the downregulation
of GLT1 in DMSXL astrocytes perturbs the neuroglial interplay
and has a negative impact on neuronal physiology, failing to pro-
tect against glutamate excitotoxicity.

GLT1 Upregulation by Ceftriaxone Corrects the
Cerebellum Phenotype of DMSXL Mice
To explore the role of GLT1 downregulation in DMSXL cerebellar
dysfunction, we first used LFP oscillations in the Purkinje cell
layer of the cerebellar vermis to compare the extracellular elec-
trical activity of DMSXL and Glt1-deficient mice, which show a
!60% reduction in GLT1 (Tanaka et al., 1997). Both DMSXL

and heterozygous Glt1+/" mice exhibited a frequency peak of
oscillations around 200 Hz, similar to wild-type controls (Figures
7A and 7B), but the amplitude of the power peak of LFP oscilla-
tions was significantly higher in Glt1+/" and in DMSXL mice (Fig-
ures 7C and 7D). In other words, the abnormal neuronal activity
of DMSXL Purkinje cells is recreated by the partial inactivation of
Glt1, in agreement with a mediating role of GLT1 downregulation
in the onset of DMSXL cerebellar phenotypes.
To further demonstrate the implications of GLT1 in DMSXL

cerebellar dysfunction, we injected DMSXL animals with ceftri-
axone for 5 consecutive days. Ceftriaxone is a b-lactam anti-
biotic that activates GLT1 expression (Rothstein et al., 2005).
Ceftriaxone corrected GLT1 protein levels in DMSXL cerebellum
(Figure S7A) and glutamate neurotoxicity in DMSXL neuroglial
co-cultures (Figure 6D). LFP oscillations were recorded in the
same animal before and following ceftriaxone treatment. Ceftri-
axone did not change the frequency peak of LFP oscillations in
DMSXL mice (Figure 7B) but resulted in a remarkable reduction
in the amplitude of the power peak of Glt1+/" and DMSXL Pur-
kinje LFP oscillations down to wild-type values (Figures 7C and
7D). In contrast, Purkinje LFP oscillations did not change signif-
icantly in sham-treated DMSXL mice.
Finally, we assessed whether ceftriaxone-induced GLT1 upre-

gulation (Figure S7A) ameliorated DMSXL motor coordination.
A 5-day regimen of ceftriaxone significantly reduced the average
number of hind leg slips from day 1 relative to PBS-injected
DMSXL controls (Figure 7E). From day 2, the number of slips
of ceftriaxone-treated DMSXL mice was indistinguishable from
wild-type controls. To investigate whether improved Purkinje
cell firing and mouse motor performance could be mediated by
an effect of ceftriaxone on transgene expression, we measured
DMPK transcripts following treatment, but we did not find

Figure 5. TranscriptionalGLT1Downregula-
tion Is Mediated by MBNL1 Inactivation
(A) Quantification ofGLT1 transcripts (±SEM) in the

cerebellum and frontal cortex of DM1 patients

showing the most pronounced protein decrease

(n = 5) relative to non-DM controls (n = 4).

(B) Quantification of GLT1 transcripts in human

T98G glial cells transfected with expanded DMPK

constructs containing 960 interruptedCTG repeats

(DT960) relative to no-repeat (DMPKS) and mock

transfected controls.

(C) Quantification ofGLT1mRNA following MBNL1

and/or MBNL2 knockdown in T98G cells.

(D) Western blot quantification of GLT1 protein

levels in 2- to 4-month-oldMbnl1 KO,Mbnl2 KO, in

Mbnl1/Mbnl2 double-KO mice (DKO) relative to

WT littermates (n = 3, each genotype). Represen-

tative western blot membranes of at least three

technical replicates. Total protein was visualized

by stain-free protocols and used as loading

control.

(E) Quantification of GLT1 mRNA in T98G cells

overexpressing CELF1 or CELF2.

Data are represented as the mean (±SEM) of three

independent experiments in (B), (C), and (E).

*p < 0.05, **p < 0.01; Mann-Whitney U test in (A)

and (D), one-way ANOVA in (B) and (C); n.s., not

statistically significant. See also Figure S5.

2724 Cell Reports 19, 2718–2729, June 27, 2017



differences relative to PBS-injected DMSXL controls (Fig-
ure S7B). Overall, these results demonstrate that reduced
GLT1 is a critical contributing factor to DMSXL cerebellar patho-
physiology, which can be rescued by ceftriaxone-induced upre-
gulation of this glutamate transporter.

DISCUSSION

We found prevalent signs of RNA toxicity in the Bergmann glia of
a mouse model of DM1, in association with cerebellar abnormal-
ities, such as network-mediated Purkinje cell excitability and
motor incoordination. We demonstrated that defective expres-
sion of GLT1 glutamate transporter in astrocytes plays a deter-
minant role in mediating these phenotypes.
Bergmann glia consist of a population of astrocytes whose

cell bodies are embedded in the Purkinje layer. Their cellular pro-
cesses create a microenvironment essential for the good func-
tioning of the Purkinje synapses (Bellamy, 2006). Purkinje cells
are the sole output of the cerebellar cortex. Their firing is an inte-
grated response to their intrinsic excitability and to the excitatory
and inhibitory inputs from the cerebellar network (Cheron et al.,
2013). Thus, the electrophysiological recordings of spontaneous
firing rate and rhythmicity in vivo provide an efficient way of
assessing the functional states of the cerebellar neuronal
network, independently of confounding factors, such as the
muscle pathology and the reduced body weight of DMSXL
mice (Gomes-Pereira et al., 2007; Huguet et al., 2012). Hence,
the fast LFP oscillations registered in DMSXL mice revealed
pathological changes in integrated Purkinje cell activity (Cheron
et al., 2008), which may result from the synchronization of high-

frequency rhythmic firing caused by intrinsic Purkinje cell excit-
ability (Cheron et al., 2004), granular cell hyperexcitability
(Bearzatto et al., 2006; Cheron et al., 2004), or altered synaptic
plasticity (Servais et al., 2007). Abnormal spontaneous fast LFP
oscillations were previously reported in ataxic mice showing cer-
ebellum-dependent motor incoordination (Bearzatto et al., 2006;
Cheron et al., 2004, 2005; Servais et al., 2007), supporting their
contribution to the motor phenotype of DMSXL mice in the
runway test. In contrast, other patterns of abnormal firing, such
as slow firing (Servais and Cheron, 2005) or bursting (Cheron
et al., 2009), were associated with milder or more severe incoor-
dination, respectively.
Despite their functional abnormalities, Purkinje cells did not

display abundant RNA foci or pronounced missplicing in DMSXL
mice, hinting that neuronal hyperactivity is not mediated by an
autonomous trans-dominant effect of CUG repeats operating
in Purkinje cells alone. Our data suggest that DMPK transcript
levels in Purkinje cells are insufficient to trigger RNA foci accu-
mulation and toxicity. We propose that Purkinje cell hyperexcita-
tion is mediated by abnormalities in the neighboring Bergmann
glia, which show high DMPK expression and abundant RNA
foci, in association with GLT1 downregulation.
GLT1 is a glial-specific glutamate transporter that recaptures

excitatory glutamate from the synaptic cleft and protects from
neurotoxicity due to excessive glutamate stimulation (Bellamy,
2006). Themost important role of the glial glutamate transporters
in the cerebellum is to avoid neurotransmitter spillover and acti-
vation of extra-synaptic receptors, thereby maintaining synapse
independence. In the cerebellum, Bergmann astrocytes closely
appose Purkinje cells, dictating a robust effect of GLT1 on

Figure 6. Neuronal Glutamate Toxicity in
Mixed Cultures of Neurons and Astrocytes
(A) Representative images of WT neurite collapse

co-cultured with WT and DMSXL astrocytes.

Glutamate (50 mM) was added to the medium

at t = 0 hr, and neurite length was monitored by

the expression of fluorescent red mKate2 pro-

tein under the control of the neuron-specific

synapsin-1 promoter. The scale bar represents

200 mm.

(B) Rate of glutamate-induced neurite collapse

of WT and DMSXL primary neurons, cultured with

WT or DMSXL astrocytes. (+)-MK 801 (NMDA re-

ceptor antagonist) and CNQX (AMPA receptor

antagonist) were added to block glutamate re-

ceptors (n = 4 independent co-cultures, each

mixed genotype combination). The graph shows

the quantification of three independent experi-

ments (±SEM).

(C) Representative western blot of GRIN1 (NMDA

receptor subunit) and GRIA2 (AMPA receptor

subunit) in mixed neuroglial cultures (n = 3

independent mixed cultures). Data are represented

as the mean (±SEM). Total protein was visualized

by stain-free protocols and used as loading

control.

(D) Rate of glutamate-induced neurite collapse of

WT and DMSXL neurons. Mouse primary neurons

were cultured with WT astrocytes, control DMSXL astrocytes, DMSXL astrocytes transfected with GLT1, or DMSXL astrocytes treated with 10 mM ceftriaxone

(CEF) (n = 4 independent co-cultures, each combination).

Error bars represent the SEM. *p < 0.05, **p < 0.01, ***p < 0.001; one way-ANOVA; n.s., not statistically significant. See also Figure S6.
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synaptic transmission through proximity: even small changes in
the density of Bergmann GLT1 transporters have a significant
impact on Purkinje cell function (Tzingounis and Wadiche,
2007). Therefore, GLT1 downregulation can lead to increased
synaptic glutamate, chronic Purkinje cell hyperexcitation, and
emergence of fast oscillations. The critical role of GLT1 downre-
gulation in the cerebellar dysfunction of DMSXL mice is corrob-
orated by two observations. First, heterozygous Glt1+/" mice
show similar electrophysiological LFP abnormalities. Second,
ceftriaxone-mediated GLT1 upregulation corrects the sponta-
neous hyperactivity of DMSXL Purkinje cells andmotor incoordi-
nation. The similar benefits of ceftriaxone treatment and GLT1
transfection on neuronal physiology in co-cultures strongly point
to a rescuing mechanism of ceftriaxone mediated by GLT1 upre-
gulation. Moreover, ceftriaxone was capable of correcting the
Purkinje cell activity in Glt1+/" mice, in further support of a
specific effect on this target. In conclusion, the benefits of
GLT1 upregulation in DMSXL neuroglial co-cultures and in
mice demonstrate the role of defective neuroglial interactions
in DM1 brain disease.

Inactivation of Glt1 causes lethal spontaneous seizures in KO
mice, in association with selective hippocampal neurodegenera-
tion, but no morphological changes in the cerebellum or signs of
ataxia (Tanaka et al., 1997). Heterozygous Glt1+/" mice show a

!60% reduction in GLT1 protein levels, and like DMSXL mice,
they exhibit abnormally high cerebellar fast oscillations, together
with mild behavioral phenotypes in the absence of neurodegen-
eration (Kiryk et al., 2008). Altogether, our results suggest that
partial inactivation of GLT1 in DM1 is more likely associated
with neuronal dysfunction than cell death. Broader neuronal
hyperexcitability and dysfunction in DM1 beyond cerebellum is
supported by the observation of GLT1 downregulation in multi-
ple brain areas and by the increased susceptibility of DMSXL
mice to pentylenetetrazol (PTZ)-induced seizures (Charizanis
et al., 2012).
GLT1 is a highly regulated transporter, modulated by changes

in RNA transcription, splicing and stability, post-translational
modifications, and protein activity (Kim et al., 2011). MBNL1
inactivation alone decreased GLT1 transcripts and protein. In
contrast, MBNL2 inactivation alone did not affect GLT1 levels,
maybe because of the compensating increase of MBNL1 protein
levels (Batra et al., 2014; Goodwin et al., 2015; Mohan et al.,
2014). It is conceivable that MBNL1, but not MBNL2, specifically
regulates GLT1 expression in glial cells. In line with this view, the
higher expression of MBNL1 in mouse primary astrocytes, when
compared to mouse primary neurons, hints at a predominant
role of MBNL1 in the regulation of glia-specific transcripts.
Poly(A)-RNA sequencing revealed changes in the alternative

Figure 7. Rescuing of DMSXL Cerebellum
Phenotype following GLT1 Upregulation by
Ceftriaxone
(A) Representative profiles of LFP oscillations re-

corded over 690 min in the Purkinje cell layer of a

Glt1+/" mouse and a WT control.

(B) Representative profiles of LFP oscillations re-

corded over 690 min in DMSXL mice before and

following ceftriaxone injection.

(C) The power peak of the LFP oscillation (±SEM)

was calculated by fast Fourier transform (FFT) anal-

ysis in Glt1+/" mice (n = 4) and WT controls (n = 3).

Glt1+/" LFP oscillations were assessed before and

following ceftriaxone injection. ***p < 0.001; one-way

ANOVA.

(D) Effect of ceftriaxone on the power peak of the LFP

oscillation (±SEM) in DMSXL mice (n = 5). Control

DMSXL mice were injected with PBS (n = 4). Non-

injected WT mice are shown as controls (n = 3).

***p < 0.001; one-way ANOVA; n.s., not statistically

significant.

(E) Runway assessment of motor coordination of

DMSXL mice injected with ceftriaxone relative to

control DMSXL animals injected with PBS (n = 9,

each group; *p < 0.001, ***p < 0.001; two-way

ANOVA). The graphs represent the mean number of

hind leg slips per trial (±SEM). Ceftriaxone-treated

animals were compared with non-treated WT con-

trols (n = 9; ###p < 0.001 at day 1; two-way ANOVA).

DMSXL mice injected with PBS performed consis-

tently worse than WT controls throughout the entire

test (xp < 0.05, xxxp < 0.001; two-way ANOVA). Mice

were studied at 2 months of age.

See also Figure S7.
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polyadenylation of the GLT1 transcripts in the brain of DM1 and
myotonic dystrophy type 2 (DM2) patients and in Mbnl double-
KO mice (Goodwin et al., 2015). These data suggest that
MBNL loss of function perturbs GLT1 polyadenylation, leading
to altered levels of this glutamate transporter.
Deficits in GLT1 were reported in several neurological dis-

eases, including Alzheimer’s disease, Huntington’s disease,
ALS, and fragile X syndrome (Kim et al., 2011), but the underlying
mechanisms and contribution to disease manifestations have
not been fully resolved. As in our DM1 mouse model, GLT1
downregulation in mouse models of fragile X syndrome is asso-
ciated with enhanced neuronal excitability (Higashimori et al.,
2013). In DM1, the downregulation of GLT1 and altered gluta-
mate levels in adult patients (Takado et al., 2015) suggest an
impairment of the glutamatergic system. Regulation of GLT1 ac-
tivity and extracellular glutamate may improve the homeostasis
and neurotransmission in DM1 brains. Ceftriaxone, in particular,
is well tolerated, permeable to the blood-brain barrier, and aug-
ments GLT1 promoter activity and glutamate uptake, but other
small-molecule GLT1 activators have been described (Kong
et al., 2014).
The cerebellum controls motor coordination, skilled voluntary

movements, posture, and gait. The implication of the cerebellum
in DM1 neuropathology has not been sufficiently studied. How-
ever, imaging studies suggest cerebellar abnormalities: brain
voxel-basedmorphometry revealed white matter decrease (Min-
nerop et al., 2011), while fMRI showed altered connectivity in
cerebellar regions implicated in planning of movements and mo-
tor coordination (Serra et al., 2016). The frequency of stumbles
and falls in DM1 is 10-fold higher than in healthy controls (Wiles
et al., 2006). Several aspects of DM1 disease biology could lead
to gait difficulties, among these the weakness of the leg muscles
(Hammarén et al., 2014). However, because in these studies
muscular impairment was often an inclusion criterion, the results
are only generalizable to muscularly impaired DM1 individuals,
excluding those that show gait affection without muscle weak-
ness. A study demonstrated limited contribution of muscle
weakness to gait abnormalities in DM1 and suggested a role
for sensory deficits (Bachasson et al., 2016). In line with this
view, altered brain connectivity has been associated with pa-
tients’ motor deficits (Toth et al., 2015). Adaptive cognitive
strategies usually mitigate the risk of falls caused by muscle
impairment, but they might be compromised in DM1 due to brain
dysfunction. There is a need for clinical assessment of cere-
bellum deficits and their contribution to impaired balance and
frequent stumbles and falls in DM1. The cerebellum may also
participate in DM1 through non-motor functions. Cerebellar
lesions can result in executive dysfunction, blunting or flattening
of affect, constrictions in social interaction, and impaired spatial
cognition (Schmahmann and Sherman, 1998). Defective Berg-
mann or Purkinje cell communication could mediate, at least
partly, similar cognitive and behavioral deficits previously re-
ported in DM1, but further studies are required.
In summary, our data provide insight into DM1 brain mecha-

nisms and demonstrate how glial molecular abnormalities affect
neuronal activity through neuroglial miscommunication. They
open the route to the clinic, providing exciting therapeutic per-
spectives through the modulation of GLT1 levels and glutamate

signaling. Therapies aiming to restore GLT1 protein and gluta-
mate neurotransmission could have applicability in DM1.

EXPERIMENTAL PROCEDURES

Transgenic Mice
All animal experiments were conducted according to the ARRIVE guidelines

(Animal Research: Reporting In Vivo Experiments). This project has been con-

ducted with the authorization for animal experimentation No. 75 003 in the

animal facility with the approval No. B 91 228 107, both delivered by Prefecture

de Police and the French Veterinary Department.

Human Tissue Samples
Mouse cerebellum tissues were microdissected at different ages and stored

at "80#C. Human cerebellum samples were collected from different labora-

tories: Dr. Yasuhiro Suzuki (Asahikawa Medical Center) and Dr. Tohru

Matsuura (Okayama University). All experiments using human samples

were approved by the ethics committees of the host institutions. Written

informed-consent specimen use for research was obtained from all patients.

Information relative to patients was previously described (Hernández-Hernán-

dez et al., 2013a) and is summarized in Tables S1 and S2.

Statistical Analysis
Statistical analyses were performed with Prism (GraphPad), SPSS (v.14.0,

SPSS), Statistica (v.6.0, StatSoft), and/or Excel software. When two groups

were compared, we first performed a normality test. Parametric data were

compared using a two-tailed Student’s t test (with equal or unequal variance,

as appropriate). Non-parametric data were compared using a two-tailed

Mann-Whitney U test. For one-way ANOVA, if statistical significance was

achieved, we performed post-test analysis to account for multiple compari-

sons. Statistical significance was set at p < 0.05. The data are presented as

mean ± SEM.
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seven figures, and seven tables and can be found with this article online at
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SUPPLEMENTAL TABLES 
 
Table S1. Clinical data of control individuals (related to Figure 4). 
 

 Non-DM controls 
a b c d 

Sex M M M M 

Diagnosis N/A, Charcot-Marie-Tooth 
Disease; 

Rheumathoide 
arthritis 

Limb-girdle 
muscular dystrophy 

Neuropsychological 
profile N/D N/D N/D N/D 

Neuroimaging N/D N/D N/D N/D 

Age; 
cause of death 

79; 
Pneumocystis 

pneumonia 

71; 
pneumonia 

76; 
interstitial pneumonia 

66; 
cardiac failure 

 
 
Table S2. Clinical data of DM1 individuals (related to Figure 4). 
 

 DM1 samples 
e f g h i j k 

Sex F F F M F M M 
CTGs in blood 

(age of analysis) 
1300-1400 

(40) 
>2500 
(N/D) N/D N/D 1730 

(73) 
700-1100 

(30) 
1600-1800 

(40) 
CTGs in cerebellum 

(age of analysis) 
400 
(69) 

450 
(64) 

200 
(62) 

500 
(58) 

350 
(73) 

350 
(67) 

400 
(62) 

Age of onset 40 Unknown 54 46 40 30 40 

Clinical form of DM Adult 
DM1 N/D Late onset 

DM1 Adult DM1 Adult DM1 Adult DM1 Adult DM1 

DM main symptoms Gait 
problems Gait problems 

Cardiac 
arrhythmia;  

gait problems 

Limb muscle 
weakness 

Muscle weakness 
and  

atrophy in all 
extremities 

Gait 
problems 

Gait 
problems 

Neuropsychological 
profile 

WAIS-R 
(VIQ74, 
PIQ73, 
IQ73) 

N/D N/D N/D Memory loss N/D N/D 

Neuroimaging Diffuse 
atrophy 

General brain 
atrophy N/D N/D Bilateral fronto-

temporal atrophy N/D Normal 

Age; 
cause of death 

69; 
pneumonia 

64; 
ARDS 62; pneumonia 58;  

pneumonia 
73;  

pneumonia 
67; 

pneumonia 
62; 

heart failure 
ARDS, acute respiratory distress syndrome; N/A not applicable; N/D, not determined. 
 
 

Table S3. Primary antibodies for immunofluorescence and immunohistochemistry (related to Figures 1 and 4). 
 

Antigene Supplier; vendor reference;  
RRID 

Species 
origin Blocking and incubation conditions Ab dilution 

CALB1 Swant; CB38; AB_10000340 mouse 10% NGS, 1h, RT 1/400 
FOX1 Abcam; ab83574; AB_1859807 mouse 10% NGS, 1h, RT 1/400 
FOX2 Abcam; ab57154; AB_2285090 mouse 10% NGS, 1h, RT 1/400 
GFAP DakoCytomation; Z0334; AB_10013382 rabbit 10% NGS, 1h, RT 1/400 

GLAST Abcam; ab416; AB_304334 rabbit 10% NGS, 1h, RT 1/200 
GLT1 Alomone; AGC-022; AB_2039891 rabbit 10% NGS, 1h, RT 1/200 

MBNL1 MB1A from Glen Morris (gift) mouse 0.1% BSA, 10% NGS, 1H, RT 1/10 
MBNL2 MB2A from Glen Morris (gift) mouse 0.1% BSA, 10% NGS, 1h, RT 1/10 

NeuN Chemicon; MAB377; AB_2298772 mouse 10% NGS, 1h, RT 1/400 
Ubiquitin Dako Cytomation; Z0458; AB_2315524 rabbit 10% NSS, 1h, RT 1/500 

BSA, bovine serum albumin; NGS, normal-goat serum; NSS, normal swine serum; RT, room temperature.   



 

 

 
Table S4. Oligonucleotide primers sequences for RT-PCR analysis of laser micro-dissected mouse cells (related to 
Figure 1). 
 

Gene Exon Primer 1 Primer 2 Primer 3 PCR product 
size (bp) 

Calb1 N/A GTGCTTTGGGTGACAGTCCT TGAGCTGGATGCTTTGCTGA TGGATTTCCCCGAAAAT
CTACCA 139 

Glast N/A GGGGAGCACAAATCTGGTGA CCGTGCCTGGATCTGTGAAT GTAACCCGGAAGAACCC
CTG 159 

Mbnl1 7 CAATGTTGGTCACGGGGAATC GCTGCCCAATACCAGGTCAAC TGGTGGGAGAAATGCTG
TATGC 270/216 

Mbnl2 5 CCATAGGGACAAATGCGG ACCGTAACCGTTTGTATGGAT
TAC 

TTGGTAAGGGATGAAGA
GC 255/201 

N/A, not applicable. 
 
 
 
Table S5. Oligonucleotide primer sequences for mouse and human RT-PCR analysis (related to Figure 1). 
 

