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Abstract
Aims—Myotonic dystrophy types 1 and 2 (DM1 and DM2) are multisystem disorders caused by
similar repeat expansion mutations, with similar yet distinct clinical features. Aberrant splicing of
multiple effector genes, as well as dysregulation of transcription and translation, have been
suggested to underlie different aspects of the complex phenotypes in DM1 and DM2. Ca2+ plays a
central role in both muscle contraction and control of gene expression, and recent expression
profiling studies have indicated major perturbations of the Ca2+ signaling pathways in DM. Here
we have further investigated the expression of genes and proteins involved in Ca2+ metabolism in
DM patients, including Ca2+ channels and Ca2+ binding proteins.

Methods—We used patient muscle biopsies to analyze mRNA expression and splicing of genes
by microarray expression profiling and RT-PCR. We studied protein expression by
immunohistochemistry and immunoblotting.

Results—Most of the genes studied showed mRNA up-regulation in expression profiling. When
analyzed by immunohistochemistry the Ca2+ release channel ryanodine receptor was reduced in
DM1 and DM2, as was calsequestrin 2, a sarcoplasmic reticulum lumen Ca2+ storage protein.
Abnormal splicing of ATP2A1 was more pronounced in DM2 than DM1.

Conclusions—We observed abnormal mRNA and protein expression in DM affecting several
proteins involved in Ca2+ metabolism, with some differences between DM1 and DM2. Our protein
expression studies are suggestive of a post-transcriptional defect(s) in the myotonic dystrophies.

Keywords
Myotonic dystrophy type 1 (DM1); myotonic dystrophy type 2 (DM2); skeletal muscle; calcium
metabolism

Introduction
Myotonic dystrophy type 1 (DM1) and type 2 (DM2) are multisystem disorders, with core
symptoms of progressive muscle weakness, myotonia, cataracts, heart conduction defects
and endocrine dysfunction [1, 2]. DM1 and DM2 are caused by repeat expansion mutations
residing in transcribed, non-coding regions of their respective genes. DM1 is caused by a
(CTG)n in the 3´ UTR of DMPK [3–5] and DM2 by a (CCTG)n in intron 1 of ZNF9 [6, 7].
DMPK and ZNF9 are expressed in a wide variety of tissues, which is thought to underlie the
multi-organ involvement in both diseases. In spite of larger expansions, DM2 is generally
milder compared to DM1, and DM2 lacks a congenital form or clear anticipation [2, 8].

Since transcription of mutant repeats appears to be necessary and sufficient to cause disease,
DM1 and DM2 are commonly considered toxic RNA gain-of-function diseases [9].
Accumulation of pathogenic (CUG)DM1/(CCUG)DM2 in ribonuclear foci leads to the
sequestration of trans-acting nuclear proteins, including MBNL1 [10, 11], and the up-
regulation of CUGBP1 levels by PKC-mediated hyperphosphorylation [12]. Dysregulation
of these splice factors has been linked to altered pre-mRNA processing of various DM
effector genes, favoring the expression of their embryonic mRNA and protein isoforms [13].
Aberrant splicing of multiple skeletal muscle genes has been reported in both DM1 and
DM2 [10, 14–23]. More recently, additional pathomechanisms disrupting cellular
homeostasis have been implicated, including dysregulation of transcription, translation and
protein degradation [13, 24–27]. In addition, haploinsufficiency of DMPK in DM1 and
ZNF9 in DM2 has been identified [4, 26, 28–32].

Although similar in many respects, there are clear phenotypic differences between the two
diseases: compared to DM1 the clinical presentation of DM2 is more variable in both
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severity and range of clinical symptoms (see Table 1 in [17] for detailed description of
clinical features in DM1 and DM2) [2, 33, 34]. Proximal muscles and type 2 fibres are more
severely affected in DM2, whereas in DM1 distal muscles and type 1 fibres are more
involved [1, 35, 36]. In DM2 myalgic pains can be the most disabling symptom [2, 37],
although little is known about their underlying molecular pathophysiology. Recently we
showed divergent aberrant splicing of several myofibrillar proteins, including the fast
skeletal muscle troponin T, fTnT (TNNT3) and Z-disc alternatively spliced PDZ-motif
containing protein, ZASP (LDB3). These differences may in part account for differential
skeletal muscle weakness and fibre type involvement in DM1 and DM2 [17].

