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Abstract 

 

Myotonic dystrophy (DM1) is a dominant autosomal multisystemic disorder caused by the 

expansion of an unstable CTG trinucleotide repeat in the 3’ untranslated region of the 

DMPK gene. Nuclear accumulation of the enlarged CUG-containing DMPK transcripts has 

a deleterious effect on the regulation of alternative splicing of some RNAs and has a 

central role in causing the symptoms of DM1. In particular, Insulin Receptor (IR) mRNA 

splicing defects have been observed in the muscle of DM1 patients. In this study, we have 

investigated IR splicing in insulin-responsive tissues (i.e. skeletal muscles, adipose tissue, 

liver) and pancreas and we have studied glucose metabolism in mice carrying the human 

genomic DM1 region with expanded (>350 CTG) or normal (20 CTG) repeats and in wild-

type mice. Mice carrying DM1 expansions displayed a tissue- and age-dependent abnormal 

regulation of IR mRNA splicing in all the tissues that we investigated. Furthermore, these 

mice showed a basal hyperglycemia and glucose intolerance which disappeared with age. 

Our findings show that deregulation of IR splicing due to the DM1 mutation can occur in 

different mouse tissues, suggesting that CTG repeat expansions might also result in IR 

misplicing not only in muscles but also in other tissues in DM1 patients.  

 

 

 

Keywords: Myotonic dystrophy-Trinucleotide Repeats-Insulin receptor- splicing-

Transgenic mice
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Introduction 

 
Myotonic dystrophy type I (DM1) was initially described on the basis of skeletal 

muscle abnormalities, such as myotonia, weakness and atrophy [1]. It is a complex 

disorder, involving various systems, and including extramuscular symptoms. Patients often 

present cardiac conduction defects, cataracts, changes in smooth muscle function, 

neuropsychiatric disturbances and endocrine abnormalities, such as testicular failure or 

premature frontal pattern balding in males  [1]. Previous studies also demonstrated features 

of metabolic syndrome, consistent with the four times higher risk of developing type II 

diabetes of DM1 patients [2]. Clinical investigations have provided evidence of glucose 

intolerance and hyperinsulinism, resulting from whole-body insulin resistance [3], an 

increase in fat mass [4] and dyslipidemia [5, 6]. DM1 belongs to the family of diseases 

caused by unstable repeat expansions. In DM1, these expansions correspond to CTG 

repeats in the 3’ untranslated region of a serine-threonine kinase (DM protein kinase, 

DMPK) gene on chromosome 19 [7-10]. In place of the five through 37 CTG repeats 

observed in normal individuals [8, 9, 11, 12], CTG arrays are expanded from 50 up to 4000 

CTG in DM1 patients. Expansions increase over successive generations, and their size is 

positively correlated with clinical severity and negatively correlated with age at onset [1]. 

Furthermore, CTG repeat length increases with age in several tissues, possibly reflecting 

disease progression. This mutation has various molecular consequences that may account 

for the complex and progressive multisystemic phenotype described in DM1 [13]. The 

CTG expansions lead to the retention of mutant DMPK RNA in the nucleus, resulting in 

DMPK haploinsufficiency [14, 15], and alter local chromatin structure, thereby affecting 

the expression of neighboring genes [16, 17]. In addition, the accumulation of large CUG-

containing transcripts has a deleterious effect on the regulation of alternative splicing for 

some RNAs [18] and may titrate transcriptional factors, leading to potential gene 

expression defects [19]. However, there is growing evidence to suggest that the dominant 
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toxic effect of expanded DMPK transcripts plays a central role in the multisystemic 

features of DM1 [18]. Direct support for this hypothesis is provided by transgenic mouse 

models, in which the expression of large CUG repeat expansions accumulating as 

intranuclear foci leads to the development of certain symptoms characteristic of DM1 [20, 

21]. The description of a similar molecular mechanism due to CCTG expansions in another 

gene (the zinc finger protein 9 gene, ZNF9) in myotonic dystrophy type 2 (DM2), which 

has a number of important clinical features in common with DM1, also strongly supports 

the hypothesis of RNA-mediated pathogenesis [18]. Nevertheless, despite descriptions of 

changes in the splicing and function of several genes, not all the clinical manifestations 

have yet been elucidated.  

Previous studies suggested that insulin response defects might play a key role in the 

metabolic manifestations of DM1, potentially leading to type II diabetes and abnormal 

muscle protein metabolism [3, 22]. More recent data have suggested that early changes in 

insulin secretion may be the primary defect, occurring before insulin resistance and 

glucose intolerance [23, 24]. However, although the sequence of events leading to these 

metabolic disturbances remains unclear, a possible molecular mechanism for insulin 

resistance has been proposed. Molecular analyses have shown that the muscles of DM1 

patients contain lower than normal levels of insulin receptor (IR) RNA and protein [25] 

and display abnormal regulation of insulin receptor mRNA splicing, associated with a 

weaker metabolic response in cultured skeletal muscle cells from DM1 patients [26]. By 

extending these molecular analyses to other insulin-responsive tissues and to pancreas, it 

may be possible to define more precisely the importance of insulin resistance in the 

pathogenesis of metabolic syndrome. 

We studied IR splicing events and glucose metabolism in transgenic mice carrying 

the human genomic DM1 region with expanded repeats (>350 CTG, DM300-328) or a 

normal number of CTG repeats  (20 CTG, DM20-954)  and in wild-type mice (wt). We 
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have previously shown that the phenotype observed in our models depends on the level of 

expanded DMPK RNA. Both homozygous and heterozygous transgenic mice with 

expansions show nuclear mutant DMPK RNA retention in myoblasts [21]. However, only 

homozygous mice (from two independent lines) display muscle and brain abnormalities 

consistent with a dominant toxic effect of CUG repeat-containing transcripts. In this study, 

we observed that homozygous transgenic mice carrying >350 CTG displayed an age-

dependent abnormal distribution of IR mRNA isoforms in various insulin-responsive 

tissues and in pancreas. Age-dependent abnormal glucose metabolism was also observed in 

the mice carrying the long repeat. Our results demonstrate that the trans effect of expanded 

DMPK affects IR expression not only in muscle, but also in other tissues involved in 

glucose homeostasis.   