Gene Species Exon Forward primer Reverse primer 
PCR 

product 
size (bp) 

18S Mouse qRT-PCR CAGTGAAACTGCGAATGG CGGGTTGGTTTTGATCTG 165 
18S Human qRT-PCR CAGTGAAACTGCGAATGG CGGGTTGGTTTTGATCTG 165 

Fabp7 Mouse qRT-PCR TACATGAAAGCTCTGGGCGTG TGTCCGGATCACCACTTTGC 105 
Glt1 Mouse Whole 

transcript CCGTTAAATACCGCTCTCCGC GCTGGGGAGTTTATTCAAGAATTG 1854 

Glt1 Mouse 13 TGCTGGAACTTTGCCTGTTACC GTGTTGGGAGTCAATGGTGTCC 433/298 
Glt1 Mouse Intron 11 TCATCGCCATCAAGGACTTAGAAG GCTGGGAATACTGGCTGC 

GAGAGAAACAGGAAGCAGCAAATG 
-In11: 434 
+In 11: 266 

Glt1 Mouse qRT-PCR TGGACTGGCTGCTGGATAGA CGGTGTTGGGAGTCAATGGT 118 

GLT1 Human Whole 
transcript ACCGTCCTCTGCCACCACTCT  ACGCTGGGGAGTTTATTCAAGAAT  2194 

GLT1 Human 12 TTTGCCTGTCACCTTTCGTTG TTAGAGTTGCTTTCCCTGTGGTTC  504/369 

GLT1 Human Intron 10 GGCAACTGGGGATGTACA ACGCTGGGGAGTTTATTCAAGAAT 
CCAGAAGGCTCAGAAGT 

-In10: 835 
+In10: 345 

GLT1 Human qRT-PCR TAGCCGCCATCTTTATAGCCC CGGCTGTCAGAATGAGGAGC 150 
MAPT/ 

TAU Human 10 CTGAAGCACCAGCCAGGAGG TGGTCTGTCTTGGCTTTGGC 367/274 

Mbnl1 Mouse 7 TGGTGGGAGAAATGCTGTATGC GCTGCCCAATACCAGGTCAAC 270/216 
MBNL1 Human 7 TGGTGGGAGAAATGCTGTATGC GCTGCCCAATACCAGGTCAAC 270/216 
Mbnl2 Mouse 5 CTTTGGTAAGGGATGAAGAGCAC ACCGTAACCGTTTGTATGGATTAC 255/201 

MBNL2 Human 5 CTTTGGTAAGGGATGAAGAGCAC ACCGTAACCGTTTGTATGGATTAC 255/201 
Sept4 Mouse qRT-PCR GGTGGCAGGAGAATCTGGTC CCGATCCCGGTACAAGTCAG 76 

ß-ACTIN Human N/A CCGTCTTCCCCTCCATCG  CCTCGTCGCCCACATAGG  87 
Tbp1 Mouse N/A GGTGTGCACAGGAGCCAAGAGTG AGCTACTGAACTGCTGGTGGGTC 192 
TBP1 Human N/A GGTGTGCACAGGAGCCAAGAGTG AGCTACTGAACTGCTGGTGGGTC 192 

qRT-PCR, quantitative RT-PCR; -In10, intron 10 exclusion; +in10, intron 10 inclusion; -In11, intron 11 exclusion; +in11, 
intron 11 inclusion; N/A, not applicable. 
  



 

 

Table S6. Primary antibodies for western blot immunodetection (related to Figure 3, 4, 5 and 6). 
 
Antigene Supplier; vendor reference; RRID PAGE 

(%) 
Species 
origin 

Blocking and incubation 
conditions 

Ab 
dilution 

Actin BD Biosciences; 612656; AB_2289199 10-12 mouse 5% blotto, 1h, RT 1/5,000 
CALB1 Swant; cb38; AB_10000340 12 rabbit 5% blotto, 1h, RT 1/500,000 

CALB2 Abcam; ab1550; AB_90764 12 rabbit 5% blotto, 1h, RT 1/5,000 

CELF1 Millipore; 
05-621; AB_309851 10 mouse 5% blotto, 1h, RT 1/1,000 

CELF2 Sigma; C9367; AB_1078584 10 mouse 5% blotto, 2h, RT 1/1,000 

GAPDH Genetex; 
GTX627408; AB_11174761 10-12 mouse 5% blotto, 1h, RT 1/10,000 

GLAST Abcam; ab416; AB_304334 10 rabbit 5% blotto, 1h, RT 1/5,000 

GLT1 Alomone; 
AGC-022; AB_2039891 10 rabbit 5% blotto, 1h, RT 1/1,000 

GLUR2 Abcam; ab206293; N/A 10 rabbit 5% blotto, 1h, RT 1/2000 

NMDAR1 ThermoFisher Scientific; 32-0500; 
AB_2533060 10 mouse 5% blotto, 1h, RT 1/500 

PSD95 Abcam; ab2723; AB_303248 10 mouse 5% blotto, 1h, RT 1/1000 

PVALB Millipore; MAB1572; AB_2174013 12 mouse 2.5 BSA, 1h, RT 1/500 
N/A, not applicable; RT, room temperature.  
 
 
Table S7. Sequences of MBNL1 and MBNL2 shRNA (related to Figure 5). 
 

Gene Sequence Complementary sequence 
MBNL1 AACACGGAAUGUAAAUUUGCA TT UGCAAAUUUACAUUCCGUGUUTT 
MBNL2 CACCGUAACCGUUUGUAUTT CAUACAAACGGUUACGGUTT 

 
  



 

 

SUPPLEMENTAL FIGURES 
 
 
 

 
 
 
Figure S1. RNA foci, splicing and CELF protein levels in DMSXL cerebellum (related to Figure 1). (A) FISH 
detection of RNA foci (red) and immunofluorescence of MBNL1 and MBNL2 (green) in WT and DMSXL mouse 
cerebellum. The scale bar represents 10 µm. PC, Purkinje cells; ML, molecular layer. (B) RT-PCR expression analysis of 
RNA transcripts primarily expressed in Purkinje cells (calbindin 1, Calb1) and in Bergmann glia (Glast), to confirm the 
nature of the cells collected by laser cell microdissection from the cerebellum of WT and DMSXL mice (n=3 animals, each 
genotype). Calb1 transcripts were found predominantly in collected Purkinje cells, while Glast showed higher expression in 
microdissected Bergmann astrocytes. H2O, no DNA control; Cbl, mouse cerebellum tissue control. (C) RT-PCR analysis of 
splicing profiles of Mbnl1 and Mbnl2 mRNA transcripts in the cerebellum of 2-month-old DMSXL and WT mice (n=5, 
each genotype) and in WT newborn animals (P1, pool of 3 animals). The graphs represent the mean PSI (±SEM) of 
alternative exons. (D) To determine the contribution of CELF protein dysregulation to missplicing, we quantified CELF1 
and CELF2 levels in whole cerebellum by western blot (n=4, each genotype). The graphs represent the mean (±SEM) 
relative to normalized WT controls. Only CELF2 was significantly upregulated in DMSXL mice. ß-Actin was used as 
internal control. *P<0.05; Mann-Whitney U test. 
  



 

 

 
 

 
 

 
 
Figure S2. Expression of calcium-binding proteins is not altered in DMSXL cerebellum (related to Figure 2). (A) 
Western blot analysis of key calcium-buffering proteins (calbindin 1, CALB1; calbindin 2/calretinin, CALB2; and 
parvalbumin, PVALB) in the cerebellum of DMSXL mice (n=5), relative to WT controls (n=4). The graphs represent 
average protein levels (±SEM), relative to normalized WT controls. GAPDH was used as loading control. No significant 
difference was found in protein levels in DMSXL cerebellum. (B) Signs of neurodegeneration and histopathology in 
DMSXL cerebellum were investigated by standard hematoxylin-eosin and cresyl violet staining. Proteotoxicity was studied 
by the immunodetection of ubiquitin aggregates. Lower magnification pictures (top panels) do not show evidence of overall 
changes in cerebellum structure, morphology or cell density in DMSXL mice. Higher magnification pictures (bottom 
panels) do not reveal obvious changes in cell morphology, neurodegeneration or ongoing protein stress. FXTAS knock-in 
mouse brains were used as positive controls for the accumulation of ubiquitin-containing protein aggregates. PC, Purkinje 
cell; GL, granular layer; ML, molecular layer. 
  



 

 

 
 

 
Figure S3. GLT1 is downregulated in multiple brain regions of DMSXL mice (related to Figure 3). (A) To assess the 
extent of GLT1 downregulation, we quantified GLT1 protein levels in additional brain regions from 2-month-old mice by 
western blot. GLT1 protein was significantly downregulated in the frontal cortex and brainstem of DMSXL mice, compared 
to WT controls (n=4, each genotype). ß-Actin was used as loading control. (B) Quantification of GLT1 protein levels in 
control DM20 transgenic mice, relative to WT littermates (n=4, each genotype). Overexpression of short DMPK transcripts 
is not sufficient to affect GLT1 steady-state levels. (C) Semi-quantitative analysis of GLT1 immunofluorescence (±SEM) in 
the molecular and granular layers in the cerebellum of two-month-old DMSXL and WT mice. Representative pictures of 
three independent analyses. The same camera acquisition settings were used for both images. (D) Western blot analysis of 
GLAST protein expression in the cerebellum and frontal cortex of DMSXL (n=5) and WT mice (n=4). ß-Tubulin was used 
as loading control. (E) Quantification of GLT1 and GLAST protein steady-state levels in DMSXL and WT primary 
astrocytes (n=7, each genotype). Representative western blot analysis of three technical replicates. Total protein was 
visualized by stain-free protocols and used as loading control. GLT1 show a significant 50% reduction in DMSXL primary 
astrocytes, while GLAST protein levels remain unchanged. (F) Quantification of Bergmann-specific Fabp7 and Sept4 
transcripts in the cerebellum of DMSXL and WT mice (n=6, each group). Graphs represent the mean ± SEM. *P<0.05, 
Mann-Whitney U test.  



 

 

 
 

 
  
 
Figure S4. RNA splicing and GLT1 protein levels in human DM1 brains (related to Figure 4). (A) RT-PCR analysis of 
MBNL1 exon 7 and MBNL1 exon 5 in human cerebellum tissue samples in adult DM1 patients (n=7), relative to non-DM 
controls (n=4). The graphs represent the mean PSI (±SEM) of the alternative exons studied. (B) Quantification of CELF1 
and CELF2 proteins by western blot in the cerebellum of DM1 patients (n=7), relative to non-DM controls (n=4), revealed 
significant upregulation of CELF2, to an extent similar to DMSXL mice. ß-Actin was used as loading control. (C) Western 
blot analysis of GLT1 steady-state levels in the frontal cortex and brainstem of adult DM1 patients and non-DM controls. 
GLT1 is significantly downregulated in DM1 frontal cortex and brainstem. ß-Actin was used as loading control *P<0.05, 
**P<0.01; Mann-Whitney U test. 
  



 

 

 

 
  



 

 

 
 
Figure S5. GLT1 downregulation is not associated with splicing abnormalities and is mediated by MBNL1 
inactivation (related to Figure 5). (A) RT-PCR analysis of full-length GLT1 mRNA, alternative exons and intron inclusion 
in human brains. The top illustration represents the human GLT1 gene with 14 exons and shows the alternative splicing 
events studied. The arrowheads represent the location of the oligonucleotide primers used in the splicing analysis of whole 
transcript, skipping of exon 12 and inclusion intron 10. The results revealed no obvious differences between DM1 (n=6) and 
non-DM cerebella (n=3). (B) RT-PCR analysis of full-length Glt1 mRNA, alternative exon 13 and intron 11 inclusion in the 
cerebellum of 2-month-old mice. The location of oligonucleotide primers (arrowheads) is indicated on the mouse gene. 
DMSXL cerebellum did not show obvious missplicing events, compared to WT controls (n=4, each genotype). (C) MBNL1 
and MBNL2 detection by western blot following knocking down of these proteins by shRNA in T98G cells. Total protein 
was visualized by stain-free protocols and used as loading control. The graphs represent average protein levels (±SEM) 
relative to normalized scramble shRNA controls. MBNL1 was decreased down to 34% in cells transfected with MBNL1 
shRNA. MBNL2 shRNA-treated cells showed MBNL2 protein levels down to 18% of scramble controls, but a 155% 
compensatory increase of MBNL1. MBNL1 and MBNL2 double knocking-down was more modest that individual 
strategies, resulting in protein levels that were 69% and 48% of those in scramble controls, respectively. (D) Western blot 
expression analysis of MBNL1 and MBNL2 proteins Mbnl1-/-, Mbnl2-/- and Mbnl double knock out (DKO) mice, and in WT 
littermate controls (n=3, each genotype). Mice were aged 3-4 months. Total protein was visualized by stain-free protocols 
and used as loading control. (E) Western blot detection and quantification of MBNL1 and MBNL2 protein levels in primary 
neurons and astrocytes. Decreasing amounts of a protein pool of whole cell lysate from three WT cultures were 
electrophoresed and immunodetected. Both MBNL1 and MBNL2 proteins are more abundant in astrocytes. The graph 
represents the MBNL1/MBNL2 expression ratio in each cell type (mean ± SEM), and shows that MBNL1 relative 
expression is twofold higher in mouse primary astrocytes than in neurons. ß-Tubulin was used as loading control. (F) 
Western blot immunoblotting showing CELF1 and CELF2 upregulation in T98G cells transfected with expressing vectors. 
ß–Tubulin was used as loading control. *P<0.05, **P<0.01; one-way ANOVA in (C) and Mann-Whitney U test in (E). 
  



 

 

 
 

 
 
Figure S6. Glutamate receptor expression in mouse brain tissue (related to Figure 6). Quantification of GRIN1 and 
GRIA2 glutamate receptor subunits in the (A) cerebellum and (B) frontal cortex of 2-month-old DMSXL and WT controls 
(n=5-6, each genotype). Representative western blots of three technical replicates. Total protein was visualized by stain-free 
protocols and used as loading control. The graphs represent the mean (±SEM) relative protein levels, normalized to WT 
controls, and show no significant differences in the expression of glutamate receptors in DMSXL brain tissue. 
 
 
 
 
 

 
 

 
Figure S7. Ceftriaxone upregulates GLT1 but does not change DMPK transcript levels in DMSXL mice (related to 
Figure 7). (A) We confirmed that ceftriaxone increased GLT1 in DMSXL mice to levels undistinguishable from those 
detected in WT controls. Representative western blot analysis of GLT1 levels in the cerebellum of 2-month-old DMSXL 
mice following PBS or ceftriaxone treatment (200 mg/kg, daily i.p. injections, over 5 consecutive days) (n=4, each 
treatment group). WT controls are also shown (n=3). Total protein was visualized by stain-free protocols and used as 
loading control. The graph represents the mean levels of GLT1 protein (±SEM) in the cerebellum of DMSXL mice injected 
with ceftriaxone, PBS and in WT controls. (B) Real-time PCR quantification of expanded DMPK transcripts in the 
cerebellum of DMSXL mice treated with ceftriaxone (n=6) or PBS (n=6) showed no effect of the antibiotic on transgene 
expression. *P<0.05, one-way ANOVA in (A); n.s. not statistically significant, Mann-Whitney U test in (B).   



 

 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES AND METHODS 
 
Mouse genotyping. 
Mouse experiments were performed with wild-type controls of the same litter to reduce inter-individual variability. DMSXL 
transgenic mice were generated and genotyped as previously described (Gomes-Pereira et al., 2007; Hernandez-Hernandez 
et al., 2013). All DMSXL mice used for this work were adult (2-4 months) homozygotes, unless stated otherwise. The 
control DM20 line expresses non-pathogenic 20-CTG tracts (Seznec et al., 2001; Seznec et al., 2000). Glt1 knock-out mice 
on C57BL/6 background (Tanaka et al., 1997) were provided by Prof. Niels Christian Danbolt (University of Oslo, 
Norway). The Glt1 transgenic status was determined by multiplex PCR of tail DNA, using P1-GLT1 (5’-
GGGTTGTAGATGTGTAGAGATGG-3’), P2-GLT1 (5’-CCTGACAGAGATCAGAGCACGT-3’) and P3-GLT1 (5’-
ATTCGCAGCGCATCGCCTTCTA-3’) oligonucleotide primers. Glt1 wild-type alleles generate a 469-bp product, while 
the disrupted allele generates a 210-bp allele. 
 
Fluorescent in situ hybridization (FISH).  
Ribonuclear inclusions were detected with a 5’-Cy3-labelled (CAG)5 PNA probe, as previously described (Huguet et al., 
2012). Immunofluorescence (IF) combined with fluorescent in situ hybridization (FISH) was performed as previously 
described (Hernandez-Hernandez et al., 2013). Antibody references and working dilutions are listed in Table S3. 
 
Laser Capture Microdissection (LCM).  
Purkinje cells and surrounding cells were individually microdissected from one to two-month-old DMSXL and wild-type 
control mouse cerebellum, using a Palm Micro Beam (Carl Zeiss). RNA extraction, cDNA synthesis and RT-PCR analysis 
of candidate genes performed as previously described (Peixoto et al., 2004). Average of 100 Purkinje cells and 300 
surrounding cells were separately collected in triplicate from three DMSXL mice and from three wild-type control mice. 
For each cDNA sample, three replicates of the RT-PCR reactions were performed. The sequences of the oligonucleotide 
primers used in the RT-PCR analysis of Purkinje and Bergmann cells laser microdissected from DMSXL cerebellum are 
listed in Table S4. 
 
RT-PCR analysis of alternative splicing.  
Total RNA was extracted from half mouse cerebellum collected 2-month-old mice, following tissue homogenization with 
stainless steel beads, and using a TRIZOL extraction protocol combined with a commercially available RNA Purification 
Kit, as previously described (Huguet et al., 2012). cDNA synthesis, semi-quantitative RT-PCR analysis of alternative 
splicing and qRT-PCR quantification of DMPK transcripts were performed as described elsewhere (Gomes-Pereira et al., 
2007; Hernandez-Hernandez et al., 2013), using oligonucleotide primers listed in Tables S5. All samples were normalized 
to TATA-binding protein (Tbp) or ß-actin. The Percent of Spliced In (PSI) was used to quantify the splicing level of 
alternative exons: PSI = (intensity of inclusion isoform) / (intensity of inclusion isoform + intensity of exclusion isoform) x 
100. 
 
Western blot analysis.  
Total protein was extracted from 20-30 mg brain tissue dissected from 2-month-old mice, using RIPA buffer (ThermoFisher 
Scientific; 89901), supplemented with 0.05% CHAPS (Sigma; C3023), 1x complete protease inhibitors (Roche; 
04693124001), 1x Phospho STOP phosphatase inhibitors (Roche; 04693124001). Protein concentrations in the supernatants 
were determined using a Bio-Rad DCTM protein assay (Bio-Rad; 500-0114). Protein integrity was checked by Coomassie 
stain of a 10% SDS-polyacrylamide gel. Volumes corresponding to 30-60 µg of protein were mixed with Laemmli sample 
buffer and boiled for 5 min. Proteins were resolved in 10% or 12% SDS-polyacrylamide gels and transferred onto PVDF 
membranes. Following Ponceau red staining to verify the efficiency of protein transfer, membranes were blocked in 1X 
TBS-T (10 mM Tris-HCl, 0.15 M NaCl, 0.05% Tween 20) containing blotto (Santa Cruz Biotech; sc2325) and incubated 
overnight at 4°C with the corresponding primary antibody. After three washes with 1X TBS-T, membranes were incubated 
at room temperature during 1 h with the appropriated HRP-secondary antibody. Primary antibody references, working 
dilutions and blocking conditions are indicated in Table S6. After washing with 1X TBS-T, antibody binding was 
visualized by chemiluminiscence (PerkinElmer). Densitometric analysis with Quantity One® 1D Analysis Software (Bio-
Rad) has been performed to quantify signal intensity. Quantitative western blot results are represented as means of steady-
state levels (±SEM) in transgenic animals, relative to normalized controls. Total protein electrophoresed through thialo-
containing polyacrylamide gels (Bio-Rad) was visualized under UV light. 
Electrophysiological and behavioral assessment.  
In vivo electrophysiological study in alert mice. Two-month old DMSXL and control mice were surgically prepared for 
chronic recording of neuronal activity in the cerebellum. The experimental session for extracellular recording of Purkinje 
cells (PCs) activity and local field potential (LFP) analysis in the cerebellar cortex was performed as previously described 



 

 

(Cheron et al., 2004). The strength of the rhythmicity was quantified with a rhythm index (Cheron et al., 2004; Sugihara and 
Furukawa, 1995). 
The runway test. Motor coordination was examined by the runway test as previously described (Servais and Cheron, 2005). 
In this test, 3-4 month old DMSXL (n=20) and control (n=21) mice, male and females included, ran along an elevated 
runway with low obstacles intended to impede progress. The runway was 100 cm long and 0.7 cm width. Obstacles being of 
1 cm diameter wood rod and 0.7 cm width were placed every 10 cm along the runway. Mice were placed on one extremity 
of the runway and had to move along the runway to reach the other end. The number of slips of the right hind leg was 
counted. Each mouse underwent four consecutive trials per day during 5 consecutive days. The test was repeated following 
a test-free period of three weeks, over one day (four consecutive trials), to assess the learning capacity of mice. 
 
iTraq proteomics analysis.  
The analysis of mouse brain proteome by isobaric tagging for relative and absolute quantifications (iTRAQ) mass 
spectrometry was performed on individual DMSXL and wild-type male mice, aged 2 months (n=4 per genotype, for whole 
cell proteins extracts; n=2 for membrane bound protein fraction). Membrane-bound protein fractions were purified from 
mouse cerebellum, as previously described (Cox and Emili, 2006).  
iTraq labeling. Protein iTRAQ labeling was performed according to the manufacturer’s instructions (iTRAQ 4plex kit, 
ABSCIEX). Briefly, protein pellets (100 µg) were suspended in 20 µL of 500 mM triethylammonium bicarbonate (TEAB) 
and 1 µL of 2% SDS, they were then reduced with 2 µL of 50 mM tris-(2-carboxyethyl) phosphine (TCEP) for 1h at 60°C 
and finally alkylated with 1 µL of 200 mM methyl methanethiosulfonate (MMTS) for 10 min at room temperature. Proteins 
were digested with 2 µg of sequencing grade modified trypsin (Promega) for 16h at 37°C. The resulted peptides were 
labeled with iTRAQ reagents and quenched with Milli-Q water. The labeled samples were mixed in a 1:1:1:1 ratio and 
stored at -20°C. 
Sample clean-up by SCX & Sep-Pak. An aliquot of the iTRAQ 4-plex-labeled peptide mixture (100 µg) was cleaned up with 
a cation-exchange cartridge SCX (from ICAT Reagent Kit, ABSCIEX), equilibrated with 10 mM potassium phosphate, pH 
3, 25% acetonitrile. Peptides were eluted with 500 µL of 350 mM potassium chloride, 25% acetonitrile and concentrated in 
a centrifugal evaporator, under vacuum. The sample was reconstituted in 0.1% trifluoroacetic acid and loaded on a Sep-Pak 
cartridge (Waters) for desalting. After washing, the peptides were eluted in 1 mL of 70% acetonitrile- 0.1% trifluoroacetic 
acid and dried in a vacuum concentrator. 
MS/MS Analysis. Nano-LC-MS/MS analysis was performed on an Ultimate 3,000 Rapid Separation Liquid Chromatography 
(RSLC) system (Dionex) coupled to LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). Dried peptides were 
resuspended in 0.1% (v/v) trifluoroacetic acid, 10% acetonitrile, and pre-concentrated on a 75 µm i.d. reversed-phase (RP) 
trapping column and separated with an aqueous-organic gradient (solution “A”: 0.1% formic acid in 5% acetonitrile; 
solution “B”: 0.085% formic acid in 80% (acetonitrile; flow rate 400 nl/min) on a 75 µm RP column (Acclaim PepMap 
RSLC 75 µm x 15 cm, 2 µm, 100Å, Dionex). Samples were eluted using a linear gradient from 5% to 40% solvent B in 190 
min. One FTMS full scan was performed (resolution 60,000; positive polarity; centroid data; scan range 400 to 2,000 m/z) 
and the 10 most intense signals were subjected to MS/MS fragmentation both in the collision-induced dissociation (CID) 
cell and high-energy collision dissociation (HCD) cell for the same precursor ion. CID fragmentation was performed with a 
target value of 5000, collision energy of 35 V, Q value of 0.25 and activation time of 10 ms while HCD was done using a 
target value of 50,000, collision energy of 50 V and activation time of 0.1 ms. LC-MS/MS data were transferred to the 
Proteome Discoverer software v1.2 to create the .mgf file, which was searched against the Mus musculus subset (16547 
sequences) of the UniprotKB/Swissprot database (release 2012_06; 536796 sequences) using the Mascot search engine 
(version 2.2.07; Matrix Science) for protein identification and protein quantification. Fixed modification (iTRAQ 4plex (K) 
and N-terminus) and variable modification (Methylthio (C), Oxidation (M)) were allowed as well as one missed cleavage. 
Monoisotopic peptide mass tolerance was ± 5 ppm (after linear recalibration), and fragment mass tolerance was ± 0.5 Da. 
Filters for protein quantification were set as follow: protein ratio type was “weighted”, normalization was done with 
summed intensities and outliers were removed automatically. Only proteins quantified with at least 2 peptides and with the 
ion score higher than 25 were retained. False discovery rate was less than 2%. Differences between the DMSXL and WT 
proteomes were evaluated by a Mann-Whitney U test (P<0.05), as previously described (Jeanson et al., 2014). To determine 
the most deregulated proteins, the standard deviation of the protein ratios was calculated for each experiment, and the 
Gaussian distributions were normalized. An average threshold was calculated to determine the most upregulated proteins 
(last 20% on the right of the Gaussian) and the most downregulated proteins (first 20% on the left of the Gaussian).  
GO enrichment analysis. Gene Ontology (GO) enrichment analysis of differently expressed proteins was performed using 
the functional annotation tool Database for Annotation, Visualization and Integrated Discovery (DAVID) v.6.7 
(http://david.abcc.ncifcrf.go) (Huang da et al., 2009). GO enrichment analysis integrated the information of the cellular 
components and biological processes associated with the deregulated proteins, to provide a list biological terms organized 
into classes of related genes/proteins. Significant GO terms were identified at a FDR <0.05. 
 