Timely and effective Ca2+ storage, release and re-uptake in excitation-contraction coupling
are essential for proper muscle functioning [38]. Key proteins regulating the Ca2+ flux
include the voltage-sensitive Ca2+ release complex constituents ryanodine receptors (RYR)
and dihydropyridine receptor (DHPR), the sarcoplasmic/endoplasmic reticulum (SR) Ca2+

re-uptake ATPase (SERCA) and the Ca2+ storage protein calsequestrin (CASQ) in the SR
lumen [38]. Because free Ca2+ is cytotoxic, its tight regulation is essential. In addition to
muscle contraction, Ca2+ is an important secondary messenger in cell signaling, regulating a
variety of cellular functions from development to cell growth and differentiation [39, 40].
Several studies have consistently identified Ca2+ signaling as the most affected pathway in
DM in human patients and mouse models [17, 41, 42]. Many myogenic transcription factors
are Ca2+-sensitive, and we recently reported aberrant mRNA expression and splicing of the
MEF2 family of transcription factors, SIX1 and NFATC4 in DM1 and DM2 [17, 42].
Aberrant splicing of RYR1 and ATP2A1 (SERCA1), which may contribute to muscle
wasting through the disruption Ca2+ homeostasis, have been observed in skeletal muscle of
DM1 patients and the HSALR DM1 mice [20, 43]. Here we show similar aberrant splicing in
skeletal muscle of DM2 patients, with differences in relative proportions of ATP2A1 splice
variants between DM1 and DM2. In addition, we show dysregulation of several factors
involved in Ca2+ homeostasis, both at mRNA expression and protein levels including
RYR1, DHPR (CACNA1S), CASQ2, TRDN, JPH1, calcineurin (PPP3CA) and NFATC3.

Materials and Methods
Patients

Enrollment of patients was approved by the respective local institutional review boards.
Muscle biopsies were obtained after informed consent from the patients. DM1 and DM2
patients are summarized in Supplemental Table 1. Altogether, DM1 (n = 21), DM2 (n = 34),
other neuromuscular disease (NMD) controls (n = 7), and healthy controls (n = 20) were
included. In DM1 and control groups, both distal and proximal muscles were included. Only
proximal muscles of DM2 patients were available, because distal muscles are rarely affected
in DM2. Each group included both males and females. DM1 and DM2 patients with
matched age, gender and stage of disease were used. Different sample sets were used for
protein analyses and mRNA analyses using expression profiling and splice variant analysis.

Microarray expression profiling
Preparation and labelling of RNA—The U133Plus2 GeneChip (Affymetrix, Santa
Clara, CA) was used for RNA expression profiling. Total cellular RNA was extracted from
muscle biopsies after mechanical homogenization using a shark-tooth pulveriser with TriZol
(Invitrogen, Carlsbad, CA), according to the manufacturer's suggestions. The RNeasy kit
(Qiagen, Valencia, CA) was used to further purify the RNA. The quality and integrity of the
RNA was monitored using an Agilent BioAnalyzer and the RNA 6000 Nano LabChip
(Agilent, Santa Clara, CA), and samples with a RIN (RNA integrity number) >7 were
accepted for use. Five µg of total cellular RNA from each sample was used for cDNA
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synthesis according to the manufacturer’s protocol. The efficiency of cRNA synthesis was
controlled by adding a mixture of in vitro transcribed cRNAs of cloned bacterial genes for
lysA, pheB, thrB, and dap (American Type Culture Collection) as external controls. The
Superscript II system (GIBCO/BRL) was employed for first-strand cDNA synthesis, which
was performed at 42°C for 1 hr at a final concentration of 1 × first-strand synthesis buffer,
10 mM DTT, 500 µM dNTPs, 100 pmol of T7-(T)24 primer, and 200 units of reverse
transcriptase. Second-strand cDNA synthesis was performed at 16°C for 2 hr at a final
concentration of 1 × second-strand buffer, 250 µM dNTP, 65 U/ml DNA ligase, 250 units/ml
DNA polymerase I, 13 U/ml RNase H. Reaction mixtures from the second-strand synthesis
were purified with an Affymetrix cDNA purification column. Biotinylated UTP and CTP
were used for in vitro transcription labelling, performed according to the manufacturer’s
protocol (Enzo Diagnostics) for 16 hr at 37°C. cRNA purification column (RNeasy,
Qiagen), was used to clean the amplified cRNA, and its quality was monitored with an
Agilent BioAnalyzer. Labelled cRNAs were fragmented at 94°C for 35 min in 40 mM Tris-
acetate, pH 8.1/100 mM KOAc/30mM Mg(OAc)2, and the fragmented cRNAs were
hybridized to Affymetrix U133Plus2 GeneChips. The hybridization cocktail contained 10 µg
of fragmented cRNA in 200 µl, with 50 pM control oligonucleotide B2, 0.1 mg/ml herring
sperm DNA, 0.5 mg/ml acetylated BSA, 100 mM Mes, 20 mM EDTA, 0.01% Tween 20
(total Na+ = 1 M), and bacterial sense cRNA controls for bioB, bioC, bioD, and cre at 1.5,
5.0, 25, and 100 pM. After hybridization, the chips were scanned according to the
manufacturer’s protocol. The gene expression data are available at www.ncbi.nlm.nih.gov/
geo/ (GEO series numbers GSE7014) [17].