 

Materials and Methods 

 

Transgenic mice 

Transgenic mice were produced and genotyped as previously described [21]. For all 

investigations, we compared mice carrying >350 CTG repeats (DM300-328) with non 

transgenic mice (wt) and mice with a normal number (20) of CTG repeat (DM20-954), to 

confirm that the observed abnormalities were not due to overexpression of the human 

transgene. Mice were analyzed at the ages of 3.5 months, 5 to 6 months and 10 months. 

They were housed and handled according to French governmental ethics guidelines. 

Transgenic mice were obtained from eggs B6/D2 F1 injected eggs. They were backcrossed 

with C57BL/6 mice (Charles River laboratories) to ensure that the C57BL/6 background 

accounted for more than 98 % of the genome in both transgenic and non-transgenic control 

mice (over 6 backcrosses). 
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Glucose tolerance tests 

Glucose (1 mg/g) was injected intraperitoneally, under anesthesia (pentobarbital), 

into mice aged 3.5, 5 to 6 or 10 months, after a 16 h fast. Blood samples were taken from 

the tail vein after 0, 10, 20, 30 and 60 minutes. Glucose levels were measured with a 

glucometer (Onetouch II; Lifescan). Plasma was recovered from each blood sample, and 

insulin concentration was quantified by ELISA (rat ultra-sensitive insulin ELISA kit; 

Christal Chem. Inc).  

 

Insulin tolerance tests 

Mice were subjected to an insulin tolerance test at the same ages. The mice were 

fasted for 16 h. A basal blood sample was then taken from the tail vein and the mice 

received an intraperitoneal injection of insulin (0.75 U/Kg of Novolin R, Novo Nordisk 

Pharmaceutical Industries). Blood samples were taken 15, 30 and 60 minutes after 

injection and glucose levels were determined as described above. Results are expressed as 

percentages of initial blood glucose concentration. 

 

RNA isolation 

Mice were sacrificed by cervical dislocation, according to ethical guidelines. 

Skeletal muscle (soleus), liver, pancreas, hypothalamus/thalamus and perigonadal white 

adipose tissue were frozen in liquid nitrogen and stored at –80°C. Total RNA was 

extracted from frozen tissues, using RNeasy mini kits from Qiagen (Ref 74104), used 

according to the manufacturer’s protocol. RNA was quantified by spectrophotometry and 

its quality was checked by electrophoresis in a 1% (w/v) agarose gel. 
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RT-PCR 

Reverse transcription was performed with 500 ng of total RNA and SuperScript™ 

II Reverse Transcriptase (Ref 18064-022, Invitrogen), using hexamer primers, with control 

of the reaction based on  PCR with oligonucleotide primers 5’-

GGTGTGCACAGGAGCCAAGAGTG-3’ and 5’-AGCTACTGAGCTGCTGGTGGGTC-

3’, which amplify the TBP cDNA. All amplifications were carried out in duplicate, using 

independent samples. We used classical RT-PCR, with oligonucleotide primers 5’-

GAGGATTACCTGCACAACG-3’ and 5’-CACAATGGTAGAGGAGACG-3’ (Sigma), 

binding on either side of exon 11, for analysis of alternative splicing of the insulin 

receptor. 

 

Quantitative RT-PCR  

 The independent duplicate RT samples were pooled and 2 µl of a 1:10 dilution 

was used for real-time quantitative PCR. Samples were amplified (40 standard cycles) on 

an ABI 7700 cycler (Applied Biosystems) in triplicate or duplicate, in two independent 25 

µl reactions. The expression of the human DMPK transgene and murine Dmpk gene was 

quantified with a common labeled FAM-TAMRA probe (Eurogentech) 5’-

AGGATGAGAACTACCTGTACCTGGTCATGGA-3’ spanning the end of exon 4 and 

the beginning of exon 5. The human and murine gene were specifically amplified with two 

different pairs of oligonucleotides (Eurogentech) located in a non homologous region of 

the human and murine exons 4 and 5. Oligonucleotides for the human gene were 5’-

GGAGAGGGACGTGTTG-3’ / 5’-CTTGCTCAGCAGTGTCA-3’ and those specific of 

the murine gene were 5’-GGAAGAAAGGGATGTATTA-3’/ 5’-

CTCAGCAGCGTTAGCA-3’. For quantification of the IR isoforms (+/- exon 11), real-

time quantitative PCR was carried out with the same Absolute qPCR ROX MIX, with 

specific labeled FAM-TAMRA probes (Eurogentech) and oligonucleotides designed to 
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recognize either isoform A, IRA (-exon 11), or isoform B, IRB (+exon11). 

Oligonucleotides 5’-TTCGAGGATTACCTGCACAA-3’ and 5’-

ACATTCCCCACCTCTTCAAG-3’ were used for IRA and oligonucleotides 5’-

GGAAATCTGGAAGTGTGAGTGT-3’ and 5’-TCGAGGATTACCTGCACAAC-3’ for 

IRB. Both pairs of primers were located in exons 10 and 12. The corresponding probes 

were 5’-TTTTTGTTCCCAGGCCATCCCGAAAGCGAA-3’ spanning the end of exon 10 

and the beginning of exon 12 for the amplification of IRA and 5’-

TCCCCAGGAAAAACCTCTTCAGGCAATGGT-3’ spanning the end of exon 11 and the 

beginning of exon 12 for the amplification of IRB. The results obtained for DMPK or IR 

isoform quantification were normalized with a FAM-TAMRA 18S genomic control kit 

(RT-CKFT-18S; Eurogentech). 