 

 

Fluorescence quantification of GLT1  
Confocal images of WT and DMSXL slices of cerebellum stained on the same glass slide were acquired as z-stacks at the 
40x magnification with a Leica TSC SP8 SMD Confocal microscope, using the same laser power and PMT values. Z 
projections were analyzed using Fiji software (Schindelin et al., 2012) by drawing the granular and molecular layer and 
measuring the integrated density of the regions of interest. 
 
Tissue fractioning for western blot analysis  
Cytosolic and membrane-bound protein were prepared by serial centrifugation of tissue homogenates collected from the 
cerebellum of 2-month-old mice, in isotonic sucrose solution, as previously described (Nishida et al., 2004). The enrichment 
for cytosolic and cell membrane proteins was confirmed by immunodetection of GAPDH and PSD95, respectively.  
 
Glutamate uptake 
Uptake of radioactive glutamate by cultured astrocytes was performed using published methods (Beaule et al., 2009) and 
expressed as fmol of radioactive glutamate per µg of total protein. Glutamate transporter inhibitors were added to the 
medium, to inhibit total glutamate transporter (50 µM TBOA; Bio-Techne, 10/1/2532), GLT1-mediated glutamate transport 
(200 nM WAY-213613; Santa Cruz Biotechnology, sc-203720) or GLAST-mediated glutamate transport (5 µM UCPH 101; 
Santa Cruz Biotechnology, sc-361391) 
 
Fluorescent assay of glutamate neurotoxicity in neuroglial co-cultures 
The co-cultures of neurons and astrocytes were established as previously described (Kaech and Banker, 2006). Briefly, the 
astrocytes were purified from the frontal cortex of P1 mouse embryos and cultured for two weeks in DMEM low glucose 
(31885-023Life Technologies, 31885-023), supplemented with 10% FBS and 0.05 mg/ml gentamycin (Life Technologies; 
15710). E16.5 mouse neurons were dissociated from embryonic frontal cortex in a mixture of trypsin/DNase I and plated in 
Neurobasal-A medium (Life Technologies, 10888022), supplemented with 1X B27 supplement (Life Technologies, 
17504044), 0.5 mM L-Glutamine (Life Technologies, 25030024), 1% antibiotic and antimycotic (Life Technologies, 
15240-096) and 5% FBS. The primary neurons from the WT and DMSXL mice and were infected with NeuroLightRM red 
lentivirus (Essen BioScience, 4584), encoding the mKate2 fluorescent protein under the Synapsin-1 Promoter (MOI=3) four 
hours after plating in serum free neuronal medium. The next day neurons were washed with Neurobasal medium to remove 
the lentivirus and primary astrocytes, cultured two weeks, were plated on top of neurons. Neuronal fluorescence was 
monitored by live cell video-microscopy (IncuCyte Live Cell Analysis System, Essen BioScience), by acquiring phase 
contrast and red fluorescent images each hour, using the Neurotrack module of acquisition and measurement of neurite 
extension. On day 8 of the mixed cultures, 50 µM of glutamate were added to the medium and neurite collapse monitored 
for 12-24 hours. If used, glutamate receptor antagonists were also added on day 8, together with glutamate (10 µM CNQX, 
antagonist of AMPA receptors, Abcam, ab120017; 10 µM (+)-MK 801 maleate, antagonist of NMDA receptors, Abcam, 
ab144485). The rate of neurite collapse was expressed as mm of length change, per mm2 of surface studied, per day. For the 
rescuing assays, GLT1 was upregulated 30 hours prior to the assessment of glutamate neurotoxicity, either by transfection 
of GLT1-GFP-expressing plasmids (provided by Dr. Nicolas Reyes, Institute Pasteur, Paris, France) or by treating co-
cultures with 10 µM ceftriaxone.  
 
Plasmid and shRNA transfection.  
Cultured cells were transfected with 250 ng/mL to 1.25 µg/mL of plasmid DNA using JetPrime transfection reagent and 
protocol (PolyPlus, 114-75). shRNA was transfected at a final concentration of 200 nM using Lipofectamine RNAiMax 
reagent and protocol (Life Technologies; 13778150). shRNA sequences are shown in the Table S7.  



 

 

Ceftriaxone treatment.  
Mouse intraperitoneal injections of ceftriaxone (Sigma; C5793) in PBS (20 µg/µl) were performed through a 27G needle to 
a final dose of 200 mg/kg. Male and female mice were injected at 2 months of age, daily over a period of five days, prior to 
molecular, electrophysiological and behavioral assessment. Daily injections of ceftriaxone continued during motor 
assessment in the runway test. Treatment control mice were injected with PBS (n=5 per group, including male and females). 
 
Microscope and images processing.  
Images were taken with a fluorescent microscope Zeiss ApoTome 2 or with a Leica TSC SP8 SMD Confocal microscope. 
Images were treated with ImageJ software (Schneider et al., 2012). 
 
Statistical analysis.  
Statistical analyses were performed with Prism (GraphPad Software, Inc), SPSS (v14.0, SPSS Inc©), Statistica (v6.0, 
StaatSoft®) and/or Excel software. When two groups were compared, we first performed a normality test. Parametric data 
were compared using a two-tailed Student’s t-test (with equal or unequal variance, as appropriate). Non-parametric data 
were compared using a two-tailed Mann-Whitney U test. For one-way ANOVA, if statistical significance was achieved, we 
performed post-test analysis to account for multiple comparisons. Statistical significance was set at P<0.05. The data are 
presented as mean ± standard error of the mean (±SEM).  
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V.A. Introduction 
V.A.I Different cell types in the CNS 

The notion that the brain is composed of different discrete neurons was very 

controversial in the 19th century. Among the first discoveries that corroborated this theory was 

the description of the biggest neurons in the brain, the Purkinje neurons of the cerebellum, by 

Johannes Evangelista Purkinje in 1837. The extremely useful silver nitrate staining technique 

developed by Camillo Golgi allowed him to describe in detail neurons in hippocampal and 

cerebellar tissue, around 1873. However he believed that these neurons formed a continuous 

network or reticulum. The detailed description of neurons of different brain regions, and their 

structure and projections, by Santiago Ramon y Cajal around 1888 allowed scientists to 

understand that the nervous system is composed of “absolutely autonomous units” and the 

notion of “neuron”, “axon”, “dendrites” and “synapse” were subsequently developed during the 

last decade of the 19th century (Guillery 2005). The description of non-neuronal nervous tissue 

followed as the new great debate of the century, starting with the description of the neuroglia as 

“nevernkitt” or nerve glue in 1856. The cellular nature of the glia was recognized thanks to the 

description of Henrich Müller in 1851 and Karl Bergmann in 1858 of the non-neuronal cells in 

the retina and cerebellar cortex, respectively, and of Otto Deiters in 1865 of the stellate glial cells 

which could be the astrocytes. Golgi also described stellate neuroglial cells connecting the blood 

vessels to brain parenchyma, while Ramon y Cajal developed the first staining for astrocytes, 

which labeled the glial fibrillary acid protein (GFAP), described the origin of astrocytes from the 

radial glia and demonstrated that they can divide in the brain. The name “astrocyte” was also 

adopted at the end of the 19th century and it was not until the second decade of the 20th century 

that oligodendrocytes and microglia were described, by Pío del Río Hortega (Parpura & 

Verkhratsky 2012; Pérez-Cerdá et al. 2015). Recently a new type of glia has been defined as the 

forth non-neuronal cell type in the CNS: the polydendrocytes or NG2 glia. Although classically 
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considered as oligodendrocytes precursor cells, new contributions to many cellular and 

physiological processes are being described for these cells (Nishiyama et al. 2009; Hill & 

Nishiyama 2014).  

While the neurons are the functional unit of the brain, in charge of receiving and 

transmitting synaptic impulses, glial cells ensure the proper connectivity and functioning of the 

neurons: the astrocytes control the brain homeostatic levels of ions and neurotransmitters and 

form the blood-brain barrier, the oligodendrocytes generate the myelin sheathing that insulates 

the axons allowing rapid conduction of nerve impulse, the polydendrocytes generate 

oligodendrocytes and protoplasmic astrocytes and receive neuronal synaptic inputs and the 

microglia are immunocompetent phagocytic cells that act as the brain immune system (Fig. V.1) 

(Jäkel & Dimou 2017).  

 

 

Figure V.1. Representation 
of different brain cell types. 
Schematic representation of 
different cell types of the brain 
and their interactions: neurons, 
astrocytes, oligodendrocytes 
and microglia (adapted from 
Baumann & Pham-Dinh 2001). 
Polydendrocytes are absent as 
their role and interaction with 
other brain cell is currently 
under investigation.  

 

 

The bases of different brain cell types were thus settled at the beginnings of the 20th 

century and today we know that the human brain contains around 80 billion neuronal cells and 

around the same amount of glial cells, with an overall glial-to-neuron ratio of 1:1, which can be 

higher in the cerebral cortex (3.76:1) and much lower in the cerebellum (0,23:1) (Azevedo et al. 

2009).  
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V.A.II Neuronal cyto-architecture and brain diseases 
Neurons are highly polarized cells showing different cellular domains: a dendritic 

arborization that collects neurotransmitters signals and integrates the synaptic input, the cell body 

where the nucleus is located and an elongated axon that will transmit action potentials to the 

synapse to activate neurotransmitter release. Proper connectivity of presynaptic axon terminals to 

postsynaptic dendritic spines is essential for the neuronal activity, and failure to establish this 

connectivity is linked to many neurological and neuropsychiatric disorders.  

The shape and polarization of the neurons is controlled by the dynamics of the 

cytoskeleton, from the first steps of neuronal development until the fine regulation of dendrite 

spine morphology (Witte & Bradke 2008).  The use of cultured neurons have permitted a better 

understanding of the main cytoskeletal changes that regulate neuronal polarization: 

neuritogenesis starts with the extension of actin-rich lamellipodial and filopodial protrusions, 

from a relatively round neuron, which will outgrow into thin minor neurites. Initially neurites 

show similar length and content in actin and microtubules until eventually one neurite acquires 

axonal specification and starts elongating following a guidance cue, while the remaining neurites 

acquire dendritic markers. The elongation of the axon, through the growth cone, is dependent of 

the polymerization, depolymerization and stability of actin filaments and microtubules, which are 

regulated by numerous cytoskeletal regulatory proteins. Finally, synaptic contacts are established 

between presynaptic axons and postsynaptic dendrites on another neuron to form the neuronal 

network (Fig. V.2) (Menon & Gupton 2016).  

Many neurological disorders have been associated with defective neuronal arborization, 

dendritic spine formation and axonal growth. Among them, patients with autism spectrum 

disorder (ASD) show decreased dendritic branching but increased spine density; patients with 

schizophrenia show lower number and complexity of both dendrites and dendritic spines, as well 

as patients with Down syndrome or Alzheimer’s disease (AD); while patients suffering of the 
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FXS show aberrant dendrite and spines morphology, with long, thin, immature dendritic spines 

(Fig. V.3) (Kulkarni & Firestein 2012).  

 

 

 

 

 

Figure V.2. Developmental stages of a neuron. 
Schematic representations of the differentiation process of a neuron, form a round cell into a highly 
polarized cell, starting with neuritogenesis, neurite outgrowth, axon specification and elongation in 
response to guidance cues, dendrite formation and axon branching, and finishing with spine formation 
and synaptogenesis (Extracted from Menon & Gupton 2016). 

 

 

 

 

 

Figure V.3. Cytoskeletal complexity of 
neurons in neurological diseases. 
Schematic representation of the overall cyto-
architecture of neurons and dendritic spine 
morphology in normal brain compared to 
neurological disorders like autism spectrum 
disorder (ASD), Alzheimer’s disease, 
schizophrenia, FXS, Down syndrome and 
stress and anxiety (Adapted from Kulkarni 
& Firestein 2012). 
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V.A.III The esential role of the astrocytes 
Astrocytes are highly heterogeneous in structure and function and they control almost all 

homeostatic tasks occurring during brain development and functioning. During brain 

development, radial glia differentiates into stellate astrocytes, as well as neurons and 

oligodendrocytes. In some brain regions, like the cortex, radial glia disappears after giving rise to 

stellate astrocytes, while in other brain regions, like the cerebellum, the radial glia remains as what 

we know as Bergmann glia. Two types of stellate astrocytes have been describes in rodent’s brain: 

protoplasmic astrocytes, with a rich and complex morphology, located mostly in the gray matter 

in association with synapses and blood vessels, and fibrous astrocytes, bigger in size but less 

complex, located in the white matter in contact with blood vessels, neuronal axon fibers and 

myelin sheathings (Fig. V.4). In addition, two more varieties of astrocytes have been described in 

the human brain: the interlaminar astroglial, connecting several layers in the cortex; and varicose 

projection astroglia located in layers V-VI of the cortex, which extend long varicose processes to 

contact blood vessels. However the exact function of these two types of primate astrocytes is not 

fully known (Vasile et al. 2017). 

 

 

 

 

 

 

 

Figure V.4. Cytoskeletal heterogeneity of astrocytes. 
Schematic representation of the two main types of astrocytes in mammals brain: protoplasmic astrocytes 
interacting with neuronal synapses and blood vessels, forming the neurovascular units; and fibrous 
astrocytes interacting with neurons’ axon fibers and oligodendrocyte myelin sheathings (Extracted from 
Molofsk et al. 2012). 

 



Chapter V. Patophysiological consequences of the DM1 CTG repeat expansion on neurons and 
astrocytes 

 128 

Astrocytes play an essential role in structural organization of the brain, by forming 

independent neurovascular units, and in synaptogenesis and synaptic maturation and function. 

Astrocytes control synaptic function by secreting tropic factors; uptaking excess 

neurotransmitters, such as glutamate, γ-aminobutyric acid (GABA), glycine and adenosine; and 

supplying neurons with glycine, a glutamate and GABA precursor. They are also involved in 

sensing brain hyperthermia, transporting water and scavenging reactive oxygen species 

(Verkhratsky et al. 2014). 

Protoplasmic astrocytes take part in the tripartite synapse, by structurally enwrapping the 

dendritic spines and presynaptic terminals, and functionally interacting with them, by responding 

to neurotransmitters and releasing gliotransmitters that will modulate the synapse (Perez-Alvarez 

et al. 2014). This association is a fast, dynamic process, in which synapse activity regulates the 

plasticity of astrocytes processes around the synapse and the coverage and motility of the 

astrocytes processes will strengthen the synapse stability (Eroglu & Barres 2015; Lee & MacLean 

2015). Moreover, one sole astrocyte can cover between 20,000 and 120,000 synapses in the 

rodent brain and up to 2 million synapses in human, thus modulating inter-neuronal 

communication and locally integrating information of an extremely large number of synapses 

(Vasile et al. 2017). 

Astrocytes respond to trauma and infection by an heterogeneous process known as 

astrocyte reactivity or astrogliosis: they show an increase in the intermediate filament expression, 

particularly in the glial fibrillary acid protein (GFAP), a progressive cellular hypertrophy and 

increased proliferation. Following an insult that causes neuronal damage, astrocytes will surround 

and isolate the damaged area, thus having a short-term protective effect. However, long-term 

insults such as neurodegeneration can lead to prolonged astrogliosis that will limit functional 

recovery and increase damage in the affected area (Pekny et al. 2016).  

Besides astrogliosis, many neurological diseases are associated with degeneration, loss of 

homeostatic function (asthenia) or pathological remodeling of the astrocytes. In epilepsy, various 
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astrocytic receptors, transporters and voltage channels are affected and synchronization of 

neuronal firing is lost. In HD astrogliosis was reported in association with abnormal expression 

of glutamate transporters and ion channels, resulting in neuronal degeneration (Pekny et al. 

2016). In ALS astrocytes undergo degeneration and functional asthenia through downregulation 

of GLT1 glutamate transporter and atrophic changes are observed in Alzheimer’s disease and in 

major depressive disorders (Verkhratsky & Parpura 2016). Thus, astrocytes represent an essential 

homeostatic and regulatory brain cell type and their dysfunction may contribute to virtually all 

neurological diseases and should be taken into account in the treatment of such diseases.  

 

V.A.IV Defective neuroglial communication in microsatellite-

expansion diseases 
The physical and functional interactions between brain cell types, especially at the 

tripartite synapse, is essential for proper CNS function, and perturbations in cell communication 

are associated with neurological conditions. Some microsatellite expansion disorders illustrate the 

importance of functional interactions between brain cell types.  

Specific contribution of neuronal deregulation has been demonstrated in HD by the 

expression of an expanded CAG sequence in neurons, which led to neurodegeneration and 

induced astrogliosis and apoptosis in the mouse brain (Yu et al. 2003). On the other hand, 

specific expression of CAG repeats in the astrocytes led to reduced levels of GLT1, decreased 

glutamate uptake and increased susceptibility to seizures (Bradford et al. 2009), demonstrating the 

deleterious impact of astrocytes on neuronal electric activity. 

 In FXS mouse models, conditional loss of function of FMRP in hippocampal and 

cortical neurons led to altered dendritic complexity, reduced neuritogenesis and changes in 

synaptic markers (Amiri et al. 2014; Guo et al. 2011). Moreover, primary neurons derived from 

Fmr1 KO mice show abnormal dendritic morphology and synaptic protein expression, which are 
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rescued when co-cultured with WT astrocytes. In contrast, while Fmr1 KO astrocytes 

conditioned medium inhibited dendritic growth of WT neurons, suggesting abnormal neuro-glial 

communication in the FXS. GLT1 expression and glutamate uptake are also reduced in Fmr1 KO 

mice, affecting neuronal excitability (Higashimori et al. 2013; Higashimori et al. 2016) further 

supporting abnormal neuroglial interaction in this disease.  

As research advances in the microsatellite-expansion field it is becoming essential to 

tackle the contribution of neurons, astrocytes and astroglial interaction also to DM1 pathology, 

to better understand the mechanisms behind this devastating disease. 

V.B. Context of the study 
V.B.I Brain cell-specific abnormalities in DM1 

Several histopathological and imaging studies have reported white matter abnormalities, 

discrete neuronal loss, intraneuronal neurofibrillary tangles and moderate gliosis in DM1 brain 

(Meola & Sansone 2007; Gourdon & Meola 2017). However, recent magnetic resonance 

spectroscopy studies found abnormalities in DM1 brain metabolites, suggestive of global 

neuronal impairment, but without gliosis (Takado et al. 2015). Thus, despite continuous 

advancement in the understanding of the DM1 neuropathogenesis, today we still do not know 

the specific contribution of each brain cell type to the neurological symptoms of DM1 patients.  

Our laboratory has previously reported the accumulation of toxic RNA foci in both 

neurons and astrocytes in different brain regions of DMSXL mice and DM1 patients. In addition, 

DMSXL mice exhibit synaptic dysfunction and behavioral and electrophysiological defects, 

associated with abnormal expression and phosphorylation of neuron-specific proteins, like 

RAB3A and SYN1 (Hernandez-Hernandez et al. 2013); as well as and decreased expression of 

the astrocyte-specific glutamate transporter GLT1, associated with Purkinje cell hyperactivity in 

the cerebellum and high excitotoxicity in cell culture (Sicot et al. 2017). The abnormalities in 

neuronal and glial proteins have been confirmed in human DM1 brains, further supporting their 



Chapter V. Patophysiological consequences of the DM1 CTG repeat expansion on neurons and 
astrocytes 

 131 

contribution to DM1 pathology. These results indicate that the CTG repeat expansion affects 

both neurons and astroglial cells and that DM1 neuropathogenesis involves both brain cell types.  

Other laboratories have reported the toxic effects of the CTG expansion on neuronal 

differentiation. The differentiation of PC12 neuronal cell line is impaired by the expression of 

expanded CTG repeats, in association with abnormal expression of microtubule-associated 

proteins 1A, 2 and 6 (Quintero-Mora et al. 2002; Velázquez-Bernardino et al. 2012) thus 

suggesting abnormal neuronal development in DM1 brain.  

V.C. Research objectives 
Despite reports of astrogliosis and white matter abnormalities in DM1 brains (Ono et al. 

1998; Gourdon & Meola 2017) the role of the glia in DM1 neuropathogenesis has not been 

further explored. Today we do not know to which extent individual brain cell types contribute to 

DM1 brain pathology, and which are the molecular mechanisms specifically deregulated in each 

cell type.  

I used DMSXL mice as a source of primary brain cells to investigate the functional 

consequences of the CTG repeat expansion on two individual brain cell types: neurons and 

astrocytes. I have studied the in vitro cellular phenotype of these brain cells, in homogeneous 

cultures, and the neuroglial interaction, in co-cultures of mixed genotypes. Moreover, to better 

understand molecular mechanisms deregulated in each brain cell type I performed a global 

proteomics analysis that revealed novel deregulated pathways that could contribute to DM1 

neuropathogenesis. 

V.D. Results 
The experimental results of this study will be submitted soon for publication to the 

Journal of Neuroscience, and they are presented as so in the following pages. A brief summary of the 

results is presented below: 
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Diana Dincã, Géraldine Sicot, Aline Huguet-Lachon, Cerina Chuuon, Chiara Ida 
Guerrera, Geneviève Gourdon, Mário Gomes-Pereira. GUG RNA toxicity is 
associated with adhesion and migration deficits in astrocytes and abnormal 
neuritogenesis in myotonic dystrophy  

 

To better understand which brain cell type is mostly affected by the CTG repeat 

expansion I used primary neurons and astrocytes derived from DMSXL mouse brain. I started by 

investigating the RNA toxicity signs in these two of the major brain cell types. I observed a 

higher content of CUG foci in primary DMSXL astrocytes compared to neurons, associated with 

increased expression of the DMPK transgene and more severe missplicing in astrocytes. MBNL 

proteins are sequestered by the toxic foci in both cell types while, surprisingly, CELF protein 

levels are not affected.  

I next investigated the consequences of marked RNA toxicity on the phenotype of 

primary DMSXL astrocytes. My results suggest growth defects of the overall astroglial 

population, not associated with a proliferation defects or increased apoptosis. Instead, defective 

population growth was correlated with abnormal adhesion and spreading of the astrocyte 

cytoskeleton. In agreement with these results, DMSXL astrocytes show lower number of focal 

adhesions, defective reorientation of the cytoskeleton and aberrant migration, compared to WT 

cells.  

On the other hand, even if the levels of toxic RNAs are lower, they do affect DMSXL 

neurons development. Primary DMSXL neurons show abnormal neuritogenesis at late time 

points during differentiation. Neuritogenesis defects are further increased by the presence of 

DMSXL astrocytes, suggesting the contribution of abnormal neuroglial interactions to neuronal 

dysfunction. 

To determine which are the deregulated molecular mechanisms associated with the brain 

cell defects described, I performed a global proteomics analysis of WT and DMSXL neurons and 

astrocytes. Interestingly, DMSXL astrocytes show a higher number of deregulated proteins than 

the DMSXL neurons, in accordance with a higher impact of the disease. We next performed a 
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gene ontology (GO) enrichment analysis of the most common biological processes and cell 

compartments associated with the proteins deregulated. Among the top 10 deregulated clusters 

we found cell adhesion and actin cytoskeleton regulation clusters in the astrocytes; while DMSXL 

neurons displayed significant enrichment for clusters that regulate the development of neuron 

projections and dendritic spines.  

Together these results indicate a strong involvement of the astrocytes and neuroglial 

communication impairment to DM1 brain pathology.  

V.E. Discussion 
The pathological contribution of the glia to DM1 pathology has already been reported in 

the cerebellum of DMSXL mice, where the loss of the glial glutamate transporter GLT1 is 

associated with abnormal neuronal activity and impaired motor performance (Sicot 2017). Here I 

report a higher impact of the toxic CUG RNAs on astrocytes, compared to neurons, associated 

with adhesion and cytoskeletal organization abnormalities and functional consequences of the 

astrocytes deregulation on neuronal development. The results of the global proteomics analysis 

performed on homogeneous cultures of neurons and astrocytes, independently, pointed to 

deregulated clusters of proteins that are in agreement with the abnormal phenotypes I have 

described in primary cell cultures. Moreover GO analysis also indicated deregulated protein 

clusters that have been previously suggested by the study of other DM1 models. Such is the case 

for the deregulation of RNA localization within the cells, deregulated in Mbnl1 KO brain, heart 

and muscle; and RNA splicing, deregulated to different extents in all CTG-expressing cells.   

New perspectives arise after these interesting results, to tackle the contribution of the 

neuronal and astroglial abnormalities to DM1 CNS pathology. First, the late neuritogenesis 

defects of DMSXL neurons could result in abnormal synaptic connectivity. The assessment of 

the density and complexity of synapses, both in vitro and in vivo, would give a better insight of the 

cytoskeletal complexity of the neurons in DM1. Second, astrocyte defects of cytoskeletal 
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dynamics could further be investigated by assessing the polymerization and depolymerization 

rates of actin filament and tubulin microtubules. It is conceivable that the cytoskeletal dynamics 

defects of the astrocytes lead to functional abnormalities at the tripartite synapse, which may 

translate in abnormal synaptic activity in different regions of the DM1 brain. Thus synaptic 

activity should further be investigated in DMSXL brains, as well as the dynamics of astroglial 

processes around the synapse. Third, complementary models should also be analyzed to 

determine the reproducibility of the cellular abnormalities observed in DMSXL primary neurons 

and astrocytes. Particularly, CTG-expressing human neurons and astrocytes, either derived from 

induced pluripotent stem cells or from different cell lines, could give further insight on the 

impact of the expanded RNAs on human DM1 brain cells. We are currently waiting for the 

validation of our results in human cell models and/or human tissue samples, to submit our 

manuscript for publication. 

Finally, it is important to understand the contribution of other brain cell types, like 

oligodendrocytes or microglia, to DM1 pathology. The analysis of the effect of the CTG 

expansion on oligodendrocytes physiology is currently being performed in the laboratory. 
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ABSTRACT 

Expanded CTG repeats in myotonic dystrophy type 1 (DM1) brain lead to multiple 

neurological manifestations, but the contribution of each brain cell type to brain dysfunction 

is not fully understood. We have studied the functional consequences of expanded CUG 

RNAs in primary neurons and astrocytes derived from a mouse model of DM1. We identified 

higher RNA toxicity levels in astrocytes compared to neurons, illustrated by a more severe 

missplicing of candidate transcripts. CUG RNA toxicity in astrocytes was associated with 

defective adhesion, cytoskeletal dynamics and migration. Neurons, however, showed late 

neuritogenesis defects, further perturbed by co-culture with DM1 mouse astrocytes. In line 

with the cell phenotypes reported, a global proteomics revealed the deregulation of protein 

clusters that control cell adhesion and cytoskeletal dynamics in astrocytes; and proteins 

implicated in the development of membrane projections in neurons. Our results identified 

novel deregulated pathways and illustrate the role of different cell types in DM1 brain 

pathology   
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INTRODUCTION  
Myotonic dystrophy type 1 (DM1, OMIM160900) is a complex autosomal 

multisystemic disease, affecting many tissues including muscle, heart and brain, in both adults 

and children (Harper 2001). The impairment of central nervous system (CNS) has a 

devastating impact on the quality of life of DM1 patients and their families. CNS-related 

symptoms follow the general anticipation phenomenon of DM1, characterized by increased 

severity and decreased age of onset from one generation to the next (Harper et al. 1992). 

Adult DM1 patients show apathy, avoidant personality, executive dysfunction and 

visuoconstructive impairment, while childhood and juvenile patients show attention deficits, 

social anxiety, communication problems and learning difficulties. Congenital patients show 

the most severe CNS symptoms, including reduced intelligence quotient (IQ), learning 

disabilities, and delayed speech (Gourdon & Meola 2017). Brain imaging studies reveal 

venticulomegaly, cortical atrophy and decreased integrity of the white matter (Mutchnick et 

al. 2016; Yoo et al. 2017), as well as impaired brain connectivity (Serra et al. 2014; Serra, 

Mancini, et al. 2016) in regions related to motor and non-motor clinical features. In spite of 

reports of both white matter and grey matter abnormalities, we still do not know the 

contribution of different brain cell types to CNS dysfunction in DM1. 

DM1 is caused by the abnormal expansion of a CTG trinucleotide in the 3’ 

untranslated region (UTR) of the DMPK gene (Brook et al. 1992). Expansion length varies 

between 50-100 CTG repeats in the late onset form of the disease, up to >1000 CTG repeats 

in the congenital form: larger repeat sizes are associated with a more severe and earlier onset 

form of the disease (Harley et al. 1993). CUG-containing RNAs accumulate in the nucleus of 

the cells under the form of toxic RNA foci, which perturb the localization and function of 

RNA-binding mediators (Pettersson et al. 2015). Among the perturbed mediators, MBNL 

proteins are directly sequestered by the toxic foci, and CELF (CUG-BP and ETR-3-like 

factors) family members are upregulated, possibly through PKCα/βII hyperphosphorylation 

and stabilization (Sicot et al. 2011). In the CNS of DM1 patients both MBNL1 and 2 co-

localize with CUG RNA foci (Jiang et al. 2004); while CELF1 and CELF2 proteins show 

heterogeneous levels of expression among individuals (Dhaenens et al. 2011), with a marked 

upregulation of CELF2 in the frontal cortex (Hernandez-Hernandez et al. 2013). The 

deregulation of these two families of mediators in DM1 perturbs several downstream cellular 

mechanisms, such as alternative splicing, gene transcription and translation, mRNA stability, 

alternative polyadenylation and localization within the cell, as well as miRNA metabolism 
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(Sicot et al. 2011; Chau & Kalsotra 2015; Gourdon & Meola 2017). However we do not know 

to which extent these mechanisms are deregulated in individual brain cell types. It is 

important to study DM1 brain pathogenesis with cell type resolution, to fully understand the 

contribution of different cell types to the overall brain dysfunction, and to help us design 

future means of therapeutic intervention in the CNS. 

To investigate the molecular and cellular mechanisms perturbed by the CTG 

expansion in the CNS, in a cell-specific manner, we have used the DMSXL mice as a 

renewable source of neurons and astrocytes. The transgenic DMSXL mice carry more than 

1500 CTG repeats in the human DMPK locus (Gomes-Pereira et al. 2007), associated with 

toxic RNA foci and missplicing, as well as myotonia, muscle weakness, and cardiac and 

respiratory abnormalities (Huguet et al. 2012; Panaite et al. 2013; Algalarrondo et al. 2015). 

The expression of toxic CUG expansions in the CNS leads to behavioral and 

electrophysiological abnormalities, associated with abnormal expression and phosphorylation 

of synaptic and glial proteins (Hernandez-Hernandez et al. 2013; Sicot et al. 2017). Toxic 

RNAs are observed in both neurons and astrocytes in DMSXL and DM1 brains, suggesting 

that different brain cell types are affected. However we do not know the impact of RNA 

toxicity in the cell physiology of neurons or astrocytes. 

We combined molecular, cellular and global proteomics analyses and found higher 

CUG RNA toxicity in astrocytes than in neurons, associated with the deregulation of adhesion 

and cytoskeleton dynamics and with a negative impact of astrocytes on neuronal growth and 

physiology.  
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MATERIALS AND METHODS 

Transgenic mice. 

DMSXL and DM20 and transgenic mice (>90% C57BL/6 background) carry 45 kb of human 

genomic DNA from a DM1 patient or a healthy control individual, respectively (Seznec et al. 

2000; Gomes-Pereira et al. 2007). The DMSXL mice used in this study carry more than 1500 

CTG repeats, while DM20 mice carry a short DMPK transgene with 20 CTG repeats. 

Transgenic DM20 status assessed as previously reported (Hernandez-Hernandez et al. 2013). 

DMSXL status was assessed by multiplex PCR using the oligonucleotide primers, which 

hybridize the DMPK transgene and the transgene integration site in the mouse Fbxl7 gene: 

FBF (forward, TCCTCAGAAGCACTCATCCG), FBFBR (reverse, 

AACCCTGTATTTGACCCCAG) and FBWDR (reverse, ACCTCCATCCTTTCAGCACC). 

FBF and FBFBR primers hybridize the mouse Fbxl7 gene, amplifying a sequence of 167 bp 

in WT mice. FBWDR primer hybridizes specifically the human DMPK sequence, generating 

a 236 bp PCR product. Sex of the mice was unknown. This project has been conducted 

according to the ARRIVE guidelines (Animal Research: Reporting In Vivo Experiments), 

with the authorization for animal experimentation n° 75 003 in the animal facility with the 

approval n°: B 91 228 107 both delivered by Prefecture de police and the French veterinary 

department. 

 

Human tissue samples.  

Human frontal cortex samples were collected from different laboratories: Dr. Yasuhiro Suzuki 

(Asahikawa Medical Center, Japan) and Dr. Tohru Matsuura (Okayama University, Japan). 

All experiments using human samples were approved by the Ethics Committees of the host 

institutions. Written informed consent specimen use for research was obtained from all 

patients. Information relative to patients was previously described (Hernandez-Hernandez et 

al., 2013a ; Sicot et al 2017). 

 

Primary astrocytes cell culture.  

Primary dissociated cell cultures of cortical astrocytes were prepared from postnatal day 1 

WT and DMSXL mouse littermates. After carefully removing the meninges in Leibovitz´s L-

15 Medium (11415049 – Life Technologies) supplemented with 30µM Glucose (49139 – 

Sigma-Aldrich), the cortices were mechanically dissociated and cultured for 2 weeks in 
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DMEM low glucose (31885-023Life Technologies, 31885-023), supplemented with 10% FBS 

and 0.05 mg/ml gentamycin (Life Technologies; 15710). All experiments were performed 

using 2 weeks-cultured primary astrocytes, unless stated otherwise. 

 

Primary neurons cell culture.  

Primary dissociated cell cultures of cortical neurons were prepared from embryonic 16.5 WT 

and DMSXL littermates. After carefully removing the meninges in Glucose-supplemented 

Leibovitz L-15 medium, the cortices were washed twice with Neuronal medium: Neurobasal-

A (Life Technologies, 10888022), supplemented with 1X B27 supplement (Life 

Technologies, 17504044), 0.5 mM L-Glutamine (Life Technologies, 25030024), 1% 

antibiotic and antimycotic (Life Technologies, 15240-096). Cortices were then incubated 15 

min in Neuronal medium containing Trypsin (Life Technologies, 25300096) and DNAseI 

(Sigma-Aldrich, 11284932001) and washed with Neuronal medium supplemented with 5% 

FBS. After mechanical dissociation, cells were washed twice and counted before plating in 

suitable dishes coated with Poly-D-lysine (Sigma-Aldrich, P6407) and Laminin (Sigma-

Aldrich L2020) in Neuronal medium containing 5% FBS. Medium was changed 4 h after 

plating to Neuronal medium with 100µM AraC (Sigma-Aldrich, C6645-25MG) and without 

FBS to avoid astrocytes proliferation. Half of the medium was changed each 3-4 days. 

 

Fluorescent in situ hybridization (FISH) and Immunofluorescence.  

Primary cells were fixed at 2 weeks in vitro for 15 min in 4% PFA (VWR, J61899.AP) and 

ribonuclear inclusions were detected using a 5’-Cy3-labelled (CAG)5 PNA probe, as 

previously described (Huguet et al. 2012). Immunofluorescence (IF) combined with 

fluorescent in situ hybridization (FISH) was performed as previously described (Hernandez-

Hernandez et al. 2013). Primary antibodies and dilutions used are the following: Tuj1/β-

tubulinIII (Covance, PRB-435P), GFAP (Dako cytomation Z0334), MBNL1 and MBNL2 

(Gift from G. Morris), Vinculin (Sigma-Aldrich V9131), GM130 (BD laboratories 610822) 

and Pericentrin (Covance, PRB432C). 

 

Microscope imaging and image analysis. 

 Images were acquired with a Zeiss ApoTome 2 fluorescent microscope or a Leica SP8 SMD 

confocal microscope (x63 and x40 objectives). RNA foci were counted in 3D stacks using the 
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Spot Detector plugin of the ICY bioimageanalysis open source program 

(http://icy.bioimageanalysis.org). MBNL1 and MBNL2 nucleo-cytoplasmic ratio was 

quantified on confocal images using nuclear DAPI or MBNL signal to create a mask of the 

nucleus and cytoplasm respectively, and to measure the MBNL1 and MBNL2 intensity inside 

the mask. Focal adhesions formation was quantified as previously described (Bruyère et al 

2015), by measuring the number of Vinculin-rich clusters at 3 h post plating on confocal z 

stack projections, after background subtraction using rolling ball method, gamma adjustment 

of 1.4 and analysis of particles between 0.1 and 40µm2. IF and FISH images were treated with 

Fiji - ImageJ software (Schindelin et al. 2012) to create the figures. 

 

RNA isolation, cDNA synthesis and RT-PCR analysis 

RNA extraction was performed with the RNeasy Mini kit (QIAGEN, ref. 74104) following 

the manufacturer’s protocol, with an additional DNAse digestion step (RNase-Free DNase 

Set, QIAGEN, ref. 79254) after the first wash with RW1 buffer. RNA concentration was 

assessed using the NanoDrop and RNA quality was verified by electrophoresis on an agarose 

gel. cDNA synthesis and semi-quantitative reverse-transcriptase PCR analysis of alternative 

splicing were performed as previously described (Hernandez-Hernandez et al. 2013; Sicot et 

al. 2017), using the following oligonucleotide primers. Ank2 exon 17: 

GAACGTGGTTCTCCGATTGT, CGTCTCTGGGGGTATGTCAG; Clasp1 exons 23-25: 

CGCTAAAGTGGTTTCACAGTCCC, TTCTGCTACATCCTCAGTCTGCCG; Mbnl1 exon 

5: TGGTGGGAGAAATGCTGTATGC, GCTGCCCAATACCAGGTCAAC; Mbnl2 exon 5: 

CTTTGGTAAGGGATGAAGAGCAC, ACCGTAACCGTTTGTATGGATTAC; Tanc2: 

exon 23: GCCATGATTGAGCATGTTGACTACGT, CCTCTTCCATCAGCTTG 

CTCAACA; Mapt exons 2 and 3: CACTCTGCTCCAAGACCAAG, TGTCTCCGATGCC 

TGCTTC; Mapt exon 10: CTGAAGCACCAGCCAGGAGG, TGGTCTGTCTTGGCTTT 

GGC; Polr2a: GGCTGTGCGGAAGGCTCTG, TGTCCTGGCG GTTGACCC. 

 

Quantitative RT-PCR. 

Human DMPK, murine Dmpk and 18S internal control transcripts were quantified in a 7300 

Real Time PCR System (Applied Biosystems) using Power SybrGreen detection (Thermo 

Scientific, 4367659) using oligonucleotide primers and conditions previously described 

(Huguet et al. 2012). 
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Western blots 

Proteins from primary cells and mouse and human brain tissues were extracted using RIPA 

buffer (Thermo Scientific, 89901) supplemented with 0,05% CHAPS (Sigma, C3023), 1x 

complete protease inhibitor (Sigma-Aldrich, 04693124001) and 1x PhosSTOP phosphatase 

inhibitor (Sigma 04906845001). Protein concentrations were determined using the Pierce 

BCA Protein Assay Kit  (Thermo Scientific, 23227). Between 10 and 40ug proteins were 

mixed with 2X Laemmli Sample Buffer (Sigma, S3401), denatured for 5 minutes at 95˚C and 

resolved in 10% TGX Stain-Free polyacrylamide gels (Bio-Rad 1610183). After 

electrophoresis gels were activated for 2 minutes under UV light, proteins were transferred 

onto Nitrocellulose membranes using Trans-Blot® Transfer System (Bio-Rad) and total 

protein on the membrane was imaged using the ChemiDoc Imaging System (Bio-Rad). 

Membranes were then blocked in 2.5-5% Blotto non-fat dry milk (Santa Cruz Biotech; 

sc2325) in 1x TBS-T (10mM Tris-HCl, 0,15M NaCl, 0,05% Tween 20) during 1h at room 

temperature (RT) and incubated with the primary antibody over night at 4˚C. After three 

washes in TBS-T membranes were incubated with IRDye® 800CW donkey anti-rabbit (LI-

COR Biosciences, P/N 926-32213) or 680RD donkey anti-mouse (LI-COR Biosciences, P/N 

926-68072) for 1h at RT, washed three times and imaged using LI-COR Odyssey ® CLx 

Imaging System. Band intensity was quantified using Image Studio Lite.  

Primary antibodies: CELF1 (Milipore, 05-621), CELF2 (Sigma-Aldrich, C9367). 

 

Impedance-based real-time monitoring of cell adhesion and growth 

Cell population adhesion and growth was monitored using the xCELLigence RTCA MP 

system (ACEA Biosciences Inc), which measures the electrical impedance of the cells in real 

time, translated into a cell index proportional to the number, surface or adhesion strength of 

the plated cells. Primary neurons (200,000 cells/well) were plated onto Poly-D-lysin and 

Laminin coated E-plates (Ozyme, 5232368001) while primary astrocytes (20,000 cells/well) 

were plated on uncoated E-plates. After a 30-min settling of the cells at RT, impedance was 

measured each 5 minutes during the first 8 h and each 15 min for the following 72 h, inside 

the incubator.  

FACS analysis of astrocytes cell cycle 
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Primary astrocytes were arrested in G0 by completely removing the serum from the culture 

medium for 24 h. After cell cycle release in medium containing 5% of FBS, cells were 

incubated with 10 µM Bromodeoxyuridine (BrdU) (Euromedex, NU-122S) for 1 h, 

trypsinized, fixed O/N in 70% ethanol at -20˚C, and stained with antiBrdU-FITC (BD 

Horizon, 347583) and 3 µM propidium iodide (PI) (Sigma, P4170), before FACS detection of 

BrdU-FITC and PI in 10,000 cells per embryo. Three different biological replicates were 

analyzed per genotype. Cell cycle phases were considered as follows: G1-phase cells are BrdU 

negative with low PI staining (200 intensity units), S-phase cells are BrdU positive and show 

a range of low to high PI intensity (200 to 400 intensity units) and G2/M cells are BrdU 

negative with high PI intensity (400 intensity units). 

 

FACS analysis of astrocytes death 

Cell death was analyzed in astrocytes at 3 days post plating after O/N incubation with DMSO 

(solvent control) or 0.5µM Staurosporine (Euromedex, LS9300-A). Cells were trypsinized, 

counted and 106 cells were stained with a mix of 5% Annexin V-FITC (BD Horizon, 556547) 

to detect apoptotic cells, PI to detect necrotic cells and 2.5 % Cd11b-V450 (BD Horizon, 

560456) to exclude possible microglia contamination. Staining was perforned for 15 min, 

prior to FACS analysis of 10,000 cells per embryo. Six different biological replicates were 

analyzed per genotype. The percentage of AnnexinV-positive, PI-positive WT and DMSXL 

astrocytes (negative for Cd11b staining) was analyzed in DMSO and Staurosporin conditions. 

 

Videomicroscopy monitoring of cells dynamics 

Primary astrocyte adhesion and spreading was monitored using the IncuCyte Zoom video-

microscope (Essen BioScience) after seeding 20,000 cells/well in 96-wells plates and taking 

phase-contrast pictures every 45 minutes. Cell confluence was determined using the IncuCyte 

ZOOM basic analysis method. Cell surface was measured by manual tracing. Cell number 

was counted manually using Image J. Experiments were performed in triplicate. Astrocytes 

migration was assessed using the Cell Migration Assay kit and migration module of the 

IncuCyte followed by manual tracking of the astrocytes using Fiji Manual Tracking plugin 

and quantitative analysis of speed and mean square displacement, using DiPer macro on 

Microsoft Office Excel, as previously described (Gorelik & Gautreau 2014). The 

neuritogenesis of primary neurons was monitored in 30,000 neurons/well, in 96-well plates, 
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using the Neurotrack module of the IncuCyte on phase-contrast images for homogeneous 

neuronal cultures and on red-fluorescent channel images for co-culture experiments with the 

unmarked astrocytes. Pictures were taken every 3 hours. 

 

Primary cells co-culture and imaging.  

Co-cultures of neurons and astrocytes were performed as previously described (Sicot et al 

2017). Briefly, primary neurons were cultured using the above protocol, plated at 30,000 

cells/well and infected 4 h after plating (MOI=3) with NeuroLight Red Lentivirus (Essen 

BioScience, 4584), encoding the mKate fluorescent protein under the Synapsin-1 promoter, in 

serum-free Neuronal medium. The following day neurons are washed with Neuronal medium. 