 

Immunohistochemistry 

Dissected mouse pancreata were rapidly frozen in liquid nitrogen and stored at –

80°C.  Cryosections (10 µm) were prepared with a Leica cryostat set at -20°C. Sections 

were fixed by incubation for 15 minutes at room temperature with 4% (w/v) 

paraformaldehyde, and washed three times in 1 x PBS for two minutes each.  

Sections were then permeabilized by incubation in a solution containing 0.05% 

(v/v) Triton X-100 and 10%  (v/v) normal horse serum in 1 x PBS for 30 minutes at room 

temperature and washed in 1 x PBS. Double immunostaining was performed by 

simultaneous incubation with guinea pig anti-insulin and rabbit anti-glucagon antibodies 

(Dakocytomation) at 4°C overnight. Sections were washed and incubated for 1 hour at 

room temperature with an Alexa anti-guinea pig IgG and a fluorescein-conjugated anti-

rabbit IgG (Jackson Immunoresearch Laboratories Inc.). Sections were washed three times 

with 1 x PBS, for 5 minutes each, and were then sealed with Vectashield containing DAPI 
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(Vector Laboratories). Immunohistochemical signals were acquired with a Leica 

fluorescence microscope. Independent sections were also stained with hematoxylin-eosin. 

 

Fluorescent in situ hybridization 

Frozen sections (6 µm) of the various insulin-sensitive tissues were dried for 

30 minutes, fixed by incubation in 4% (w/v) paraformaldehyde for 15 minutes at room 

temperature, and washed five times in 1 x PBS, for 2 minutes each. Sections were 

permeabilized by incubation in 2% (v/v) acetone PBS (pre-chilled at –20°C) for 5 minutes. 

They were then incubated in 30% (v/v) formamide and 2 x SSC for 10 minutes, hybridized 

with probe (1 ng/µl) for 2 h at 37°C in buffer (30% (v/v) formamide, 2 x SSC, 0.02% (w/v) 

BSA, 66 µg/ml yeast tRNA, 2 mM vanadyl complex), and washed for 30 minutes in 30% 

(v/v) formamide/2 x SSC at 50°C and then for 30 minutes in 1 x SSC at 20°C. Sections 

were then mounted in Vectashield with DAPI (Vector Laboratories). We used HPLC-

purified 2-O-methyl RNA 20-mers (Proligo) with CAG-repeats and 5' end-labeled with 

fluorescein as probes. 

 

Combined FISH/Immunofluorescence 

Frozen sections (6 µm) of adipose tissue and pancreas were treated following the same 

FISH procedure as described before, with the exception of the permeabilization step  

during which we used a permeabilizing/blocking reagent ( 0,1% Triton X-100, 1% BSA 

and 3,75% goat serum in 1X PBS). After the last wash in 1X SSC, slides were incubated 

overnight at 4°C with 1:300 rabbit anti-HSL primary antibody (anti Hormone Sensitive 

Lipase, Santa Cruz) or 1:50 rat anti-insulin (R&D Systems) to label adipocytes and ß cells, 

respectively. After three washes in 1X PBS, sections were blocked in 1% BSA and 3,75% 

goat serum in 1X PBS for 30 minutes at room temperature. They were then incubated with 

the Texas Red-conjugated secondary antibodies (Vector laboratories) for 30 minutes at 
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room temperature. Following incubation, slides were washed three times with 1X PBS and 

nuclei were stained with DAPI using VECTASHIELD (Vector laboratories). 

 

Calculations and statistical analyses 

Statistical analyses were carried out with the StatView program 5.0 (SAS Institute 

Inc.), using unpaired Student’s t tests. For all analyses, p values <0.05 were considered 

significant. Results are expressed as means +/- SEM. 

 

Results  

  

The human DMPK transgene is expressed in various tissues in mice 

In oder to determine if the CTG repeat expansion could affect IR splicing in 

different tissues, we first investigated expression of the human DMPK transgene in several 

tissues from mice carrying DM1 expansions. This analysis was performed in 6- and 10-

month-old mice, to follow possible age-dependent changes in the level of DMPK 

expression. We carried out real-time quantitative RT-PCR with specific probes and primers 

for human DMPK transcripts. We analyzed the quadriceps, soleus, liver, adipose tissue, 

pancreas and the hypothalamus/thalamus area. 

 We detected DMPK transgene expression in the various tissues with a pattern of 

expression very similar to the Dmpk endogenous gene. Interestingly, we observed that 

DMPK transgene expression (as well as endogenous Dmpk expression) varied with age, in 

a tissue-specific manner (Figure 1). In quadriceps, soleus, liver and adipose tissue, DMPK 

transcript levels increased between 6 and 10 months, whereas they decreased over the same 

period in the pancreas and in the hypothalamus/thalamus area. Expression was strongest in 

the soleus at six months of age and at 10 months of age and was the lowest in pancreas. In 

addition, expression of the DMPK transgene and endogenous Dmpk gene varied between 
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muscles types (soleus versus quadriceps in this study and unpublished data). Fluorescent in 

situ hybridization experiments showed that expanded DMPK transgene RNA accumulated 

as foci in nuclei of soleus and hypothalamus in DM300-328 mice (Figure 2). Rare foci 

were also observed in adipose tissue and pancreas. No RNA foci could be found in the 

liver of these mice. 

 

DM300-328 mice present a muscle- and age-specific change in the splicing of insulin 

receptor RNA  

Transcription of the IR gene results in the production of two alternatively spliced 

isoforms: IRA (-exon11) and IRB (+exon11). These two isoforms differ in function and are 

expressed in a tissue-specific manner [27]. IRA has a higher affinity for insulin and a 

higher rate of internalization than IRB [28, 29], whereas IRB has a higher level of kinase 

activity and is considered to transmit the insulin signal more efficiently than IRA [30]. The 

presence or absence of exon 11 promotes different localization of the two receptor types, 

which is coupled with different function  [31]. 

 Real-time quantitative RT-PCR with probes specific for the two insulin receptor isoforms, 

IRA and IRB, showed that the two isoforms were distributed abnormally in the soleus of 

10-month-old DM300-328 mice, in which IRB (+exon 11) predominated . We observed a ~ 

50 % increase in IRB RNA levels and a ~ 40 % decrease in the level of IRA RNA (Figure 

3A). No abnormality in receptor isoform expression was observed in six-month-old mice. 

No isoform switch was observed in the quadriceps, suggesting that the splicing defect in 

the DM300-328 mice was muscle-specific (data not shown). This analysis also revealed 

that the levels of IR isoforms decreased with age in the soleus, both in DM300-328 and in 

controls.  
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Molecular abnormalities are also present in other insulin-responsive tissues and in the 

pancreas 

Based on published results and the known importance of insulin in metabolic 

homeostasis, we extended our molecular analyses to other insulin-responsive tissues and in 

pancreas. In liver, at six months of age, DM300-328 mice had lower total IR mRNA levels 

than controls, with about 80% less of each isoform (Figure 3B). Strikingly, this deficiency 

was not maintained at 10 months of age. RT-PCR and real-time quantitative RT-PCR 

results at 10 months revealed an ~20% increase in IRB RNA levels, together with an ~20% 

decrease in the already low level of IRA RNA in DM300-328 mice (p<0.05 DM300-328 

compared to wt and DM20 controls). Molecular studies on adipose tissue also showed 

changes in the distribution of the insulin receptor mRNA isoforms, but only in 10-month-

old DM300-328 mice (Figure 3C). IRB mRNA levels in DM300-328 mice were about 40 

% higher than those in control mice, while IRA levels were about 50 % lower (p<0.001). 

We next investigated the distribution of IR mRNA isoforms in the pancreas of DM300-328 

and control wt mice. RT-PCR and real-time quantitative RT-PCR showed that the levels of 

both IRA and IRB isoforms were about 20% lower in 6-month-old DM300-328 mice than 

in wt mice (p<0.01) (Figure 3D). At 10 months, DM300-328 mice had higher IRA and 

lower IRB levels than wt mice (figure 3D). This led to a switch in the relative distributions 

of the two isoforms, with IRA becoming more abundant than IRB.  

 

Higher levels of insulin receptor expression are observed in the hypothalamus/thalamus  

area of DM300-328 mice  

Low levels of cerebral glucose utilization have been reported in DM1 patients [32, 

33], suggesting that these patients have impaired cerebral glucose metabolism. Neuronal 

IRs are known to have an impact on peripheral glucose metabolism [34]. We then 

investigated the expression of insulin receptor isoforms in the brains of DM300-328 mice. 
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We focused on the hypothalamus/thalamus area, in which the insulin receptor is most 

abundant and is involved in several types of control (food intake, body weight, energy 

disposal, fuel metabolism and reproduction) [35]. RT-PCR and real-time quantitative RT-

PCR analyses showed no difference in the levels of expression of the IRA isoform (with 

IRA the most strongly expressed, and IRB barely detectable) between DM300-328 mice 

and controls, at 6 months. However, IRA transcript levels were higher (+40%, p<0.001) in 

the hypothalamus/thalamus area of 10-month-old DM300-328 mice than in controls 

(Figure 3E). IRB transcript levels were too low for quantification.  

 

DM1 transgenic mice show abnormal glucose and insulin responses  

In order to investigate if the changes in IR isoforms distribution and levels observed 

in various tissues of the in DM300-328 mice could have some impact on glucose 

metabolism, glucose tolerance tests were performed after a long 16-hour fasting period, in 

mice aged 3.5, 5-6 and 10 months. Similar results were obtained in pilot experiments for 

males and females. Therefore, we chose to carry on our experiments only with males, as 

presented. DM300-328 males weighed 8 to 25% less than wt and DM20 controls (Figure 

4D). Basal hyperglycemia and glucose intolerance were detected in DM300-328 mice at 

3.5 and 6 months of age but not in controls (DM20-954) or wild-type mice (p<0,05, 

Figures 4A). This abnormal glucose response was associated with a lack of glucose-

stimulated insulin reponse (Figure 4B). Strikingly, no glucose intolerance was detected in 

the DM300-328 mice at 10 months of age, despite the persistence of the glucose-stimulated 

insulin response defect (Figure 4 A and B). Insulin tolerance tests in these mice showed no 

significant difference, at the ages of 3.5 and 6 months, between DM300-328 and control 

mice (Figure 4C). However a slight insulin hypersensitivity was observed in 10-month-old 

DM300-328 mice (p<0.05). Histological analysis after the labeling of pancreatic islets with 

hematoxylin-eosin or the detection of immunofluorescent ß cells revealed no differences in 
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the number or size of pancreatic islets or changes in the proportion of ß cells (data not 

show). 

 

 

Discussion  

 

Cell culture experiments, observations in DM1 patients and mouse models have 

shown that expanded CUG containing mRNA are toxic and alter splicing regulation of 

various transcripts. In this study, we investigated the splicing regulation of IR, known to be 

affected in DM1 patients muscles and in cellular models [26, 36-40]. In our mice model, 

the human DMPK gene is controlled by its own promoter and is embeded in large human 

genomic sequences over 45 kb, probably containing most of the transcriptional regulatory 

sequences. Using quantitative RT-PCR, we observed that expression patterns of the DMPK 

transgene and the Dmpk endogenous gene were very similar in skeletal muscles, adipose 

tissue, liver and pancreas, although lower for the DMPK transgene (e.g. the level of 

expression of the endogenous Dmpk gene in the gastrocnemius of 3-month-old mice is ~5 

times higher than that of the DMPK transgene [21]). We also observed that the levels of 

expression of both genes are tissue-specific and varied between 6 and 10 months. These 

data prompted us to investigate the possible splicing defects these tissues, at different ages, 

and the consequences that these defects could have on glucose metabolism. 