Mouse primary astrocytes, cultured 2 weeks prior to neurons, were plated on top at a density 

of 50,000 cells/plate. Fluorescent images of co-cultures were acquired every 3 h for a total of 

7 days in vitro (DIV). NeuroTrack analysis module of the IncuCyte Zoom video-microscope  

was used to quantify neurite length and arborization. 

 

Label-free quantitative LC-MS proteomics analysis of homogeneous primary neurons and 

primary astrocytes cultures 

Global proteomics analysis of homogeneous cultures of primary neurons and astrocytes at 2 

weeks in culture were performed as previously described (Andreev et al. 2012) using the high 

resolution high mass accuracy mass spectrometer LTQ Orbitrap. 3 WT and 3 DMSXL 

littermates were studies for each cell type and significance analysis was performed with the 

paired t-test. Significantly deregulated proteins of each cell type (p<0.05) were used to 

perform a Gene Onthology (GO) enrichment analysis using the functional annotation tool 

Database for Annotation, Visualization and Integrated Discovery (DAVID) v.6.7 

(http://david.abcc.ncifcrf.go) (Huang et al. 2009) followed by over-representation clustering 

using GO-Elite software (Zambon et al. 2012) to report sets of GO sets of non-overlapping 

terms. Significant GO terms were identified at a FDR <0.05. 

 

Statistical analysis. 

Statistical analyses were performed with Prism (GraphPad Software, Inc) and data are 

presented as mean ± standard error of the mean (±SEM) or as Tukey box-and-wiskers plots. 

Chi-square test was used to compare categorical variables between two groups. After 

performing a normality test on the numeric variables, we used two-tailed Student’s t-test for 
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parametric data and Mann-Whitney U test for non-parametric data, when two groups were 

compared. When 3 or more groups were compared we performed a one-way ANOVA or 

Repeated-measures ANOVA on parametric data, or Kruskal Wallis test on non-parametric 

data. If statistical significance was achieved, we performed post-test analysis to account for 

multiple comparisons.  
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RESULTS 
 

DM1 RNA toxicity is more pronounced in astrocytes than in neurons 
To assess the impact of the DM1 CTG expansion on different brain cell types, we derived 

primary neurons and astrocytes from the frontal cortex of DMSXL mice and assessed the 

accumulation of expanded DMPK transcripts in nuclear foci (Fig. 1A). Nuclear foci were 

present in a significantly higher percentage of DMSXL astrocytes (98.6 % cells) compared to 

the DMSXL neurons (72.8% cells)(p<0.0001, χ2
(1, N=342)=54.79). Moreover, the mean number 

of foci per cell was 3-fold higher in astrocytes than in neurons (p<0.0001, Mann Whitney 

U=3496, nAstro=217, nNeur=125) (Fig. 1B). This higher abundance of toxic RNA foci was 

associated with a 4- to 12-fold higher expression of the human DMPK transgene in DMSXL 

astrocytes relative to DMSXL neurons (p<0,0001, 2-way ANOVA F(1, 12)=399.3) at 6, 12 and 

30 days in vitro (DIV). Interestingly, the DMPK transgene expression profile followed the 

endogenous Dmpk gene in both types of brain cells (Fig. 1C), with a peak of expression at 12 

DIV.  

To investigate the impact of toxic RNA accumulation in brain cells, we assessed the 

sequestration of MBNL proteins by the nuclear foci and studied the expression of CELF1 and 

CELF2 in both cell types. Both DMSXL neurons and astrocytes showed MBNL1 and 

MBNL2 co-localization with expanded CUG foci (Fig. 2A, 2B). Surprisingly, the expression 

of expanded DMPK transcripts was not associated with abnormal levels of CELF1 and 

CELF2, as revealed by western blot quantification of CELF1 and CELF2 protein levels. No 

significant difference was observed between DMSXL and WT neurons (CELF1 p=0.219; 

CELF2 p>0.9999, Wilcoxon matched-pairs signed rank test) or DMSXL and WT astrocytes 

(CELF1 p=0.109; CELF2 p=0.844, Wilcoxon matched-pairs signed rank test) (Fig. 2C, 2D). 

We explored the molecular consequences of MBNL sequestration in individual brain cell 

types through the analysis of candidate alternative splicing exons in primary DMSXL neurons 

and astrocytes.  RT-PCR analysis showed that splicing deregulation was more pronounced in 

DMSXL astrocytes than in DMSXL neurons, relative to WT control cells (Fig. 2E), including 

a marked inclusion of the exon 5 of Mbnl1 and Mbnl2. Since this exon regulates the nuclear 

localization of the MBNL proteins (Tran et al. 2011), we studied the impact of the missplicing 

on the intracellular distribution of MBNL1 and MBNL2 between nucleus and cytoplasm in 

DMSXL astrocytes. In line with the exon 5 missplicing, we found a significant increase in the 

nuclear localization of MBNL2 in DMSXL astrocytes relative to WT controls (Fig. 2F) 
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(MBNL2 p<0.0001, Mann Whitney U=169, nWT=26, nDMSXL=44). MBNL1 distribution 

remained, however, unchanged between genotypes (MBNL1 p=0.224, Mann Whitney U=571, 

nWT=38, nDMSXL=36).  

Together, these data indicate that DMSXL astrocytes express higher levels of expanded CUG-

containing DMPK transcripts, show more pronounced accumulation of toxic RNA foci that 

co-localize with MBNL proteins, and exhibit more severe spliceopathy relative to DMSXL 

neurons.  

 

Primary DMSXL astrocytes show abnormal population dynamics. 
To assess the consequences of RNA toxicity on cell physiology, we studied the global 

population dynamics of DMSXL neurons and astrocytes through the monitoring of growth 

using the xCELLigence Real-Time Cell Analysis technology. xCELLigence uses the 

electrical impedance of the cells to provide real-time, non-invasive, quantitative readouts of 

the adhesion, proliferation and attachment of the cells to the substrate (Atienza et al. 2005). 

While primary DMSXL neurons displayed the same population growth dynamics as WT 

controls over 72 hours in culture (p=0.4858, 2-way RM ANOVA F(1, 10)=0.524), primary 

DMSXL astrocytes showed a significantly lower cell index compared to WT cells (p<0.0001, 

2-way RM ANOVA F(1, 10)=113.8) (Fig. 3A). The lower cell index revealed a growth defect 

of DMSXL astrocytes, which could be accounted for by proliferation problems, increased cell 

death, and/or abnormal adhesion and spreading. We investigated the contribution of each one 

of these factors to the global phenotype of DMSXL astrocytes.  

To analyze the contribution of cell proliferation we synchronized primary astrocytes by serum 

deprivation over 24 h. Following the addition of 5% FBS and cell cycle re-entry, we 

performed a bromodeoxyuridine (BrdU) incorporation and detection assay, combined with 

propidium iodide (PI) counterstaining. Both DMSXL and WT astrocytes showed similar 

distributions in different phases of the cell cycle (p=0.2428, 2-way ANOVA F(1, 12)=1.51), 

excluding the hypothesis of defective cell proliferation in DMSXL astrocyte cultures (Fig. 

3B). We next tested the contribution of cell death by quantifying AnnexinV binding and PI 

incorporation, indicators of early apoptotic and late cell death, respectively. FACS analysis 

revealed no difference between the number of AnnexinV- and PI-positive cells between 

DMSXL and WT astrocytes, in both basal conditions and upon chemical induction of cell 

death by staurosporin (Genotype p=0.747, 2-way ANOVA F(1, 5)=0.116; Treatment p=0.0002, 

2-way ANOVA F(1, 5)=89.54 ) (Fig. 3C).  
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In conclusion, the pronounced molecular features of RNA toxicity in DMSXL astrocytes are 

associated with an overall defect in growth dynamics, with no abnormal proliferation or 

increased cell death. 

 

Primary DMSXL astrocytes exhibit abnormal adhesion and spreading 
Finally, we tested if the lower DMSXL astrocyte cell index is caused by adhesion and/or 

spreading defects. To this end we used live cell videomicroscopy to monitor the adhesion and 

growth of DMSXL astrocytes. Interestingly, even if the same number of cells were initially 

plated and counted 45 min after plating (p=0.1924, unpaired t test t(29)=1.335, nWT=15, 

nDMSXL=16 images ), the DMSXL astrocytes covered a smaller surface of the culture dish, 

when compared to WT controls (Fig. 4A). This difference was detected from an early time 

point (45 min after plating)(p=0.0286, Mann-Whitney U=0, nWT=nDMSXL=4 embryos) and 

persisted through the following hours (p=0.0048, 2-way RM ANOVA F(1, 6)=18.93) (Fig. 4B), 

suggesting defective adhesion and spreading. To verify if the expression of a short DMPK 

transgene could contribute to the adhesion and spreading defects of DMSXL astrocytes we 

have also monitored astrocytes derived from non-affected DM20 control mice (Seznec et al. 

2001). DM20 astrocytes showed no difference in adhesion and spreading compared to WT 

cells, neither at 45 minutes (p=0.310; unpaired t test t(12)=1.061) nor at later time points 

(p=0.847, 2way RM ANOVA F(1, 12)=0.039) (Fig. 4C).  

Given that the same number of DMSXL astrocytes covered less surface than WT cells, we 

assessed if the difference is due to a defective spreading of astrocytes attached to the culture 

dish. To this end we focused on individual cells already attached 45 minutes after plating, and 

measured changes in the cell surface over time. The analysis revealed significantly smaller 

size and slower cytoplasm spreading of individual DMSXL astrocytes from 90 min up to 12 h 

of culture, compared to WT controls (p<0.0001, 2-way RM ANOVA, F(1, 134)=24.82) (Fig. 

4D). 

Since cell spreading is the combined result of continuous focal adhesions (FAs) assembly and 

cytoskeleton reorganization (Khalili & Ahmad 2015), we have measured FA assembly by 

immunofluorescent staining of vinculin clusters, which serve as structural link between the 

astrocyte actin cytoskeleton and the extracellular matrix (ECM). Cell surface measurement 

based on the actin fluorescent signal confirmed reduced DMSXL astrocyte surface at 3 h of 

culture (Fig. 4E) (p=0.0003, Mann Whitney U=143331, nWT=538, nDMSXL=608). More 

interestingly, the quantification of vinculin clusters indicated a significantly lower number of 
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FAs per cell (p=0.014, unpaired t test t(22)=2.656, nWT=12, nDMSXL=12 images), suggesting 

defective establishment of FAs.   

Taken together these results indicate that the growth dynamics defect of DMSXL astrocytes is 

associated with defective adhesion and cell spreading, in response to the CTG repeat 

expansion. 

 

Cytoskeleton reorientation and cell migration are also affected in DMSXL 

astrocytes 
Defects in the control of cytoskeleton dynamics and cell adhesion are usually associated with 

abnormal cell polarization and motility (Webb et al. 2002) in different cell types, including 

astrocytes (Etienne-Manneville 2006). We tested if decreased FAs in DMSXL astrocytes 

affected cell migration in a wound-healing assay, in which cells undergo polarization 

perpendicularly to the wound, through the reorientation of the Golgi apparatus and the 

centrosome. During this process the centrosome relocates between the nucleus and the edge of 

migration to act as a microtubule-organizing center (MTOC), before the cell engages in 

migration (Etienne-Manneville 2006). We monitored DMSXL astrocytes reorientation 

through immunofluorescence staining of the Golgi apparatus and centrosome, and found a 

mild but significant defect in DMSXL astrocytes polarization compared to WT cells, 8 h after 

the wound (Fig. 5A) (p=0.0004, χ2
(1, N=5118)=12.71). We examined the impact of the defective 

cell reorientation on the migration pattern by time-lapse videomicroscopy and tracking of the 

migration path of individual astrocytes. DMSXL astrocytes migrated at a higher speed over 

54 h of wound closure (p=<0.0001, unpaired t test t(76)=4.172, nWT=39, nDMSXL=39 cells) and 

showed a higher mean square displacement (p<0.0001, 2-way RM ANOVA, F(1, 3876)=760.4), 

indicating that they explored more surface area over time to reach the same final point, 

relative to WT astrocytes (Fig. 5B).  

In conclusion, the detailed analysis cell adhesion phenotype revealed abnormalities in the 

spreading, polarization and migration of DMSXL astrocytes, likely mediated by the impact of 

the CTG expansion on the formation of focal adhesions and the fine control of the 

cytoskeleton dynamics. 

 

Primary DMSXL neurons show mild neuritogenesis defects. 
Global population analysis of primary neurons growth by xCELLigence technology did not 

show an overall difference between DMSXL and WT neurons over 72 h of culture (Fig. 3A). 
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However, xCELLigence impedance measurements do not allow monitoring the maturation of 

individual neurons, and the branching of fine neurites. To further investigate the influence of 

the toxic RNA expansion on neuronal physiology we monitored primary neuron growth and 

neuritogenesis by time-lapse videomicroscopy, over longer periods of time. Bright field 

tracking of the neurite growth through the first 7 DIV revealed that DMSXL neurites grew 

18.8% slower than WT neurites (p=0.0063, unpaired t test t(3.96)=5.281, nWT=3, nDMSXL=3 

embryos) (Fig. 6A), which translated into significantly reduced neurite length from 4.5 DIV 

onwards (genotype p=0.122, 2-way ANOVA F(1, 2)=6.756; Bonferroni’s multiple comparison 

p4DIV=0.185, p4,5DIV=0.023, p5DIV=0.003, p5,5DIV=0.0002, p6-7DIV< 0.001). The DMSXL defect 

in late neuritogenesis was confirmed by the analysis of fluorescently labeled primary neurons, 

expressing mKate2 fluorescent protein under the Synapsin promoter (Fig. 6B). Monitoring of 

fluorescent neurites revealed a significant 25.8% reduction in the growth rate of DMSXL 

neurons compared to the WT controls (p=0.0061, unpaired t test t(3.68)=5.681, nWT=3, 

nDMSXL=3 embryos).  

These results indicate that CUG RNA toxicity in primary DMSXL neurons has a negative 

impact on neurite arborization at late time points in culture. 

 

DMSXL astrocytes enhance the neuritogenesis defects of the primary 

neurons. 
We then tested if DMSXL astrocytes perturbed neuronal development and physiology. To this 

end we monitored neuritogenesis of DMSXL and WT neurons co-cultured with astrocytes of 

either genotype (Fig. 7A). Fluorescent time-lapse videomicroscopy of neurite growth revealed 

a significant reduction of 30.3% in DMSXL/DMSXL co-cultures, relative to WT/WT controls 

(p<0,0001, t(84)=4.589, Holm-Sidack’s multiple comparisons test), confirming the defective 

neuritogenesis phenotype of DMSXL neurons in the presence of astrocytes of the same 

genotype (Fig. 7B). More importantly, we found a negative impact of DMSXL astrocytes on 

the the physiology of both DMSXL and WT neurons, which resulted in significant lower 

neurite growth rates (WT neurons p=0.0129 t(84)=3.032; DMSXL neurons, p=0.0881 

t(84)=2.034; Holm-Sidack’s multiple comparisons test). Interestingly, the difference in 

neuritogenesis between DMSXL and WT neurons was abolished in the presence of DMSXL 

astrocytes (WT astrocytes, p=0.0369 t(84)=2.554; DMSXL astrocytes p=0.1234 t(84)=1.556; 

Holm-Sidack’s multiple comparisons test) (Fig. 7B), corroborating the dominant effect of 

DMSXL astrocytes on neurite projection development. 
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To conclude, CUG-expressing astrocytes affect the neuronal development and physiology, 

through defective neuroglial interplay. 

 

Proteomic changes suggest deregulation of cell adhesion and cytoskeleton 

dynamics in DMSXL astrocytes and cell polarity in DMSXL neurons. 
To determine the molecular pathways deregulated in each brain cell type in response to the 

CTG trinucleotide expansion we performed a global proteomics analysis to identify protein 

expression changes in primary DMSXL neurons and astrocytes. Overall, the primary DMSXL 

astrocytes showed a higher number of significantly deregulated proteins (376 proteins) 

compared to the primary DMSXL neurons (199 proteins) (paired t-test, p<0.05). We used the 

Gene-Elite tool (reference) to perform a gene ontology (GO) enrichment analysis of over-

represented “biological processes” and “cell compartments. The results indicated that proteins 

involved in cell adhesion mediated by integrins and in actin-filament based processes were 

among the top 10 non-redundant clusters of deregulated proteins in DMSXL astrocytes. 

Interestingly, deregulated proteins were predominantly associated with actin-based structures, 

like filopodia and microvilli, as well as cell-cell and cell-substrate junctions. These results 

were coherent with the adhesion, spreading, repolarization and migration phenotypes of 

DMSXL astrocytes (Fig. 8A). Primary DMSXL neurons showed enrichment for the 

deregulation of proteins involved in the regulation of cell polarity, neuron projection 

development and intracellular transport, which were predominantly located in compartments 

like the dendritic spines and shafts. Similarly, changes in DMSXL neuron proteome likely 

contribute to neuritogenesis defects (Fig. 8B). 

 Both astroglial and neuronal proteome are deregulated in response to the CTG 

expansion and global proteomics analysis revealed relevant clusters of proteins related to the 

cellular abnormalities observed in DMSXL neurons and astrocytes.  
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DISCUSSION 

In the present study we have investigated the effect of DM1 toxic RNAs on neuronal 

and astroglial cell physiology. Our results indicate that RNA toxicity is more pronounced in 

astrocytes than in neurons, as illustrated by the higher foci content and more severe splicing 

abnormalities. As a consequence DMSXL astrocytes show adhesion, spreading, reorientation 

and migration defects, while DMSXL neurons show late neuritogenesis defects further 

aggravated by the presence of DMSXL astrocytes. Global proteomics analysis indicated the 

abnormal expression of proteins involved in adhesion and cytoskeleton dynamics in DMSXL 

astrocytes, and in the regulation of neurite projection in DMSXL neurons. In both cases, 

protein expression changes are in line with the cellular phenotypes described. 

Both DMSXL neurons and DMSXL astrocytes show nuclear CUG foci accumulation 

and sequestration of MBNL proteins, as previously reported in DMSXL mice (Hernandez-

Hernandez et al. 2013; Sicot et al. 2017) and human DM1 brains (Jiang et al. 2004; Michel et 

al. 2015). Interestingly, the presence and density of the toxic RNA foci is higher in astrocytes 

compared to neurons, in association with a higher expression of the DMPK transgene. As a 

consequence, splicing abnormalities of candidate transcripts are more pronounced in DMSXL 

astrocytes than in DMSXL neurons. This is particularly true for MBNL-dependent alternative 

splicing events, such as Clasp1, Tanc2 and Mbnl1. The marked splicing switch in the exon 5 

of Mbnl2 is associated with increased nuclear localization of MBNL2 in the nucleus of the 

astrocytes, consistent with the involvement of this exon in protein nuclear localization, and 

demonstrating the functional impact of the missplicing event. Interestingly, most of the 

studied transcripts show a different splicing profile between WT neurons and WT astrocytes, 

illustrating the differential regulation of mRNA isoforms in these two brain cell types. 

However the functional implication of this variation remains to be further investigated. 

CTG repeat expansion toxicity leads to marked astrocytes phenotypes, including 

decreased adhesion, cytoskeletal spreading, reorientation and migration defects, without 

influencing proliferation or cell death. Importantly, adhesion defects are not present in 

astrocytes overexpressing short DMPK transcripts. These results demonstrate the causative 

role of the CUG RNA repeat expansion in the development of these cell abnormalities.  

Cell adhesion in vitro starts with the sedimentation and electrostatic attachment of the 

round cell to the extracellular matrix, followed by a flattening and attachment of the cell to 

the ECM via the integrin receptors, which cluster and activate Rho GTPase family members 
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to induce the assembly of focal adhesions (FAs) and actin stress fibers, leading to stable 

adhesion and cell spreading (Khalili & Ahmad 2015).  Correct establishment of FAs is thus 

essential to provide mechanical anchorage and intracellular signaling for proper cell 

connectivity and cell migration (Wickstrom et al. 2011; Tang & Gerlach 2017) and the low 

number of FAs in DMSXL astrocytes could contribute to the migration abnormalities. FAs 

formation depends on the correct clustering of integrins, and abnormal integrins expression 

and localization has been linked to neurological abnormalities such as anxiety, stress, spatial 

and working memory defects and autism spectrum disorder (Park & Goda 2016). Moreover, 

actin cytoskeleton motility drives fast remodeling of astrocyte processes at the tripartite 

synapse, controlling the synaptic plasticity, and thus learning and memory, through a dynamic 

neuroglial interplay (Haber et al. 2006; Perez-Alvarez et al. 2014). Abnormal cytoskeleton 

dynamics of the astrocytes can therefore impact the physiological functioning of the tripartite 

synapse. 

Primary DMSXL neurons show late neuritogenesis defects associated with milder 

signs of RNA toxicity, in agreement with previous studies reporting defective neuronal 

differentiation induced by the CTG expansion (Quintero-Mora 2002). The establishment and 

maintenance of neuronal cell architecture is essential for the correct functioning of the CNS. 

Indeed, defects in dendritic complexity and synaptic changes have been linked to behavior 

and cognitive disorders (Marchisella et al. 2016; Kulkarni & Firestein 2012), and could 

therefore pay a role in the etiology of CNS dysfunction in DM1  

Interestingly, DMSXL neuritogenesis is further perturbed by the presence of DMSXL 

astrocytes suggesting marked abnormalities in neuroglial interplay in DM1 brain cells. 

Previous studies have strongly suggested astroglial dysfunction in DM1 brains. We have 

previously described abundant RNA foci accumulation in the cortical astrocytes of human 

patients and DMSXL mice (Hernandez-Hernandez et al. 2013), as well as in the Bergmann 

glia of the cerebellum (Sicot et al. 2017). The expression of toxic CUG RNA is astrocytes 

results in downregulation of the glial GLT1 glutamate transporter, which affects neuronal 

activity in vivo, and results in increased glutamate neurotoxicity (Sicot et al. 2017). The 

impact of astrocytes on defective neuronal arborization is also observed in FXS (FXS), where 

Fmr1 loss of function in astrocytes induces abnormal dendritic morphology of WT 

hippocampal neurons in co-cultures (Jacobs & Doering 2010; Yang et al. 2012). 

Compromised astrocyte function also impacts neuronal transmission in Huntigton’s disease 

(HD) and amyotrophic lateral sclerosis and frontotemporal dementia (ALS/FTD), where 

decreased expression of the glial specific glutamate transporter GLT1 leads to abnormal 
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neuronal excitability and excitotoxicity (Jiang et al. 2016; Howland et al. 2002; Higashimori 

et al. 2016). In conclusion, abnormal neuroglial interplay in DM1 could exacerbate defective 

neuritogenesis of neurons, and contribute to the neurological symptoms of the disease. 

 An unbiased global proteomics approach revealed that the astrocyte defects in 

adhesion and cytoskeleton dynamics are accompanied by abnormal expression of integrin- 

and actin-related proteins, while primary neurons abnormal neuritogenesis is linked to 

defective expression of cell polarity and neurite projection proteins. Detailed investigation of 

the implication of these molecular events in specific brain cell types will shed light into the 

brain cell-specific deregulated pathways. The integrated comparison with results of other 

global approaches, such as RNAseq, will allow a better understanding of the mechanisms of 

DM1 CNS pathology and pave the way for the identification of pharmacological targets for 

future therapies. 
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FIGURES and LEGENDS 

 
 

Figure 1. DMSXL primary astrocytes show higher toxicity of expanded CUG 

transcripts compared to DMSXL neurons. 