  

At the age of six months, expression levels of both IR isoforms, IRA and IRB, were similar 

between DM300-328 in soleus, adiposes tissues and hypothalamus. However, molecular 

analyses clearly showed that DM300-328 mice had much lower (80% lower) levels of 

insulin receptor mRNA (IRA+IRB) in the liver than the controls. The same mice also had 

lower levels of IR mRNA in the pancreas (20% lower). At this stage, it is difficult to 
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explain why at 6 months of age, mice expressing the mutant DMPK gene showed a 

decrease in the levels of IR mRNA. Liver and pancreas are not the tissues with the highest 

expression of DMPK. DMPK showed a much lower expression in liver and pancreas than 

in muscles in which IR expression is not affected at 6 months. However, we can not 

exclude a high level of transgene expression in specific cell types in these two tissues that 

would affect IR expression in particular cells. Thus, factors involved in IR gene regulation 

at transcriptional or postranscriptional levels (such as RNA maturation and stability) could 

be affected by the expanded transgene. These factors may be tissue-specific and/or could 

be more affected by the CTG repeat in the liver and pancreas of the DM300-328 mice. It 

has been reported that IR expression at the RNA and protein levels is decreased in 

DM1patients muscle [36] but there is no data on IR expression in the pancreas and liver of 

DM1 patients. Furthermore, expanded CUG-containing transcripts have been reported to 

sequester transcription factors such as Sp1 [19], and may have a deleterious impact on IR 

transcription. Even more surprising was the fact that the decrease of 80% in liver and of 

20% in pancreas were no longer observed at 10 months of age. Instead, DM300-328 

showed a shift in the IRA and IRB isoforms distribution in liver and pancreas, compared to 

wt and DM20 control mice of  the same age. Abnormal IRA and IRB isoforms distribution 

was also observed in soleus, and adipose tissue. These data suggest that the expression of 

RNA carrying CUG expansion in transgenic mice disturbed the regulation of the IR gene 

splicing as shown in cell culture and in DM1 muscles. Furthermore, it shows that the 

isoforms distribution of IRA and IRB is affected in all the insulin-reponsive tissues 

expressing the mutant DMPK RNA and in an age-dependent manner. It is interesting to 

mention here that we observed in most DM300-328 mice tissues (except pancreas and 

hypothalamus), a significant increase of mutant DMPK transcripts in the older mice. As we 

already know that the level of expanded CUG repeat transcripts is critical to induce 

phenotype and splicing abnormalities in our mice [21], it is tempting to speculate that the 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 16

IR splicing defects observed at 10 months could be linked to the increased of DMPK 

transgene expression at that age. On the other hand, this study showed that IR expression 

decreases with age in most control tissues. It is therefore possible that IR splicing 

regulation varied with age and that the mechanisms involved in aged mice are more 

“sensitive” to CUG toxic repeats.  

 

Our physiological investigations in DM300-328 mice suggest that the trans-effect 

of expanded DMPK RNA and the observed IR splicing defects could contribute to the 

metabolic abnormalities observed in these mice. However, the disturbances observed in 

DM300-328 mice and DM1 patients are different. We observed no hyperinsulinemia 

associated with glucose intolerance and insulin resistance similar to that described in DM1 

patients. Instead, DM300-328 mice showed glucose intolerance, which disappeared with 

age, and a defect in glucose-stimulated insulin response. Quantitative RT-PCR analyses in 

the insulin-reponsive tissues suggested that these differences in metabolic status between 

the two species might arise, among other possibilities, from differences in the tissue-

specific distribution of IR mRNA isoforms between C57BL/6 mice and humans. For 

example, IRB is the predominant isoform in human skeletal muscle, whereas IRA 

predominated in the skeletal muscles of wild-type C57BL/6 mice [27]. The different 

regulation of the IR splicing between C57BL/6 mice and human underlines that the 

regulation of the insulin pathways may vary between the two species. Mice on a C57BL/6 

background may not fully recreate the DM1 insulin resistance features. However they 

remain a very usefull tool to study the molecular effect of CUG repeat containing RNA on 

RNA splicing in vivo.  

 

The mechanisms by which CUG repeats-containing RNA exert a trans-effect on 

splicing regulation remain unclear, but many studies recently carried out, have provided a 
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large body of information (for review see [18]). There is growing evidence to suggest that 

the retention of DMPK mRNA with CUG expansions alters RNA metabolism by titration 

and/or by changes in the function of CUG binding proteins such as MBNL1 and CUG-BP1 

respectively members of the muscleblind-like family and the CELF family . Recent data 

suggest that CUG-BP1 and HnRNP H may regulate the equilibrium of splice site selection 

by antagonizing MBNL1 facilitation of insulin receptor exon 11 splicing in a dose-

dependent manner [26, 37, 39, 41]. The predominant isoform of the insulin receptor may 

therefore depend on the tissue-specific or age-dependent expression profiles of these two 

antagonist proteins (or other members of the corresponding protein families). Thus, further 

molecular analyses of the expression of  proteins from the CELF and muscleblind-like 

families in various tissues in adult transgenic mice may improve our understanding of 

tissue-specific and age-dependent insulin receptor mRNA processing defects. The splicing 

abnormalities that we observed in DM300-328 mice at 10 months of age showed a shift 

towards the overrepresentation of isoform B with inclusion of exon 11 in the soleus 

muscle. In DM1 patients, CTG expansions lead to the increase of isoform A and the 

exclusion of exon 11 [26]. Taken together with the observation that the repartition of 

isoforms A and B is also inverted in control human and mouse skeletal muscles, these 

results suggest that the regulation of exon 11 splicing might be different between the two 

species. It has been clearly demonstrated that CUG-BP1, hnRNP H and MBNL1 are able 

to bind the human IR intron 10 sequences allowing the regulation of exon 11 splicing. 

CUG-BP1 and hnRNP H form a suppressor required for the repression of exon 11 

inclusion and MBNL1 induces exon 11 inclusion [26, 37, 39, 41]. However, these proteins 

can also promote an opposite splicing pattern for cardiac troponin T (cTNT): MBNLl has 

been shown to favor cTNT exon 5 skipping while CUB-BP1 is involved in its inclusion 

[41]. Therefore, these proteins can have different roles in exon splicing, probably 

depending on the context and/or the number of binding sites in the splicing regulatory 
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sequences. Analyses of the mouse Cug-bp1, Mbnl1 and hnRnp H proteins binding to the 

mouse intron 10 and functional experiments using mouse Insulin receptor minigenes are 

required to determine if and how the regulation of the mouse exon 11 differs from the 

human Insulin Receptor exon 11 splicing regulation.  

 

 

Conclusion 

In conclusion, we showed for the first time that DMPK transcripts carrying CUG 

expansion affect IR splicing in transgenic mice. Furthermore, these mice provided 

evidence that IRA and IRB isoforms distribution can be affected not only in muscles but 

also in other insulin-responsive tissues and in pancreas. At this stage, it is difficult to relate 

the molecular abnormalities and the physiological abnormalities observed in the DM300-

328 mice. Complex interactions can occur between and among insulin-responsive tissues 

and in pancreas, mediated by factors that promote cross-talk in insulin-driven responses. 

Furthermore, we observed complex age-dependent changes of the IR A and B isoforms 

expression in all these tissues. At 6 months of age, the lack of glucose-stimulated insulin 

response and glucose intolerance could be explained by the decrease of IRA and IRB 

expression in pancreas and liver and/or by others factors (such as defects of transcription 

factors involved in the regulation of the Insulin gene expression). At 10 months of age, 

despite the persistence of a glucose-stimulated insulin-response defect, the glucose 

tolerance appeared normal. However, multiple splicing defects were observed in all the 

tissues that were investigated. One possible explanation is that combined variations of IRA 

and IRB expression in the different tissues could induce a higher insulin sensitivity of the 

tissues involved in the uptake and/or storage of glucose resulting in a normal glucose 

tolerance. 

Finally, the different regulation of IR exon 11 splicing between mice and human 

and the different physiological manifestations observed in transgenic mice compared to 
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DM1 patients indicate that mouse is not a good model for the study of DM1 features that 

involve insulin regulation. However, it remains possible that, as observed in mice, IR 

splicing regulation could be affected not only in muscles but also in other tissues in DM1 

patients. The resulting IR splicing defects in different tissues might then participate to the 

metabolic syndrome observed in DM1 patients. It is also interesting to keep in mind that 

the splicing molecular defects could be tissue-specific and age-dependent. 

 

 

Acknowledgments 

 

This work was supported by grants from INSERM, the Association Française contre les 

Myopathies (AFM) and the Université René-Descartes Paris V. CGD and AH were 

supported by a grant from AFM. M.G.P. is a Marie Curie Research Fellow.  We would like 

to thank Mario Pende, Samira Alliouchene and Michele Leborgne for technical advice and 

members of the French DM1 network for helpful discussions. 

 

 

References 

 

 

[1] P.S. Harper, Myotonic Dystrophy, 3rd edition, London Philadelphia, 2001. 

[2] S.G. Caughey JE, Endocrine aspects of dystrophia myotonica, Brain 85 (1962) 711-

32. 

[3] R.T. Moxley, A.J. Corbett, K.L. Minaker and J.W. Rowe, Whole body insulin 

resistance in myotonic dystrophy, Ann Neurol 15 (1984) 157-62. 

[4] D. Kunze and D. Olthoff, [Lipid content of human skeletal muscle in primary and 

secondary myopathies], Clin Chim Acta 29 (1970) 455-62. 

[5] J.M. Fernandez-Real, A. Molina, M. Broch, W. Ricart, C. Gutierrez, R. 

Casamitjana, J. Vendrell, J. Soler and J.M. Gomez-Saez, Tumor necrosis factor 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 20

system activity is associated with insulin resistance and dyslipidemia in myotonic 

dystrophy, Diabetes 48 (1999) 1108-12. 

[6] H. Wakamatsu, H. Nakamura, K. Ito, W. Anazawa, S. Okajima, K. Shigeno and Y. 

Goto, Concentration and fatty acid composition of serum lipids in myotonia 

dystrophica. With special reference to pathogenesis, Horm Metab Res 4 (1972) 

458-62. 

[7] C. Aslanidis, G. Jansen, C. Amemiya, G. Shutler, M. Mahadevan, C. Tsilfidis, C. 

Chen, J. Alleman, N.G. Wormskamp, M. Vooijs, J. Buxton, K. Johnson, H.J.M. 

Smeets, G.G. Lennon, A.V. Carrano, R.G. Korneluk, B. Wieringa and P.J. de Jond, 

Cloning of the essential myotonic dystrophy region and mapping of the putative 

defect, Nature 355 (1992) 548-51. 

[8] J.D. Brook, M.E. McCurrach, H.G. Harley, H.J. Buckler, D. Church, H. Aburatani, 

K. Hunter, V.P. Stanton, J.P. Thirion, T. Hudson, R. Sohn, B. Zemelman, R.G. 

Snell, S.A. Rundle, S. Crow, J. Davies, P. Shelbourne, J. Buxton, C. Jones, V. 

Juvonen, K. Johnson, P.S. Harper, D.J. Shaw and D.E. Housman, Molecular  basis 

of myotonic dystrophy: expansion of a trinucleotide (CTG) repeat at the 3' end of a 

transcript encoding a protein kinase family member., Cell 68 (1992) 799-808. 

[9] Y.H. Fu, A. Pizzuti, R.G. Fenwick, Jr., J. King, S. Rajnarayan, P.W. Dunne, J. 

Dubel, G.A. Nasser, T. Ashizawa, P. de Jong and et al., An unstable triplet repeat in 

a gene related to myotonic muscular dystrophy, Science 255 (1992) 1256-8. 

[10] M. Mahadevan, C. Tsilfidis, L. Sabourin, G. Shutler, C. Amemiya, G. Jansen, C. 