(A) Representative FISH and immunofluorescence (IF) detection of expanded CUG RNAs 
(magenta) in Tuj1-expressing primary DMSXL neurons (green) and GFAP-expressing 
DMSXL astrocytes (green). The scale bar represents 10 µm. (B) Quantification of the 
percentage (± SEM) of primary DMSXL neurons and astrocytes exhibiting RNA foci in the 
nucleus and the average number of foci per nucleus in both cell types (nAstro=217, nNeur=125). 
(C) Expression of human DMPK transgene and mouse endogenous Dmpk relative to 18S 
rRNA internal control in primary DMSXL neurons and astrocytes at 6, 12 and 30 days in 
vitro. Data represent means ± SEM, n=3 per group (**** p<0.0001). 
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Figure 2. Both DMSXL neurons and astrocytes show sequestration of MBNL proteins 

and no deregulation of CELF proteins, in association with splicing abnormalities. 

(A) FISH of RNA foci (magenta) combined with IF detection of MBNL1 and MBNL2 
(green) in primary neurons and (B) primary astrocytes. (C) Western blot quantification of 
CELF 1 and CELF 2 levels in neurons and astrocytes (n=7 independent cultures per group). 
(D) Representative RT-PCR splicing analysis of Ank2 exon 17, Clasp1 exons 23 and 25, 
Mbnl1 exon 5, Mbnl2 exon 5, Tanc2 exon23 and Mapt exon 2 and exon 10, in primary 
neurons and primary astrocytes at 2 weeks in vitro (n=3 independent cultures per group). (E) 
IF analysis of the nucleo-cytoplasmic localization of MBNL1 and MBNL2 in primary 
astrocytes (MBNL1 nWT=38, nDMSXL=36; MBNL2 nWT=26, nDMSXL=44). The scale bars 
represent 10 µm. Data represents means ± SEM (**** p<0.0001).  
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Figure 3. DMSXL astrocytes show abnormal population dynamics, no associated with 

defective proliferation or death. 

(A) xCELLigence cell index measurement of adhesion and growth of primary neurons 
(200,000 cells/well, n=6 embryos per genotype) and primary astrocytes (100,000 cells/well, 
n=2 embryos per genotype, representative of 3 independent experiments). (B) Quantification 
of the percentage of DMSXL and WT astrocytes in G1, S and G2/M phases of the cell cycle 
by FACS analysis of DNA content (PI levels) and DNA synthesis (BrdU incorporation) (n=3 
embryos per group). (C) FACS analysis of DMSXL and WT astrocyte cell death by the 
quantification of AnnxV+ (apoptotic) and PI+ (necrotic) cells in solvent control (DMSO) and 
in the presence of death-inducing Staurosporin (Saurosp) (n=6 embryos per group). Data are 
represented as mean ± SEM (**** p<0.0001). 
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Figure 4. Primary DMSXL astrocytes show adhesion and spreading defects associated 

with low number of FAs.  

 (A) Videomicroscopy quantification of the number of living DMSXL and WT astrocytes 
attached 45 min after plating (nWT=15, nDMSXL=16 images) and (B) cell confluence from 
45 min up to 50 h in vitro (nWT=nDMSXL=4 embryos).  (C) Quantification of the confluence of 
DM20 and WT astrocytes from 45 min after plating up to 50 h in culture (nWT=nDMSXL=3 
embryos). (D) Representative time-lapse bright field images and quantification of the surface 
of primary astrocytes attached from 45 min up to 12 h after plating (nWT=72, nDMSXL=64 cells) 
Scale bar corresponds to 50 µm. (E) Immunofluorescence images of vinculin-rich FAs and 
actin cytoskeleton of DMSXL and WT astrocytes following 3 h in culture. Quantification of 
the cell surface based on actin fluorescence (nWT=538, nDMSXL=608 cells). Quantification of 
FAs per cell, based on vinculin staining (nWT=12, nDMSXL=12 images). Scale bar corresponds 
to 50 µm (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Figure 5. Primary DMSXL astrocytes show abnormal cytoskeleton polarization and 

migration.  

(A) Analysis of MTOC and Golgi apparatus through the immunofluorescent labeling of 
pericentrin and GM130, respectively, 8 h after wound-induced migration. Percentage of cells 
with correct orientation (illustrated in the drawing) in DMSXL and WT astrocyte cultures 
(nWT=2456, nDMSXL=2662 cells). Scale bar represents 10 µm. (D) Time-lapse 
videomicroscopy migration tracking plots of individual DMSXL and WT astrocytes over 
54 h, until complete wound closure. Quantification of average cell speed and mean square 
displacement of the astrocytes during migration (nWT=39, nDMSXL=39 cells). Data are 
represented as mean ± SEM (*** p<0.001, **** p<0.0001). 
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Figure 6.  Primary DMSXL neurons show late neuritogenesis defects. 

(A) Representative brightfield images of DMSXL and WT neurons at 4 and 7 DIV, showing 
neurite arborization in culture. Quantification of the speed of neurite growth and neurite 
length over 7 DIV (nWT=3, nDMSXL=3 embryos). (B) Representative images of red fluorescent 
neurons in the same DMSXL and WT cultures at 4 and 7DIV. Quantification of the speed of 
neurite growth by time-lapse videomicroscopy (nWT=3, nDMSXL=3 embryos). Scale bar 
represents 50 µm. Experiments were performed in triplicate (** p<0.01). 
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Figure 7.  DMSXL astrocytes have a negative impact on neuronal neuritogenesis. 

(A) Representative images of mKate2-expressing red fluorescent DMSXL and WT neurons 
co-cultured with unmarked DMSXL and WT astrocytes. (B) Quantification of the impact of 
astrocyte genotype on DMSXL and WT neurite growth in 4 independent co-culture 
experiments (nWT=nDMSXL=22 embryos). Scale bar represents 50 µm (*p<0.05, ** p<0.01, 
*** p<0.001, **** p<0.0001). 
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Figure 8. DMSXL primary neurons and astrocytes show deregulation of clusters of 

proteins relevant for the cellular phenotypes observed. 

(A) GO enrichment analysis followed by GO-Elite over-representation of biological processes 
and cellular compartments associated with proteins deregulated in DMSXL astrocytes and (B) 
in DMSXL neurons. Representation of the 10 non-redundant terms showing the highest 
percentage of proteins deregulated. The enrichment score of each term (Z-score) is also 
presented. 
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VI.A. Introduction 
VI.A.I Role of the main kinases in brain function 

As discussed in the previous chapters, proper brain development and function is achieved 

by finely regulating the availability and function of proteins involved in different signaling 

pathways. Together these pathways ensure the structural organization of neuronal networks and 

synaptic transmission. Many protein kinases are involved in this fine regulation, by activating or 

inhibiting the function of downstream targets through phosphorylation. Among them, glycogen 

synthase kinase 3 (GSK3) and cyclin-dependent kinase 5 (CDK5) play major roles in the 

regulation of neuronal development and migration, synaptic signaling, learning and memory 

(Salcedo-Tello et al. 2011; Kawauchi 2014). 

VI.A.II GSK3β regulation and involvement in brain pathology 

GSK3 comprises two paralogs, GSK3α and GSK3β, which are highly similar in their 

catalytic domain. GSK3 is constitutively active within the cells and phosphorylated on Tyr279 in 

GSK3α and Tyr216 in GSK3β, through the activation of tyrosine kinase cell surface receptors 

(RTKs) signaling pathways or by autophosphorylation. Its activity can be inhibited by the 

phosphorylation of an N-terminal serine residue (Ser21 for GSK3α, and Ser9 for GSK3β) by 

AKT, PKC, PKA, p70S6K and p90RSK (Salcedo-Tello et al. 2011). An additional inhibitory site 

has been described for GSK3β on Ser389, directly phosphorylated by p38 MAPK (Thornton et 

al. 2008). GSK3 activity regulates neuronal proliferation and survival, differentiation, 

neuritogenesis and morphology, as well as neurotransmission (Cole 2012). Altered GSK3 activity 

has been linked to Alzheimer’s disease (AD), in association with Tau hyperphosphorylation and 

increased production of amyloid-β; and schizophrenia, through interaction with DISC1, among 

other neurological diseases. Lithium has been used as a treatment for some of these diseases, 

given its inhibitory effect on GSK3 (Medina & Wandosell 2011).  
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VI.A.III CDK5 regulation, function and disease involvement 
CDK5 is a serine/threonine kinase highly active in neural tissue but less involved in 

proliferation and cell cycling, compared to other CDK family members. CDK5 becomes active 

upon association with the neuron-specific activators p35 and p39. Phosphorylation of the Tyr15 

of CDK5 by Src-related tyrosine kinases further increases the activity of this kinase (Lopes & 

Agostinho 2011). Functional analysis revealed the implication of CDK5 in cytoskeletal 

organization, membrane trafficking, neuronal differentiation and cell cycle exit, neuronal 

migration and synaptic plasticity (Kawauchi 2014). CDK5 deregulation has also been linked to 

AD in association with Tau hyperphosphorylation and increased production of amyloid β; 

Parkinson’s disease, through different mechanisms that include oxidative stress, mitochondrial 

abnormalities and deregulation of autophagy; as well as in HD, through a reduction in the 

protective phosphorylation of huntingtin (Cheung et al. 2006). 

VI.B. Context of the study 
VI.B.I Abnormal protein phosphorylation in DM1 

Several proteins have shown phosphorylation abnormalities in DM1, in association with 

expression or activity defects. A deeper characterization of the DM1 phosphoproteome will 

provide a global view of phosphorylation defects in this condition, and will lead to a better 

understanding of the molecular pathways deregulated in response to the CTG expansion. 

VI.B.II CELF proteins 
CELF1 (CUG-BP1) is upregulated in DM1 skeletal muscle (Savkur et al. 2001), heart 

(Timchenko et al. 2001), DM1 myoblasts (Dansithong et al. 2005) and DM1 brain (Hernandez-

Hernandez et al. 2013). CELF1 upregulation is correlated with protein hyperphosphorylation in 

DM1 heart and myoblasts, in the nuclear fraction of COS cells expressing DMPK mRNA with 
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960 CTG repeats, in the heart of the EpA960/MCM mice expressing DMPK-CUG960 mRNA, 

and in the frontal cortex and brainstem of DMSXL transgenic mice, expressing more than 1000 

CTG repeats within the human DMPK locus (Kuyumcu-Martinez et al. 2007, Hernandez-

Hernandez et al. 2013). The CUG expansion-induced hyperphosphorylation of CELF1 in the 

heart of DM1 patients and induced EpA960/MCM mice is likely mediated by the activation of 

PKCα/βII, which results in an increased half-life of the CELF1 protein (Kuyumcu-Martinez et 

al. 2007). Interestingly, the steady-state levels of CELF proteins decrease during normal heart and 

brain development (Hernandez-Hernandez et al. 2013; Kalsotra et al. 2008). The increased levels 

of these proteins induced by the CTG expansion contribute to the splicing and translation 

abnormalities observed in DM1 (Dasgupta & Ladd 2012; Ladd 2013; Chau & Kalsotra 

2015)However we still do not know the causal molecular link between the CTG repeat expansion 

and PKC activation. Moreover, other kinases, including CyclinD3-cdk4/6 and AKT, can 

phosphorylate CELF proteins and alter their mRNA-binding and/or translational activity 

(Dasgupta & Ladd 2012). Little is known about the activity and levels of these kinases in DM1. 

VI.B.III Tau protein 
Tau was also found to be abnormally  hyperphosphorylated in DM1 brain samples. DM 

patients show neurofibrillary tangles (NFTs), which consist of intracellular aggregates of 

hyperphosphorylated tau. NFTs are mainly distributed among the hippocampus, enthorinal and 

temporal cortex, and they increase in number with the age of the patients (Kiuchi et al. 1991; 

Vermersch et al. 1996; Sergeant et al. 2001). The hyperphosphorylation of Tau in response to the 

DM1 repeat expansion was further confirmed in PC12 cells expressing 90 CTG repeats, in 

association with increased GSK3β activity (Hernandez-Hernandez et al. 2006). Given the fact 

that Tau is a direct target of GSK3β these results suggest that Tau hyperphosphorylation in DM1 

brains can be caused by an increased activity of GSK3β, which may be specifically deregulated in 

DM1. In line with this hypothesis, increased expression and activity of GSK3β was also reported 
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in DM1 skeletal muscle (Jones et al. 2012) and in DM1 ES-derived neural stem cells (DM1-

NSCs) (Denis et al. 2013). However, the levels and activity of GSK3β have not yet been directly 

investigated in the brain. 

Prior to my arrival to the laboratory, our research group had already found Tau 

hyperphosphorylation in the frontal cortex, brainstem and hippocampus of DMSXL mice (Fig. 

VI.1) on Thr231 and Ser396. Both amino acids are direct targets of GSK3β and their 

hyperphosphorylation decreases Tau ability to bind and stabilize microtubules (Cho & Johnson 

2004). However, defects in the levels and activity of GSK3β had not yet been directly assessed in 

the brain of DMSXL mice or DM1 patients to investigate a possible link between GSK3ß 

deregulation and abnormal Tau metabolism in the CNS. 

 

 

 

 

 

 

Figure VI.1. Tau expression and phosphorylation in the CNS of DMSXL mice. 
Western blot analysis of Tau expression and phosphorylation on Thr231 and Ser396 in the frontal cortex, 
brainstem and hippocampus of DMSXL and WT mice aged 4 months (n=3 for each genotype). Actin and 
total Tau were used as protein loading controls.   

 

VI.B.IV SYN1 protein 
Our laboratory has recently reported the hyperphosphorylation of SYN1 in DM1 brains: 

SYN1. Two amino acids, Ser9 and Ser553, are abnormally hyperphosphorylated in the frontal 

cortex of DM1 patients as well as in different regions of the DMSXL mouse brain. SYN1 

hyperphosphorylation is induced by the CTG expansion, as well as by the upregulation of 

CELF1 and CELF2 alone, while the steady-state levels of SYN1 are not affected (Hernandez-
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Thr231

Ser396

Total
Tau

Actin

Frontal cortex

WT DMSXL

Thr231

Ser396

Total
Tau

Actin

Brainstem

WT DMSXL

Thr231

Ser396

Total
Tau

Actin

Hippocampus

Western blot analysis of MAPT/TAU phosphorylation in the CNS of adult DMSXL 
mice. Antibodies directed against phosphorylated Thr231 and Ser396, revealed 
MAPT/TAU hyperphosphorylation in frontal cortex, brainstem and hippocampus 
of DMSXL homozygotes (n=3) aged four months, relative to wild-type controls 
(n=3). Total Tau and Actin were used as protein loading controls. The migration 
profile of total MAPT/TAU is altered in DMSXL mice as a result of protein hyper-
phosphorylation. 
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Hernandez et al. 2013). However we do not know the nature of the kinase that directly 

hyperphosphorylates SYN1 in DM1 brain. Ser9 is a direct target of PKA and CAMKI/IV while 

Ser553 is phosphorylated by MAPK and CDK5 (Cesca et al. 2010). Among these candidates, 

CDK5 plays a major role in brain development and function, phosphorylates Tau and 

contributes to the formation of NFTs (Duka et al. 2013; Noble et al. 2003)3 

. Yet, CDK5 levels and activity in DM1 brains remain unexplored. Therefore, together 

with GSK3ß, CDK5 presents another interesting candidate kinase to study in DM1 CNS.  

VI.C. Research objectives 
Given the phosphorylation defects observed in different DM1 tissues and cells I 

hypothesized that DM1 brain disease mechanisms may involve global deregulation of key kinases 

and significant changes in the phosphoproteome. I have started to test this hypothesis by the 

analysis of the expression and phosphorylation of two main candidate kinases of interest: GSK3β 

and CDK5. Then, I went one step further and performed a global and unbiased 

phosphoproteomics analysis. Importantly, since kinase levels and activity may vary between 

different brain cell types, global phosphoproteomics was carried out on homogeneous neuronal 

and astroglial cultures to allow for cell type resolution. This approach permitted a better 

characterization of changes in the proteome, associated with the CTG repeat expansion, in 

different brain cell types. 

VI.D. Results 
VI.D.I GSK3β expression and phosphorylation 

The first I analyzed GSK3β, which is abnormally active in DM1 skeletal muscle and 

NSCs. I evaluated the expression and phosphorylation on the Ser9 (inactive form) and Tyr216 

(active form) in the frontal cortex of DMSXL mice. The analysis was performed on young 

DMSXL mice at 1.5 months, and adult DMSXL mice at 6 months, in order to determine if the 
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phosphorylation status of GSK3 varies with age, since an increased activity of GSK3β at later 

stages in life could contribute to disease progression in humans. Quantitative western blot 

revealed no significant differences in the steady-state levels or in the phosphorylation of GSK3β, 

or GSK3α, in the frontal cortex of young and adult DMSXL mice, compared to WT controls 

(Fig. VI.2A, B).  

Figure VI.2. GSK3β  expression and phosphorylation in DMSXL frontal cortex. 
Western blot quantification of GSK3β expression and phosphorylation on Ser9 (pS9) and Tyr216 (pY216) 
residues in the frontal cortex of (A) 1.5-month-old DMSXL (n=6) and WT (n=6) mice and (B) 6-month-
old DMSXL (n=4) and WT (n=5) mice. Phosphorylation levels were normalized to total GSK3β protein 
levels, while total steady-state levels (tot) were normalized to protein load (load) or actin loading control.  
Results are presented as average ± SEM. The membranes on the left are representative immunoblots of 
two to ten technical replicates. 
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CUG expansions is not sufficient to cause overt GSK3β abnormalities detectable in whole 

DMSXL brain tissue samples. However, since the brain contains different cell types, a cell type-

specific defect could be masked by the brain heterogeneity of complex tissue samples. To further 

investigate if GSK3β is deregulated in a cell-specific manner I have analyzed the expression and 

phosphorylation of this kinase in primary neuron and astrocyte cultures derived from the frontal 

cortex of DMSXL mice. Neither primary neurons nor primary astrocytes showed a significant 

difference in GSK3β or GSK3α levels (Fig. VI.3A, B). However, the steady-state levels of 
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GSK3β showed a tendency to an increase of 17% in DMSXL astrocytes, compared to the WT 

(Fig. VI.3B), in contrast to DMSXL neurons that exhibited no such tendency.  

 

 

 

 

 

 

 

 

 
 

Figure VI.3. GSK3β  expression and phosphorylation in DMSXL primary neurons and astrocytes. 
Western blot quantification of GSK3β expression and phosphorylation on Ser9 (pS9) and Tyr216 (pY216) 
residues in (A) primary DMSXL (n=7) and WT (n=7) neurons and (B) primary DMSXL (n=7) and WT 
(n=7) astrocytes. Phosphorylation levels are normalized to total GSK3β and steady-state levels (tot) are 
normalized to protein load (load). Results are presented as average ± SEM. Four technical replicates were 
performed for each cell type. 

 

Following these results two hypotheses emerged: either GSK3β is not altered in the DM1 

CNS or DMSXL mice do not recreate GSK3β defects induced by toxic CUG RNA repeats. 

To distinguish between these two hypotheses, and specifically determine if the DMSXL 

mouse brain recapitulates DM1 GSK3β defects, I have then measured the levels of GSK3β 

directly in the frontal cortex of post-mortem DM1 samples. Like in the DMSXL brain, I have 

found no difference in phosphorylation or expression levels of GSK3β in DM1 frontal cortex, 

when compared to non-DM control samples (Fig. VI.4). Together with the mouse studies, these 

results corroborate the lack of overt changes in GSK3β levels and phosphorylation in DM1 

brain. 
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Figure VI.4. GSK3β  expression and phosphorylation in human DM1 frontal cortex 
Western blot quantification of GSK3β expression and phosphorylation on Ser9 (pS9) and Tyr216 (pY216) 
residues in DM1 patient frontal cortex (n=9) relative to non-DM control individuals (n=4). 
Phosphorylation levels are normalized to total GSK3β and steady-state levels (tot) are normalized to 
protein load (load). Results are presented as average ± SEM. Two technical replicates were performed. 

 

VI.D.II CDK5 expression and phosphorylation 
Following the analysis of GSK3, I then focused on the second candidate kinase selected 

for this study: CDK5. Besides playing a pivotal role in neuronal development and function, 

CDK5 directly phosphorylates SYN1 at the Ser553 residue, as well as Tau at different Ser and 

Thr residues. To check whether CDK5 is deregulated in DM1 brain, I have analyzed steady-state 
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at 4 months of age, the same age when SYN1 hyperphosporylation was detected. CDK5 levels 

and phosphorylation showed no significant differences between DMSXL and WT mice at this 

age. Nonetheless, the CDK5 phosphorylation showed a tendency to a decrease of nearly 25% in 

DMSXL frontal cortex (Fig. VI.5A).  

Similarly, I have studied the parallel between the mouse findings and the human 

condition, through the analysis of the levels of expression and phosphorylation of CDK5 in the 

frontal cortex of DM1 and non-DM individuals. The great variability between samples and the 

poor quality of the immunodetection signal introduced additional difficulties in the quantification 

analysis. Nevertheless, I did not find any statistically significant difference between groups (Fig. 

VI.5B). Interestingly, the steady-state levels of CDK5 appeared to be increased in a few DM1 
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patients, resulting in an overall tendency to increased levels of total CDK5 relative to non-DM1 

controls (Fig. VI.5B). 

 

 

 

 

 

 

 
 

 
 
Figure VI.5. CDK5 expression and phosphorylation in DMSXL and human DM1 frontal cortex. 
Western blot quantification of CDK5 expression and phosphorylation on Tyr15 (pY15) residue in (A) 4 
months DMSXL (n=4) and WT (n=4) frontal cortex and (B) DM1 patients frontal cortex (n=9) relative 
to non-DM control individuals (n=4). Phosphorylation levels were normalized to total CDK5 and steady 
state levels were normalized to loading control – actin or tubulin. Results are presented as average ± SEM. 
Two or three technical replicates were performed. 
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neurons, at 2 weeks in vitro, to understand the possible changes in the DM1 phosphoproteome 

during neuronal development. 

 Neuronal and astroglial proteins were trypsin-digested, enriched in phosphopeptides by 

titanium dioxide chromatography and the resulting peptides were quantified by LQT-Orbitrap 

label-free methods. This type of study allowed the detection of 3882 phosphopeptides in 

undifferentiated neurons, 4238 in differentiated neurons and 4566 in the astrocytes. In the first 

instance I focused on the most important differences in phosphorylation – differences that 

correspond to those cases when the phosphorylation signal is only detected in one of the two 

genotypes (ON/OFF phosphopeptides). In this way I hoped to reveal the most dramatic changes 

and get insight into the most severely affected pathways affected by DM1. In silico analysis 

revealed significantly hyper- or hypophosphorylated peptides in the DMSXL neurons and 

astrocytes compared to the WT. While at 4 DIV the primary DMSXL neurons showed a majority 

of hypo-phosphorylated peptides (63%), at 2 weeks in vitro a switch in the phosphorylation status 

was detected, with 57% of the peptides being abnormally hyperphosphorylated in the DMSXL 

neurons. The latter situation also applies to primary DMSXL astrocytes, with 56% of their 

peptides abnormally hyper-phosphorylated, compared to the WT astrocytes (Table 1). These 

phosphopeptides correspond to 894 deregulated proteins in the undifferentiated neurons, 1002 

proteins in the differentiated neurons and 488 in the astrocytes. 

Table 1. Global summary of the phosphoproteomics analysis 

* Kinase substrate motifs present in more than 10 deregulated phosphopeptides 

 

 Neurons 4 days Neurons 2weeks Astrocytes 

Number of phosphopeptides 3882 4238 4566 

ON/OFF phosphopeptides 
% hyper (P) in DMSXL 
% hypo(P) in DMSXL 

1680 
37% 
63% 

1951 
57% 
43% 

644 
56% 
44% 

Number of proteins 894 1002 488 

Number of kinases * 42 44 39 
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Importantly, the SYN1 and Tau phosphosites previously characterized appear as 

hyperphosphorylated in both undifferentiated and differentiated neurons, thereby validating our 

approach. In contrast, since the expression levels of these proteins are very low in astrocytes, 

they were not detected in primary DMSXL astroglial cultures. In addition, the global proteomics 

analysis did not reveal abnormal phosphorylation of GSK3β and CDK5 in DMSXL primary 

cultures, supporting the western blot results previously described 

The in silico analysis allowed the identification of 39 to 44 different kinase-binding motifs, 

enriched in the deregulated phosphopeptides in each cell population studied (Table VI.1). One 

kinase in particular seems very interesting: casein kinase II binds 10% of the deregulated 

phosphopeptides in all three DMSXL primary cells. Other kinases that bind more than 7% of the 

deregulated phosphopeptides are PKA, PKC, GSK3 following ERK or CDK5 priming, G 

protein-coupled receptor kinase 1 (GRK1) and ERK1,2. The WW domain binding motif, a 

protein-protein interaction domain, also appears abnormally phosphorylated in 9% of the 

neuronal and 7% of the astroglial phosphopeptides pointing to a possible deregulation of the 

protein-protein interactions in DM1 (Fig. VI.6).  

In order to identify the most pertinent clusters of deregulated genes or proteins, either 

involved in common biological processes or sharing the same cellular compartment or molecular 

function, I performed a Gene Ontology (GO) enrichment analysis. GO analysis identifies gene 

sets with high fold enrichment, indicative of a higher presence of a specific gene set in the 

analyzed collection of proteins compared to the proportion of that gene set in the total 

population of proteins in the studied organism (The Gene Onthology Consortium 2000; Huang 

2008). The global analysis of the deregulated GO gene sets involved in common biological 

processes indicated that the majority of proteins belong to the regulation of nucleic acid 

metabolism cluster in the undifferentiated neurons, protein metabolism cluster in the 

differentiated neurons and signal transduction cluster in the astrocytes (Fig. VI.7).
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Figure VI.6. Identification of the most abundant abnormally phosphorylated kinase-binding 
motifs.  
Pie chart representation of the most abundant kinase-binding motifs present in the deregulated 
phosphopeptides identified in (A) undifferentiated DMSXL primary neurons at 4 DIV, (B) differentiated 
DMSXL neurons at 2 weeks in vitro and (C) primary DMSXL astrocytes, when compared to WT 
cultures. Only the kinases binding more than 2% of the deregulated phosphopeptides are represented for 
each condition. 
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Figure VI.7. Main deregulated clusters of gene sets following GO enrichment analysis of biological 
processes. 
Pie chart representation of the proportion of deregulated proteins contributing to a common biological 
process in (A) undifferentiated DMSXL primary neurons at 4 DIV, (B) differentiated DMSXL neurons at 
2 weeks in vitro and (C) primary DMSXL astrocytes, compared to WT cultures. Only the clusters 
containing more than 2% of the deregulated proteins are represented.  
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However the individual gene sets showing the highest fold enrichment do not belong 

necessarily to the cluster with the highest number of proteins. The detailed representation of all 

the significantly enriched gene sets is presented in the supplementary figures S1-S3, at the end of 

this chapter. A simplified GO analysis of the over-enriched non-redundant clusters (GO-Elite, 

Zambon et al. 2012) has revealed the most significant and relevant pathways deregulated in the 

different cell types. Interestingly, proteins involved in cytoskeleton organization and in regulation 

of GTPase activity are among the 10 clusters showing the highest enrichment in all cell types 

pointing to possible common pathways deregulated by the CTG expansion that should be 

studied in priority. In addition, neurotransmitter transport and microtubule organization are also 

enriched in both undifferentiated and differentiated neurons, while actin filament-based 

processes and cellular morphogenesis appear enriched in astrocytes (Fig. VI.8). Together, these 

results suggest a global deregulation of the phosphorylation of proteins controlling the 

cytoskeleton dynamics in DM1.  

VI.E. Discussion 
Phosphorylation abnormalities have been identified in CELF, Tau and SYN1 proteins in 

several DM1 tissues, mouse and cellular models. Kuyumcu-Martinez et. al. report PKC as the 

kinase responsible for the hyperphosphorylation and stabilization of CELF1 in DM1 heart. 

However, previous western blot analyses performed in the laboratory did not reveal obvious 

changes in PKC levels and phosphorylation in the brains of DMSXL mice and human patients. 

But a deeper and detailed quantitative immunodetection must be performed to resolve this 

question, especially because, although CELF1 is upregulated in DM1 brains, we still do not know 

if PKC is the responsible kinase. 

In addition, we do not know the kinases responsible of Tau and SYN1 

hyperphosphorylation in the CNS. Therefore, during my PhD project I have studied the 

expression and phosphorylation levels of two candidate kinases, GSK3β and CDK5, in the  
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Figure VI.8. Gene ontology enrichment 
and over-representation analysis (GO-
Elite) of proteins deregulated in neurons 
and astrocytes. 
Bar chart representation of the 10 most 
deregulated gene sets in undifferentiated 
primary neurons at 4DIV (4 days), 
differentiated neurons at 2 weeks in vitro 
and differentiated astrocytes at 2 weeks in 
vitro. Horizontal bars indicate the number 
of proteins belonging to each gene set (left 
axis) and the red line indicates the fold 
enrichment of each gene set (right axis). 
Only the richest GO categories with at least 
5 deregulated proteins, an adjusted 
enrichment P value lower than 0.05 and 
fold enrichment superior to 5 are included 
in the analysis at the 10 richest clusters are 
presented, ordered by number of proteins 
deregulated.  

 

 

 

 

 

frontal cortex of the DMSXL mice and DM1 patients. My results show no significant 

difference between DMSXL and WT mice, or DM1 and non-DM samples, indicating that the 

hyperphosphorylation of Tau and SYN1 in DM1 brains cannot be explained by abnormalities in 

these two kinases. 

Although GSK3β is upregulated in DM1 skeletal muscle (Jones et al. 2012) and its 

activity is increased in DM1-NSCs (Denis et al. 2013), the levels of this kinase remain unchanged 

in DM1 frontal cortex. Furthermore, neither active (phosphorylated Tyr216) nor inactive 

(phosphorylated Ser9) markers of GSK3β activity show abnormal expression, compared to non-

DM controls. The reproducibility of the results in DMSXL mouse, primary cells and human 
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DM1 samples confirm and strengthen the lack of effect of the CTG repeat expansion on GSK3β 

metabolism in the CNS. 

The analysis of GSK3β metabolism in the frontal cortex of DM1 patients and DMSXL 

mice did not provide compelling support for the mediating role of this kinase in the 

hyperphosphorylation of Tau, associated with DM1-tauopathy, as previously suggested in PC12 

cells (Hernandez-Hernandez et al. 2006). It is conceivable that GSK3β deregulation is brain 

region-specific, and most pronounced in those areas of the brain that show most prominent Tau 

hyperphosphorylation and accumulation of NFTs, such as the hippocampus and enthorinal 

cortex (Kiuchi et al. 1991; Vermersch et al. 1996). On the other hand, Tau contains around 80 

putative phosphorylation sites (Sergeant et al. 2005), from which around 45 are 

hyperphosphorylated in AD by different kinases, including p38MAPK, JNK, ERK and PKA, in 

association with the accumulation of NFTs (Duka et al. 2013). The expression and activity of 

these kinases should also be assessed in DM1 samples, to have a better understanding of the 

factors contributing to DM1 tauopathy and NFTs accumulation. 

GSK3β has recently been suggested as a therapeutic target for DM1, and GSK3 

inhibitors, such as TDZD-8 or lithium, have been proposed following their reported effect to 

increase grip strength and decrease myotonia in HSALR mice (Wei et al. 2013). Although GSK3 

inhibitors may prove beneficial in DM1 muscle, their use to tackle DM1 neurological dysfunction 

might be limited, given that we found no GSK3β abnormalities in DM1 brain. 

Many different mechanisms regulate the expression and activity of GSK3β, including 

subcellular localization, target priming by another kinase, proteolytic cleavage and 

phosphorylation downstream of AKT, insulin receptor and PI3K, MAPK and MEK1/2, among 

others (Medina & Wandosell 2011). Tissue-specific deregulation of any of these regulatory events 

could contribute to the differences observed between DM1 muscle and brain.  
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SYN1 is hyperphosphorylated in DMSXL and DM1 brain at Ser9 and Ser553 residues. 

These residues are phosphorylation targets for PKA, CaMKI/IV, MAPK and CDK5 (Cesca et 

al. 2010). Among these kinases, CDK5 does not show significant abnormalities in DMSXL or 

DM1 frontal cortex, although human results should be interpreted carefully given the 

heterogeneity of the detection signal. Normal CDK5 expression and activity suggest that SYN1 

hyperphosphorylation on Ser553 cannot be explained by CDK5 in DMSXL frontal cortex at 4 

months of age.  

In addition to phosphorylation, the availability of the CDK5 activators, p35 and p39, can 

also regulate the activity of this kinase. In some pathological conditions, calpain-mediated 

cleavage of p35 into a more stable activator (p25) leads to abnormal hyperphosphorylation of 

CDK5 targets (Kawauchi 2014). Thus the levels of CDK5 activators should also be assessed in to 

fully characterize the activity of this major kinase and its partners in DM1 brains. Moreover, the 

analysis of the levels and activity of the other kinases and phosphatases targeting SYN1 will give 

a better insight into the mechanisms responsible of SYN1 hyperphosphorylation in DM1 brain. 

To extend our understanding of deregulated phosphorylation pathways in DM1 brain, in 

a cell-specific manner, I have performed a global phosphoproteomics analysis. The results 

revealed a high number of proteins showing significant phosphorylation abnormalities, in both 

DMSXL neurons and astrocytes, including Tau and SYN1. While in undifferentiated neurons 

most of the deregulated proteins are hypophosphorylated, in mature neurons and astrocytes the 

majority of proteins are hyperphosphorylated, indicating an overall increased kinase activity or 

decreased phosphatase activity in response to the CTG repeat expansion.  

The phosphoproteomics pointed to new interesting candidate kinases, possibly 

deregulated in DM1. Among them, casein kinase 2 binds 10% of the peptides abnormally 

phosphorylated in each cell type. This pleiotropic kinase phosphorylates a wide variety of 

substrates including numerous transcription factors, synaptic vesicle proteins and structural 

proteins, including Tau (Venerando et al. 2014; Turner et al. 1999; Sergeant et al. 2005). Casein 
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kinase 2 is also involved in the control of the circadian rhythm (Tamaru et al. 2015)and thus the 

study of this kinase could shed light into possible the factors leading to hypersomnolence in 

DM1. 

The GO-Elite analysis of the deregulated biological processes in DMSXL neurons and 

astrocytes also revealed interesting candidates and pathways that should be validated and 

functionally investigated. Among them, proteins controlling GTPase activity and cytoskeleton 

organization could have a major role in the defective neuritogenesis of DMSXL neurons and 

abnormal adhesion, spreading and migration of DMSXL described in chapter 3.  

Validation of these phosphorylation abnormalities in adult DMSXL mouse and DM1 

patients brains will provide a better understanding of the contribution of phosphorylation defects 

to DM1 CNS dysfunction. Furthermore, small chemical compounds capable of modulating the 

phosphorylation of candidate kinases and their downstream targets could provide promising 

paths for DM1 CNS drug development. 
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SUPPLEMENTARY 

FIGURES: 

 

Figure VI.S1. Gene 
ontology (GO) 
enrichment analysis of 
proteins deregulated in 
4 DIV neurons. 
Bar chart representation 
of the major clusters and 
gene sets deregulated in 
undifferentiated primary 
neurons at 4DIV. 
Horizontal bars indicate 
the number of proteins 
belonging to each gene 
set (upper axis) and the 
red line indicates the fold 
enrichment of each gene 
set (lower axis). The 
gene sets showing fold 
enrichment superior to 5 
(yellow line) are 
designated by arrows. 
Only the GO categories 
with an adjusted 
enrichment P value 
lower than 0.05 and a 
fold enrichment superior 
to 1.5 are included in the 
analysis and gene sets 
belonging to the same 
biological process cluster 
(same color) are ordered 
by number of proteins 
deregulated.  
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phosphorylation 
protein phosphorylation 

protein transport 
protein autophosphorylation 

protein ubiquitination 
intracellular protein transport 

peptidyl-serine phosphorylation 
positive regulation of protein phosphorylation 

protein homooligomerization 
protein localization 

ubiquitin-dependent protein catabolic process 
protein ubiquitination involved in ubiquitin-dependent protein catabolic process 

positive regulation of protein binding 
positive regulation of protein kinase activity 

protein complex assembly 
protein dephosphorylation 

protein localization to plasma membrane 
protein stabilization 

protein targeting to plasma membrane 
regulation of protein phosphorylation 

regulation of translation 
cellular protein localization 

peptidyl-tyrosine phosphorylation 
positive regulation of peptidyl-serine phosphorylation 

protein oligomerization 
protein polyubiquitination 

dephosphorylation 
negative regulation of protein kinase activity 

protein localization to nucleus 
protein monoubiquitination 

negative regulation of phosphatase activity 
negative regulation of protein phosphorylation 

positive regulation of protein ubiquitination 
protein heterooligomerization 

protein localization to synapse 
protein sumoylation 

regulation of protein localization 
translational initiation 

establishment of protein localization to plasma membrane 
negative regulation of protein catabolic process 

positive regulation of intracellular protein transport 
proteasomal ubiquitin-dependent protein catabolic process 

positive regulation of translation 
protein import into nucleus 

protein K48-linked deubiquitination 
protein localization to membrane 

protein tetramerization 
signal transduction 

intracellular signal transduction 
small GTPase mediated signal transduction 

positive regulation of GTPase activity 
Wnt signaling pathway 

regulation of Rho protein signal transduction 
positive regulation of I-kappaB kinase/NF-kappaB signaling 

regulation of GTPase activity 
activation of GTPase activity 

regulation of ARF protein signal transduction 
regulation of small GTPase mediated signal transduction 

Rho protein signal transduction 
ephrin receptor signaling pathway 

epidermal growth factor receptor signaling pathway 
negative regulation of Wnt signaling pathway 

positive regulation of protein kinase B signaling 
regulation of G-protein coupled receptor protein signaling pathway 

cAMP-mediated signaling 
canonical Wnt signaling pathway 

cellular response to nerve growth factor stimulus 
MAPK cascade 

phosphatidylinositol-mediated signaling 
positive regulation of JNK cascade 

positive regulation of JUN kinase activity 
androgen receptor signaling pathway 

cellular response to cAMP 
JNK cascade 

phosphatidylinositol metabolic process 
phosphatidylinositol phosphorylation 

platelet-derived growth factor receptor signaling pathway 
positive regulation of phosphatidylinositol 3-kinase signaling 

positive regulation of Wnt signaling pathway 
Rac protein signal transduction 
Ras protein signal transduction 

receptor clustering 
receptor internalization 

signaling 
regulation of transcription, DNA-templated 

transcription, DNA-templated 
negative regulation of transcription from RNA polymerase II promoter 
positive regulation of transcription from RNA polymerase II promoter 

negative regulation of transcription, DNA-templated 
cellular response to DNA damage stimulus 

positive regulation of transcription, DNA-templated 
DNA repair 

positive regulation of gene expression 
regulation of transcription from RNA polymerase II promoter 

DNA replication 
negative regulation of gene expression 

transcription from RNA polymerase II promoter 
positive regulation of sequence-specific DNA binding transcription factor activity 

base-excision repair 
double-strand break repair 

positive regulation of DNA replication 
positive regulation of gene expression, epigenetic 

regulation of DNA replication 
axonogenesis 
axon guidance 

axon extension 
neuron projection development 
chemical synaptic transmission 

positive regulation of neuron projection development 
neuron projection morphogenesis 
regulation of membrane potential 

neuron differentiation 
regulation of synaptic plasticity 

dendrite morphogenesis 
neurotransmitter secretion 

positive regulation of axon extension 
neuron development 

positive regulation of excitatory postsynaptic potential 
dendrite development 

long-term synaptic potentiation 
neurotransmitter transport 

negative regulation of neuron projection development 
positive regulation of neuron differentiation 

synapse assembly 
excitatory postsynaptic potential 

regulation of axonogenesis 
regulation of long-term neuronal synaptic plasticity 

positive regulation of dendritic spine morphogenesis 
positive regulation of synapse assembly 

regulation of dendrite morphogenesis 
regulation of short-term neuronal synaptic plasticity 

synapse organization 
synaptic transmission, glutamatergic 

transmission of nerve impulse 
dendritic spine development 

modulation of synaptic transmission 
regulation of neuron differentiation 

regulation of neuron projection development 
regulation of neuronal synaptic plasticity 

regulation of synaptic transmission, glutamatergic 
multicellular organism development 

nervous system development 
in utero embryonic development 

brain development 
heart development 
neural tube closure 

forebrain development 
multicellular organism growth 

stem cell population maintenance 
hippocampus development 

kidney development 
neuromuscular junction development 

embryo development 
cerebral cortex development 

heart morphogenesis 
skin development 

cerebellum development 
pattern specification process 

substantia nigra development 
ventricular septum development 

cell differentiation 
response to drug 

regulation of cell shape 
cell morphogenesis 

cellular response to mechanical stimulus 
establishment of cell polarity 

osteoblast differentiation 
response to ethanol 

cellular response to hypoxia 
cilium assembly 

hematopoietic progenitor cell differentiation 
membrane organization 

cellular response to drug 
establishment or maintenance of cell polarity 

fat cell differentiation 
regulation of growth 

cellular response to organic cyclic compound 
Golgi organization 

positive regulation of cell growth 
response to glucose 

cellular response to hydrogen peroxide 
erythrocyte differentiation 

positive regulation of phagocytosis 
regulation of cell growth 

response to organic substance 
cell cycle 

apoptotic process 
negative regulation of apoptotic process 

cell division 
mitotic nuclear division 

negative regulation of cell proliferation 
positive regulation of apoptotic process 

cell proliferation 
regulation of cell proliferation 

negative regulation of neuron apoptotic process 
regulation of apoptotic process 

regulation of cell cycle 
negative regulation of cell growth 

cell cycle arrest 
G1/S transition of mitotic cell cycle 

positive regulation of neuron apoptotic process 
cell growth 

G2/M transition of mitotic cell cycle 
negative regulation of epithelial cell proliferation 

regulation of neuron apoptotic process 
transport 

transmembrane transport 
actin cytoskeleton organization 

microtubule cytoskeleton organization 
cytoskeleton organization 

actin filament bundle assembly 
actin filament organization 

negative regulation of microtubule depolymerization 
actomyosin structure organization 

microtubule-based movement 
regulation of actin cytoskeleton organization 

actin cytoskeleton reorganization 
cortical actin cytoskeleton organization 

microtubule-based process 
lamellipodium assembly 

microtubule bundle formation 
positive regulation of actin filament polymerization 

cytoskeletal anchoring at plasma membrane 
endocytosis 

vesicle-mediated transport 
exocytosis 

retrograde transport, endosome to Golgi 
positive regulation of exocytosis 

receptor-mediated endocytosis 
regulation of exocytosis 

ER to Golgi vesicle-mediated transport 
endosome organization 

Golgi to plasma membrane protein transport 
regulation of endocytosis 

regulation of synaptic vesicle priming 
synaptic vesicle exocytosis 

learning 
visual learning 

locomotory behavior 
learning or memory 

rhythmic process 
adult behavior 

memory 
sensory perception of pain 

circadian rhythm 
cognition 

response to amphetamine 
social behavior 

adult locomotory behavior 
adult walking behavior 

behavioral fear response 
associative learning 

regulation of blood pressure 
regulation of circadian rhythm 

mRNA processing 
RNA splicing 

mRNA transport 
mRNA splicing, via spliceosome 

RNA processing 
negative regulation of mRNA splicing, via spliceosome 

regulation of alternative mRNA splicing, via spliceosome 
rRNA processing 

RNA secondary structure unwinding 
alternative mRNA splicing, via spliceosome 

positive regulation of mRNA splicing, via spliceosome 
cell migration 

neuron migration 
positive regulation of cell migration 

negative regulation of cell migration 
regulation of cell migration 

cell adhesion 
cell-cell adhesion 

single organismal cell-cell adhesion 
focal adhesion assembly 

substrate adhesion-dependent cell spreading 
covalent chromatin modification 

nucleosome assembly 
chromatin remodeling 

ATP-dependent chromatin remodeling 
chromatin organization 

histone deacetylation 
regulation of gene expression, epigenetic 
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GOBP Neurons
2weeks 

Protein targeting to plasma membrane

Protein localization to synapse

Protein localization to membrane

ARF protein signalling
Small GTPase signalling

Signalling at synapse

DNA replication

Neurotransmitter secretion
Excitatory postsynaptic potential

Dendritic spine morphogenesis

Short-term neuronal synaptic plasticity

Dendritic spine development

Establishment and maintenance of cell polarrity

Actin filament bundle assembly
Microtubule depolymerization

Cortical actin cytoskeleton organzation

Cytoskeletal achoring at plasma membrane

Synaptic vesicle exocytosis

mRNA splicing regulation

phosphorylation 
protein phosphorylation 

protein transport 
protein autophosphorylation 

protein ubiquitination 
intracellular protein transport 

peptidyl-serine phosphorylation 
positive regulation of protein phosphorylation 

protein homooligomerization 
protein localization 

ubiquitin-dependent protein catabolic process 
protein ubiquitination involved in ubiquitin-dependent protein catabolic process 

positive regulation of protein binding 
positive regulation of protein kinase activity 

protein complex assembly 
protein dephosphorylation 

protein localization to plasma membrane 
protein stabilization 

protein targeting to plasma membrane 
regulation of protein phosphorylation 

regulation of translation 
cellular protein localization 

peptidyl-tyrosine phosphorylation 
positive regulation of peptidyl-serine phosphorylation 

protein oligomerization 
protein polyubiquitination 

dephosphorylation 
negative regulation of protein kinase activity 

protein localization to nucleus 
protein monoubiquitination 

negative regulation of phosphatase activity 
negative regulation of protein phosphorylation 

positive regulation of protein ubiquitination 
protein heterooligomerization 

protein localization to synapse 
protein sumoylation 

regulation of protein localization 
translational initiation 

establishment of protein localization to plasma membrane 
negative regulation of protein catabolic process 

positive regulation of intracellular protein transport 
proteasomal ubiquitin-dependent protein catabolic process 

positive regulation of translation 
protein import into nucleus 

protein K48-linked deubiquitination 
protein localization to membrane 

protein tetramerization 
signal transduction 

intracellular signal transduction 
small GTPase mediated signal transduction 

positive regulation of GTPase activity 
Wnt signaling pathway 

regulation of Rho protein signal transduction 
positive regulation of I-kappaB kinase/NF-kappaB signaling 

regulation of GTPase activity 
activation of GTPase activity 

regulation of ARF protein signal transduction 
regulation of small GTPase mediated signal transduction 