Neville, M. Narang, J. Barcelo, K. O'Hoy and et al., Myotonic dystrophy mutation: 

an unstable CTG repeat in the 3' untranslated region of the gene, Science 255 

(1992) 1253-5. 

[11] M. Mahadevan, C. Tsilfidis, L. Sabourin, G. Shutler, C. Amemiya, G. Jansen, C. 

Neville, M. Narang, J. Barcelo, K. O'Hoy, S. Leblond, J. Earle-Macdonald, P.J. de 

Jong, B. Wieringa and R.G. Korneluk, Myotonic dystrophy mutation: an unstable 

CTG repeat in the 3' untranslated region of the gene, Science 255 (1992) 1253-

1255. 

[12] C. Zerylnick, A. Torroni, S.L. Sherman and S.T. Warren, Normal variation at the 

myotonic dystrophy locus in global human populations, Am J Hum Genet 56 

(1995) 123-130. 

[13] L. Machuca-Tzili, D. Brook and D. Hilton-Jones, Clinical and molecular aspects of 

the myotonic dystrophies: a review, Muscle Nerve 32 (2005) 1-18. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 21

[14] K.L. Taneja, M. Mccurrach, M. Schalling, D. Housman and R.H. Singer, Foci of 

trinucleotide repeat transcripts in nuclei of myotonic dystrophy cells and tissues, J 

Cell Biol 128 (1995) 995-1002. 

[15] B.M. Davis, M.E. McCurrach, K.L. Taneja, R.H. Singer and D.E. Housman, 

Expansion of a CUG trinucleotide repeat in the 3' untranslated region of myotonic 

dystrophy protein kinase transcripts results in nuclear retention of transcripts, Proc 

Natl Acad Sci USA 94 (1997) 7388-93. 

[16] A.D. Otten and S.J. Tapscott, Triplet repeat expansion in myotonic dystrophy alters 

the adjacent chromatin structure, Proc Natl Acad Sci USA 92 (1995) 5465-5469. 

[17] D.H. Cho, C.P. Thienes, S.E. Mahoney, E. Analau, G.N. Filippova and S.J. 

Tapscott, Antisense transcription and heterochromatin at the DM1 CTG repeats are 

constrained by CTCF, Mol Cell 20 (2005) 483-9. 

[18] L.P. Ranum and T.A. Cooper, Rna-Mediated Neuromuscular Disorders, Annu Rev 

Neurosci 29 (2006) 259-277. 

[19] A. Ebralidze, Y. Wang, V. Petkova, K. Ebralidse and R.P. Junghans, RNA leaching 

of transcription factors disrupts transcription in myotonic dystrophy, Science 303 

(2004) 383-7. 

[20] A. Mankodi, E. Logigian, L. Callahan, C. McClain, R. White, D. Henderson, M. 

Krym and C.A. Thornton, Myotonic dystrophy in transgenic mice expressing an 

expanded CUG repeat, Science 289 (2000) 1769-73. 

[21] H. Seznec, O. Agbulut, N. Sergeant, C. Savouret, A. Ghestem, N. Tabti, J.C. 

Willer, L. Ourth, C. Duros, E. Brisson, C. Fouquet, G. Butler-Browne, A. 

Delacourte, C. Junien and G. Gourdon, Mice transgenic for the human myotonic 

dystrophy region with expanded CTG repeats display muscular and brain 

abnormalities, Hum Mol Genet 10 (2001) 2717-26. 

[22] R.T. Moxley, 3rd, W.J. Kingston, K.L. Minaker, A.J. Corbett and J.W. Rowe, 

Insulin resistance and regulation of serum amino acid levels in myotonic dystrophy, 

Clinical Science (London) 71 (1986) 429-36. 

[23] G. Perseghin, A. Caumo, C. Arcelloni, S. Benedini, R. Lanzi, E. Pagliato, L.P. 

Sereni, G. Testolin, A. Battezzati, G. Comi, M. Comola and L. Luzi, Contribution 

of abnormal insulin secretion and insulin resistance to the pathogenesis of type 2 

diabetes in myotonic dystrophy, Diabetes Care 26 (2003) 2112-8. 

[24] G. Perseghin, M. Comola, P. Scifo, S. Benedini, F. De Cobelli, R. Lanzi, F. 

Costantino, G. Lattuada, A. Battezzati, A. Del Maschio and L. Luzi, Postabsorptive 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 22

and insulin-stimulated energy and protein metabolism in patients with myotonic 

dystrophy type 1, Am J Clin Nutr 80 (2004) 357-64. 

[25] A. Morrone, E. Pegoraro, C. Angellini, E. Zammarchi, G. Marconi and E.P. 

Hoffman, RNA metabolism in Myotonic Dystrophy, J Clin Invest 99 (1997) 1691-

1698. 

[26] R.S. Savkur, A.V. Philips and T.A. Cooper, Aberrant regulation of insulin receptor 

alternative splicing is associated with insulin resistance in myotonic dystrophy, Nat 

Genet 29 (2001) 40-7. 

[27] L. Mosthaf, K. Grako, T.J. Dull, L. Coussens, A. Ullrich and D.A. McClain, 

Functionally distinct insulin receptors generated by tissue-specific alternative 

splicing, EMBO J 9 (1990) 2409-13. 

[28] Y. Yamaguchi, J.S. Flier, A. Yokota, H. Benecke, J.M. Backer and D.E. Moller, 

Functional properties of two naturally occurring isoforms of the human insulin 

receptor in Chinese hamster ovary cells, Endocrinology 129 (1991) 2058-66. 

[29] B. Vogt, J.M. Carrascosa, B. Ermel, A. Ullrich and H.U. Haring, The two isotypes 

of the human insulin receptor (HIR-A and HIR-B) follow different internalization 

kinetics, Acta Haematol 177 (1991) 1013-8. 

[30] M. Kellerer, R. Lammers, B. Ermel, S. Tippmer, B. Vogt, B. Obermaier-Kusser, A. 