Rho protein signal transduction 
ephrin receptor signaling pathway 

epidermal growth factor receptor signaling pathway 
negative regulation of Wnt signaling pathway 

positive regulation of protein kinase B signaling 
regulation of G-protein coupled receptor protein signaling pathway 

cAMP-mediated signaling 
canonical Wnt signaling pathway 

cellular response to nerve growth factor stimulus 
MAPK cascade 

phosphatidylinositol-mediated signaling 
positive regulation of JNK cascade 

positive regulation of JUN kinase activity 
androgen receptor signaling pathway 

cellular response to cAMP 
JNK cascade 

phosphatidylinositol metabolic process 
phosphatidylinositol phosphorylation 

platelet-derived growth factor receptor signaling pathway 
positive regulation of phosphatidylinositol 3-kinase signaling 

positive regulation of Wnt signaling pathway 
Rac protein signal transduction 
Ras protein signal transduction 

receptor clustering 
receptor internalization 

signaling 
regulation of transcription, DNA-templated 

transcription, DNA-templated 
negative regulation of transcription from RNA polymerase II promoter 
positive regulation of transcription from RNA polymerase II promoter 

negative regulation of transcription, DNA-templated 
cellular response to DNA damage stimulus 

positive regulation of transcription, DNA-templated 
DNA repair 

positive regulation of gene expression 
regulation of transcription from RNA polymerase II promoter 

DNA replication 
negative regulation of gene expression 

transcription from RNA polymerase II promoter 
positive regulation of sequence-specific DNA binding transcription factor activity 

base-excision repair 
double-strand break repair 

positive regulation of DNA replication 
positive regulation of gene expression, epigenetic 

regulation of DNA replication 
axonogenesis 
axon guidance 

axon extension 
neuron projection development 
chemical synaptic transmission 

positive regulation of neuron projection development 
neuron projection morphogenesis 
regulation of membrane potential 

neuron differentiation 
regulation of synaptic plasticity 

dendrite morphogenesis 
neurotransmitter secretion 

positive regulation of axon extension 
neuron development 

positive regulation of excitatory postsynaptic potential 
dendrite development 

long-term synaptic potentiation 
neurotransmitter transport 

negative regulation of neuron projection development 
positive regulation of neuron differentiation 

synapse assembly 
excitatory postsynaptic potential 

regulation of axonogenesis 
regulation of long-term neuronal synaptic plasticity 

positive regulation of dendritic spine morphogenesis 
positive regulation of synapse assembly 

regulation of dendrite morphogenesis 
regulation of short-term neuronal synaptic plasticity 

synapse organization 
synaptic transmission, glutamatergic 

transmission of nerve impulse 
dendritic spine development 

modulation of synaptic transmission 
regulation of neuron differentiation 

regulation of neuron projection development 
regulation of neuronal synaptic plasticity 

regulation of synaptic transmission, glutamatergic 
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Figure  VI.S2. Gene ontology (GO) enrichment analysis of proteins deregulated in 2 weeks 
in vitro neurons. 
Bar chart representation of the deregulated major clusters and gene sets in differentiated primary 
neurons at 2 weeks in vitro. Horizontal bars indicate the number of proteins belonging to each 
gene set (upper axis) and the red line indicates the fold enrichment of each gene set (lower axis). 
The gene sets showing fold enrichment superior to 5 (yellow line) are designated by arrows. Only 
the GO categories with an adjusted enrichment P value lower than 0.05 and a fold enrichment 
superior to 1.5 are included in the analysis and gene sets belonging to the same biological process 
cluster (same color) are ordered by number of deregulated proteins.  
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Figure VI.S3. Gene 
ontology (GO) 
enrichment analysis of 
proteins deregulated in 
astrocytes. 
Bar chart representation 
of the deregulated major 
clusters and gene sets in 
primary astrocytes. 
Horizontal bars indicate 
the number of proteins 
belonging to each gene 
set (upper axis) and the 
red line indicates the fold 
enrichment of each gene 
set (lower axis). The gene 
sets showing fold 
enrichment superior to 5 
(yellow line) are 
designated by arrows. 
Only the GO categories 
with an adjusted 
enrichment P value lower 
than 0.05 and a fold 
enrichment superior to 
1.5 are included in the 
analysis and gene sets 
belonging to the same 
biological process cluster 
(same color) are ordered 
by number of deregulated 
proteins.  
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SUPPLEMENTARY MATERIALS AND METHODS 

Western blots  

Proteins from primary cells, mouse and human brain tissues were extracted using 

RIPA buffer (Thermo Scientific, 89901) supplemented with 0,05% CHAPS (Sigma, 

C3023), 1x complete protease inhibitor (Sigma-Aldrich, 04693124001) and 1x 

PhosSTOP phosphatase inhibitor (Sigma 04906845001). Protein concentrations were 

determined using the Pierce BCA Protein Assay Kit  (Thermo Scientific, 23227). 

Between 10 and 40ug proteins were mixed with 2X Laemmli Sample Buffer (Sigma, 

S3401), denatured for 5 minutes at 95˚C and resolved in 10% TGX Stain-Free 

polyacrylamide gels (Bio-Rad 1610183). After electrophoresis gels were activated for 2 

minutes under UV light, proteins were transferred onto Nitrocellulose membranes using 

Trans-Blot® Transfer System (Bio-Rad) and total protein on the membrane was imaged 

using the ChemiDoc Imaging System (Bio-Rad). Membranes were then blocked in 2.5-

5% Blotto non-fat dry milk (Santa Cruz Biotech; sc2325) in 1x TBS-T (10mM Tris-HCl, 

0,15M NaCl, 0,05% Tween 20) during 1h at room temperature (RT) and incubated with 

the primary antibody over night at 4˚C. After three washes in TBS-T membranes were 

incubated with IRDye® 800CW donkey anti-rabbit (LI-COR Biosciences, P/N 926-

32213), 680RD donkey anti-mouse (LI-COR Biosciences, P/N 926-68072), goat anti-

rabbit (Dako, P0448) or sheep anti-mouse (Jackson 515-035-062) for 1h at RT, washed 

three times and imaged using LI-COR Odyssey ® CLx Imaging System or ECL 

chemiluminiscence. Band intensity was quantified using Image Studio Lite.  

Primary antibodies: GSK3 beta (SantaCruz, sc-71186), GSK3 beta Phospho 

(pY216) (SantaCruz, sc-135653), GSK3 beta Phospho (pS9) (SantaCruz, sc-11757), 

CDK5 (SantaCruz, sc-6247), CDK5 Phospho (pY15) (SantaCruz, sc-12918) 
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Label- f ree  quanti tat ive  LC-MS phosphoproteomics  analys is  o f  homogeneous 

pr imary neurons and primary astrocytes  cul tures  

Global phosphoproteomics analysis of homogeneous cultures of primary 

neurons and astrocytes at 2 weeks in culture were performed as previously described 

(Andreev et al., 2012) using the high resolution high mass accuracy mass spectrometer 

LTQ Orbitrap. Samples were enriched in phosphopeptides using the High-Select TiO2 

Phosphopeptide Enrichment Kit (Thermo Scientific, A32993). 3 WT and 3 DMSXL 

littermates were studies for each cell type and significance analysis was performed with 

the paired t-test. Significantly deregulated proteins of each cell type (p<0.05) were used 

to perform a Gene Onthology (GO) enrichment analysis using the functional annotation 

tool Database for Annotation, Visualization and Integrated Discovery (DAVID) v.6.7 

(http://david.abcc.ncifcrf.go) (Huang, Lempicki, & Sherman, 2009) followed by over-

representation clustering using GO-Elite software (Zambon et al., 2012) to report sets of 

GO sets of non-overlapping terms. Significant GO terms were identified at a FDR 

<0.05. 

Stat is t i ca l  analys is .  

Statistical analyses were performed with Prism (GraphPad Software, Inc) and 

data are presented as mean ± standard error of the mean (±SEM) or as Tukey box-and-

wiskers plots. Chi-square test was used to compare categorical variables between two 

groups. After performing a normality test on the numeric variables, we used two-tailed 

Student’s t-test for parametric data and Mann-Whitney U test for non-parametric data, 

when two groups were compared. When 3 or more groups were compared we 

performed a one-way ANOVA or Repeated-measures ANOVA on parametric data, or 

Kruskal Wallis test on non-parametric data. If statistical significance was achieved, we 

performed post-test analysis to account for multiple comparisons.
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My research results have contributed to better understand the molecular 

mechanisms behind DM1 brain dysfunction and the link between the expanded CTG 

repeats and the neurological symptoms. By taking advantage of the DMSXL transgenic 

mice, primary brain cells cultures and human DM1 samples, I have shown that both 

neurons and astrocytes are individually affected by the CTG repeat expansion. 

Interestingly, astrocytes show more pronounced molecular features of CUG RNA 

toxicity, in association with cell adhesion, migration and spreading defects, likely 

mediated by abnormalities in the expression and phosphorylation of proteins that 

regulate cytoskeleton dynamics. On the other hand, DM1 mouse neurons show 

neuritogenesis defects, in association with the deregulation of relevant proteins that 

control membrane projection and vesicle transport. Somehow some of the changes in 

protein expression and metabolism were not mediated by the canonical mechanism 

described in DM1, the deregulation of alternative splicing, thereby corroborating the idea 

that DM1 molecular mechanisms go beyond missplicing. 

These findings are in line with cell autonomous disease mechanisms: molecular 

events taking place in astrocytes and neurons could directly explain the cellular 

phenotypes of each individual cell type. However, the situation appears to be more 

complex, involving also defective neuroglial interplay and non-cell autonomous disease 

mechanisms. In support of this view, I have shown that CUG RNA-expressing 

astrocytes have a negative impact on neuron development and maturation in culture. A 

contributing mechanism for abnormal neuroglia communication relies on the defective 

glutamate uptake by astrocytes, which in turn affects neuronal excitability and triggers 

neuronal dysfunction in vivo as well as glutamate excitotoxicity in culture systems.  

The cell type-specific global proteomics approaches that I have developed will 

help identify disease intermediates and deregulated pathways with brain cell type 
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resolution, contributing to further dissect the contribution of cell autonomous and non-

autonomous mechanisms to DM1 brain disease. 

 

VII.A. DMSXL mouse model and CNS 
dysfunction 

In order to have a better view of the cerebral involvement in myotonic dystrophy 

I have used the DMSXL mouse model. This mouse model, created in our laboratory 20 

years ago, contains a large fragment of 45 kb of the human DMPK locus with more than 

1,000 CTG repeats (Gourdon et al. 1997; Seznec et al. 2000; Gomes-Pereira et al. 2007). 

They recreate important molecular hallmarks of DM1 including the instability of the 

CTG expansion, the nuclear accumulation of toxic expanded DMPK transcripts, the 

sequestration of MBNL and upregulation of CELF proteins and splicing defects in 

several tissues (Chapter I, Table I.4). The DMSXL mice represent the only mouse model 

that carries the CTG expansion within the full DMPK gene and its regulatory 

environment, thus expressing toxic RNAs in multiple tissues, including the CNS, and 

developing a multisystemic phenotype. Expanded CTG repeats are also expressed in the 

brain of the newly developed EpA960/CaMKII-Cre mice but their expression is driven 

by the CaMKIIα promoter and thus restricted to neurons of the forebrain (cortex, 

hippocampus, striatum, pallidum, thalamus and hypothalamus) (Wang et al. 2017). In 

addition the interruptions introduced in the CTG tract of these mice may have an impact 

in disease mechanisms and manifestations, as suggested by the analysis of DM1 families 

carrying interrupted expansions (Musova et al. 2009; Santoro et al. 2017). Therefore, the 

DMSXL mice are at this moment the closest model to mimic the human DM1 CNS and, 

providing a powerful tool to study the DM1 neuropathogenesis.  
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The expression of toxic CUG RNAs in different regions of DMSXL brain, 

including the frontal cortex, hippocampus and cerebellum, has been associated to 

different CNS-related phenotypes that resemble, to some extent, the neurological 

manifestations reported in DM1 patients. DMSXL mice show low exploratory activity, 

increased anxiety, anhedonia and spatial memory deficits (Hernandez-Hernandez et al. 

2013). All these behavioral and cognitive abnormalities have already been described in 

DM1 patients (Gourdon & Meola 2017). These behavioral abnormalities are associated 

with synaptic proteins deregulation, short-term synaptic plasticity deficits and abnormal 

levels of dopamine and serotonin metabolites, which could contribute to anhedonia and 

depressive-like behaviors. Moreover, DMSXL mice show fine motor incoordination, in 

association with toxic RNA expression in the cerebellum, particularly in the Bergman 

glia, and hyperexcitability of the Purkinje neurons (Sicot et al. 2017). Together these 

results not only validate the DMSXL mice as suitable model to investigate brain disease 

mechanisms, but importantly they also point to future research directions. In particular, 

future studies of DM1 neuropathology should also take into account the cerebellum as a 

brain region affected by the CTG expansion, not only in other mouse models of DM1, 

but also in human patients. 

However, a few considerations must be discussed and taken into account when 

using DMSXL mice. The integration site of the human transgene is within the mouse 

Fbxl7 gene, disrupting its activity. FBXL7 constitutes a subunit of an E3 ubiquitin ligase 

and has a role in cell cycle arrest (Coon et al. 2012). Since we use DMSXL homozygotes 

in our studies, these mice likely exhibit full inactivation of the Fbxl7 gene. Studies are 

currently underdoing to determine to which extent Fbxl7 RNA and protein are detected 

in DMSXL mice. It is therefore conceivable that Fbxl7 loss of function may contribute, 

directly or indirectly, to the molecular and physiological phenotypes found in DMSXL. 

To exclude this hypothesis we must validate our results in additional DM1 mouse models 
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and ideally in human tissue samples or cell models, whenever possible. Alternatively, our 

laboratory has recently obtained the Fbxl7 KO mouse model, to use as a control for 

future experiments. It is noteworthy that Fbxl7 KO mice animals have no reported 

phenotypes, notably in the CNS.  

Our laboratory is also currently generating a second control mouse model, 

through TALEN-mediated excision of the CTG repeats from the transgene, in order to 

generate a control line that carries a no-repeat DMPK transgene integrated in the same 

locus of the mouse genome. These mice will represent the best control to our studies, 

since they will also recreate the overexpression of the human DMPK gene, found in 

DMSXL mice and recreated in the DM20 control lines. 

Since these controls were not available for my projects, I have used WT or 

DM20 mice as control mice, and validated my results in human samples whenever 

possible. 

VII.B.   Role of alternative splicing in brain 
pathology 

The behavioral and electrophysiological abnormalities of DMSXL mice are 

associated with abnormalities in RAB3A and SYN1 synaptic proteins (Hernandez-

Hernandez et al. 2013) and GLT1 glial glutamate transporter (Sicot et al. 2017). Both 

RAB3A upregulation and GLT1 downregulation are mediated by the sequestration and 

loss of function of MBNL1, while SYN1 hyperphosphorylation is dependent of the 

upregulation of CELF1 and CELF2. Despite the major role of MBNL and CELF 

proteins in mediating alternative splicing, none of these three genes show abnormal 

alternative splicing of their transcripts, in DMSXL or human DM1 brains (Chapter III - 

Hernández-Hernández et al. 2013, Chapter IV- Sicot et al. 2017). These results support 

the idea that DM1 disease mechanisms go beyond missplicing, and affect other 
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molecular mechanisms, such as APA (Batra et al. 2014), mRNA localization (Wang et al 

2012), transcription (Osborne et al 2009), mRNA decay (Masuda et al 2011), miRNA 

biogenesis (Rau et al 2011) or translation (Timchenko et al 2004). Indeed, Glt1 is found 

among the transcripts that show abnormal alternative polyadenilation in Mbnl double 

knock-out frontal cortex and in human DM1 brains (Batra et al 2014), but RT-PCR 

analysis of GLT1 APA in our human DM1 brain samples did not provide conclusive 

results. Therefore, the direct link between MBNL and GLT1 protein abnormalities 

remains still to be determined. Interestingly our results demonstrate the critical role of 

Mbnl1 inactivation in DM1 brain disease mechanisms. In contrast with the predominant 

role of Mbnl2 sequestration previously proposed (Charazanis et al 2012), I have shown 

that Mbnl1 controls the critical expression of GLT1 in the mouse brain, thereby affecting 

neuronal function. Another recent publication also claims a role for MBNL1 in neuronal 

dendrite maintenance (Wang et al 2017).  

Other transcripts do show alternative splicing deregulation in DMSXL and DM1 

brains, including NMDAR1/Grin1, APP, MAPT/Tau (Hernandez-Hernandez et al. 

2013, Chapter V). In addition, DMSXL mice also show abnormal splicing of Mbnl1 and 

Mbnl2 exon 5, and 10, Ldb3 exon 11, Fxr1 exon 15 and 16, Ank2 exon 17, Clasp1 exon 

23-25 and Tanc2 exon 23 in different CNS regions and brain cells (Hernandez-

Hernandez et al. 2013; Hernández-Hernández et al. 2013; Chapter V). These transcripts 

are direct targets of either MBNL or CELF proteins (Kalsotra et al. 2007, Suenaga et al. 

2012, Caillet-Boudin et al. 2014) and their missplicing further supports deregulated 

function of MBNL and CELF mediators in DMSXL brain. Moreover, most of these 

transcripts show more severe splicing defects in cultured astrocytes than in neurons 

(Chapter V), suggesting a more severe spliceopathy in glial cells also in vivo. The 

difference in the severity of splicing deregulation between cell types could contribute to 

the variability in the degree of missplicing between brain regions. It is possible that the 
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milder splicing defects found in the cerebellum are accounted for, at least partly, by lower 

astrocyte content of this brain region, when compared to the frontal cortex, for instance. 

The functional consequences of the missplicing events reported so far in the 

brain and their involvement in the onset of DM1 neurological symptoms remain still to 

be investigated. Interestingly, some of these transcripts, including Ank2, Clasp1, Ldb3 

and Mapt/Tau encode proteins that interact with microtubules or actin filaments and 

therefore, their missplicing could contribute to the abnormal regulation of cytoskeleton 

dynamics and neuritogenesis observed in the primary DMSXL astrocytes and neurons 

(Chapter V). 

VII.C. Neuronal and astroglial dysfunction and 
DM1 neuropathogenesis 

Both DMSXL neurons and astrocytes show accumulation of CUG foci in their 

nucleus. However, the expression of toxic expanded transcripts is higher in astrocytes 

than in neurons and it is associated with more severe missplicing. In addition, while 

primary neurons show late neuritogenesis defects, primary DMSXL astrocytes show 

adhesion, spreading, cytoskeleton organization and cell migration defects. On one hand, 

many cognitive disorders, such as FXS, schizophrenia or autism spectrum disorder show 

defective neuritogenesis and dendritic complexity (Kulkarni & Firestein 2012), 

highlighting the importance of proper neuronal development and connectivity. On the 

other hand, astrocytes have an essential role in locally regulating the neuronal 

homeostasis and activity by forming closely connected neurovascular units and taking 

part in the tripartite synapse (Perez-Alvarez et al. 2014). Abnormalities in the cell-cell or 

cell-matrix contacts and dynamic remodeling of astrocytes lamellipodia around the 

synapse would lead to deregulation of synaptic activity and therefore abnormal CNS 

function. This hypothesis is supported by the enhanced neuritogenesis defects of 
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neurons co-cultured with DMSXL astrocytes (Chapter V) and by the increased 

glutamate-induced neuronal excitotoxicity in presence of DMSXL astrocytes, which 

show downregulation of GLT1 (Chapter IV). Abnormalities in structural and/or 

functional support of astrocytes for the neuronal activity likely lead to wider abnormal 

neuroglial interactions and CNS dysfunction in DM1 brains.  

Other microsatellite expansion diseases, such as HD, ALS and FXS also show 

abnormal neuroglial interaction with a structural impact on neuronal arborization (Jacobs 

& Doering 2010; Yang et al. 2012) or a functional impact on neuronal excitability (Jiang 

et al. 2016; Howland et al. 2002; Higashimori et al. 2016). It is thus important to better 

understand the neuroglial interplay in DM1 brains to identify possible targets for 

therapeutic intervention. Some of the mouse models currently available will allow to 

further explore the contribution of individual brain cell types, and defective neuroglial 

interplay to DM1 brain disease. Among those, the EpA960 allow glial-specific expression 

of toxic RNA repeats, to complement the neuron specific lines recently published (Wang 

et al. 2017). Conditional Mbnl1/Mbnl2 double KO can also be used to conditionally 

extinguish Mbnl2 expression either in neurons or glial cells (Lee et al. 2013). Finally, the 

effects of CELF1 upregulation in individual brain cell lineages and their impact to CNS 

physiology can also be addressed in mouse conditional cell lines (Koshelev et al. 2010). 

In the meantime, DMSXL primary cells that I have set up and characterized 

provide a great asset for future molecular and functional studies in culture, and they are 

currently being used in the laboratory to tackle multiple questions.  

VII.D. Altered proteome in DMSXL neurons 
and astrocytes 

The individual analysis of neuronal and astroglial proteome and 

phosphoproteome revealed a large number of deregulated proteins in each brain cell 
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type. Among them we found already described protein deregulations such as 

hyperphosphorylation of SYN1 and Tau. However, other candidates such as CELF1 or 

CELF2, GSK3β and CDK5 did not show deregulated expression or phosphorylation in 

individual DMSXL neurons or astrocytes, confirming the results obtained by western 

blot analysis (Chapter V, VI).  

CELF proteins are upregulated in skeletal muscle Savkur 2001), heart 

(Timchenko et al. 2001), DM1 myoblasts (Dasinthong et al. 2005) and DM1 brain 

(Hernandez-Hernandez et al. 2013) but their levels are not affected in primary neurons 

and astrocytes. The conflicting results obtained in individual brain cell types could 

suggest a differential regulation of these proteins by the complexity of tissue 

environment. 

GSK3β is upregulated in DM1 skeletal muscle (Jones et al. 2012) and DM1-

NSCs (Denis et al. 2013), however its expression in DMSXL and DM1 brains does not 

seem to be affected. This result should be taken into account in the interpretation of the 

results of the AMO pharma clinical trial that aims to inhibit GSK3β. It is possible that 

this strategy will not provide major benefits to the CNS.  

The GO enrichment analysis of the global proteomics and phosphoproteomics 

results indicated promising molecular pathways that should be further investigated. 

Among them we found deregulation of proteins involved in the regulation of 

cytoskeleton organization, actin filament processes, neuron projection development and 

vesicle-mediated transport. These protein deregulations could explain the cellular 

abnormalities observed in DMSXL primary neurons and astrocytes (Chapter V). Further 

validation of these protein deregulations in mouse and human DM1 brains will shed light 

into their involvement in DM1 CNS pathology. 

Importantly, the primary cell cultures established and studied during the course 

of my PhD will provide model system for functional validation. Rescue experiments 
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(through overexpression of downregulated proteins, knocking-down of upregulated 

candidates, or modulation of protein phosphorylation) will assess the implication of 

individual molecular events in the onset of cell phenotypes. In parallel, these cells will 

also offer the opportunity for the pre-clinical assessment and proof-of-principle 

experiments of pharmacological means to correction key molecular events and associated 

phenotypes. 

 

DM1 serves as a good example of a logical approach of translational biomedical 

science. The path from the mapping of disease mutation to the setup of the first clinical 

trials has followed a rational route, through step-by-step dissection of the molecular 

events that link the CTG repeat expansion to the onset of disease symptoms. Research 

progress in the field has benefited tremendously from the generation of multiple and 

complementary mouse and cell models of the disease. 

My work fits well in this framework. Through the use of mouse and cell models 

of DM1, my PhD project has contributed to the better understanding of disease 

mechanisms and provided new model systems for future studies, which I hope will feed 

the design of efficient therapies in the future. 
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