Ullrich and H.U. Haring, Distinct alpha-subunit structures of human insulin 

receptor A and B variants determine differences in tyrosine kinase activities, 

Biochemistry 31 (1992) 4588-96. 

[31] P.O. Berggren and I.B. Leibiger, Novel aspects on signal-transduction in the 

pancreatic beta-cell, Nutr Metab Cardiovasc Dis 16 Suppl 1 (2006) S7-10. 

[32] M. Fiorelli, D. Duboc, B.M. Mazoyer, J. Blin, B. Eymard, M. Fardeau and Y. 

Samson, Decreased cerebral glucose utilization in myotonic dystrophy, Neurology 

42 (1992) 91-4. 

[33] R. Mielke, K. Herholz, G. Fink, D. Ritter and W.D. Heiss, Positron emission 

tomography in myotonic dystrophy, Psychiatry Res 50 (1993) 93-9. 

[34] L. Plum, M. Schubert and J.C. Bruning, The role of insulin receptor signaling in the 

brain, Trends Endocrinol Metab 16 (2005) 59-65. 

[35] J.C. Bruning, D. Gautam, D.J. Burks, J. Gillette, M. Schubert, P.C. Orban, R. 

Klein, W. Krone, D. Muller-Wieland and C.R. Kahn, Role of brain insulin receptor 

in control of body weight and reproduction, Science 289 (2000) 2122-5. 

[36] A. Morrone, E. Pegoraro, C. Angelini, E. Zammarchi, G. Marconi and E.P. 

Hoffman, RNA metabolism in myotonic dystrophy: patient muscle shows 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 23

decreased insulin receptor RNA and protein consistent with abnormal insulin 

resistance, The journal of clinical investigation 99 (1997) 1691-8. 

[37] W. Dansithong, S. Paul, L. Comai and S. Reddy, MBNL1 is the primary 

determinant of focus formation and aberrant insulin receptor splicing in DM1, J 

Biol Chem 280 (2005) 5773-80. 

[38] R.S. Savkur, A.V. Philips, T.A. Cooper, J.C. Dalton, M.L. Moseley, L.P. Ranum 

and J.W. Day, Insulin receptor splicing alteration in myotonic dystrophy type 2, 

Am J Hum Genet 74 (2004) 1309-13. 

[39] S. Paul, W. Dansithong, D. Kim, J. Rossi, N.J. Webster, L. Comai and S. Reddy, 

Interaction of muscleblind, CUG-BP1 and hnRNP H proteins in DM1-associated 

aberrant IR splicing, EMBO J 25 (2006) 4271-83. 

[40] O. Leroy, C.M. Dhaenens, S. Schraen-Maschke, K. Belarbi, A. Delacourte, A. 

Andreadis, B. Sablonniere, L. Buee, N. Sergeant and M.L. Caillet-Boudin, ETR-3 

represses Tau exons 2/3 inclusion, a splicing event abnormally enhanced in 

myotonic dystrophy type I, J Neurosci Res 84 (2006) 852-9. 

[41] T.H. Ho, B.N. Charlet, M.G. Poulos, G. Singh, M.S. Swanson and T.A. Cooper, 

Muscleblind proteins regulate alternative splicing, EMBO J 23 (2004) 3103-12. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 24

Legends 

 

Figure 1 Age-dependent expression of the human DMPK transgene and the endogenous 

Dmpk gene in transgenic mice. 

DMPK transgene (A) and Dmpk endogenous (B) transcription levels were determined by 

real-time quantitative PCR, with normalization according to 18S expression, in various 

insulin-responsive tissues and in pancreas from 6- and 10-month-old DM300-328 male 

mice (pool n=4-6). Expression levels are expressed in arbitrary units. *p<0.05; **p<0.01 

 

Figure 2 Mutant DMPK transcripts formed nuclear RNA foci in several insulin-responsive 

tissues and in pancreas from transgenic mice. Nuclear foci were detected with a (CAG)20 

fluorescent probe in adipose tissue, soleus and pancreas from DM300-328 mice only. Foci 

were not detected in liver. White arrows indicate green RNA foci in the cell nuclei that are 

stained with DAPI. FISH experiments were combined with immunofluorescence staining 

for the identification of insulin-secreting cells in pancreas and hormone-sensitive lipase 

rich adipocytes in perigonadal White Adipose Tissue (WAT).  

  

Figure 3 Abnormal expression of IRA and IRB in mice expressing mutant DMPK 

transcripts. 

The levels of expression of the two IR isoforms were determined by RT-PCR (left) or real-

time PCR (right), with normalization according to 18S levels in wild-type mice (wt), in 

control DM20-954 mice with 20 CTG repeats (DM20) and in DM300-328 mice carrying 

>350 CTG expansions (DM300). Isoform levels were determined in the soleus (A), liver 

(B), adipose tissue (C), pancreas (D) and hypothalamus/thalamus  (E) of 6- and 10-month-

old males (n=4-6/group). Tbp was used as an internal control in RT-PCR experiments. 

*p<0.05; **p<0.01; ***p<0.001 
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Figure 4 Glucose tolerance test, secretion and insulin sensitivity in transgenic mice and 

controls. 

Blood glucose (A) and serum insulin (B) concentrations were measured at the indicated 

time points before and after intraperitoneal injection of glucose (1 mg/g body weight) in 16 

h-fasted DM300-328 males with CTG expansions (DM 300) and in 16 h-fasted control 

wild-type and DM20-954 males (wt and DM 20), n=6/group. Blood glucose (C) was 

determined at the indicated time points before and after intraperitoneal injection of insulin 

(0.75 IU/kg), in the same 16 h-fasted mice (n=6/group). (3.5 m) 3.5-month-old males. (5-6 

m) 5- to 6-month-old males. (10 m) 10-month-old males. Results are expressed as means ± 

SEM. (D) Mean weight of wt, DM20 and DM300 males at 3.5, 5-6 and 10 months of age. 

* p<0.05; ** p<0.01 : transgenic versus both control groups by unpaired, two-tailed 

Student’s t test. 
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