Data analysis
While we considered the expression profiles of the entire set of genes on the array, we
decided to specifically focus on the subset of genes functionally associated with Ca2+

metabolism, in order to examine key genes associated with the two types of DM. Using the
DChip software package (DNA-Chip analyzer) annotation tools (February 2006 build, http://
biosun1.harvard.edu/complab/dchip/) and a series of queries to Gene Ontology along with
information from the literature, we generated a list of 2,490 probe set IDs specific for 1,039
genes involved in Ca2+ metabolism. It is important to note, however, that the genes were not
selected on the basis of a contrast between the DM groups, or on the basis of any particular
direction to these contrasts.

A healthy control sample was used as the reference for normalization, which was performed
with the Invariant Set Normalization method (PM-only model with DChip default settings).
The expression values for each probe set were calculated with DChip model-based
expression, and comparisons were made between sample groups using a fold-change (FC)
cut-off FC ≥ 1.2, a lower bound (lb) limit lb = 90% (default), e-b, b-e difference thresholds
of 100 (e experiment, b baseline), and a 50-permutations false discovery rate (FDR)
calculation for each comparison. Clustering analyses on samples and differentially regulated
genes were performed with the Euclidian Distance metric in DChip using default settings.

Pathway analysis of differentially regulated genes identified by expression profiling was
performed with the Ingenuity Pathway Analysis software (IPA, Ingenuity Systems, Release
Number: 5.5 – 2233, http://www.ingenuity.com). IPA analysis uses the right-tailed Fisher
Exact Test to define the most relevant functional categories and canonical pathways
(Ingenuity Pathway Analysis-Canonical Pathways, IPA-CP).

Splice variant analysis
cDNA Synthesis—Standard methods were used to synthesize cDNA from total muscle
RNA. Briefly, 5 µg of RNA were digested with DNaseI (Ambion, Austin, TX, USA)
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according to the manufacturer’s protocol. SuperScript™ III First-strand cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA, USA) was used to generate cDNA of the DnaseI-treated RNA,
half and half in separate reactions using random hexamer and oligo-(dT) priming according
to the manufacturer. The resultant cDNAs were RNase H treated before use. A mixture of
random hexamer and oligo-(dT) primed cDNA, in equal amounts, was diluted to 200 µl with
molecular grade RNAse-free H2O. The possibility of genomic contamination was eliminated
by testing the cDNAs for a known genomic marker by PCR.

RT-PCR—In order to measure the proportions of the splice variants present in the muscle
samples, RT-PCR was performed, with fluorescently (FAM−) labeled universal M13
forward primer to allow subsequent quantification of the products [7, 44]. In each RT-PCR,
2 µl of cDNA (12.5 ng RNA-equivalents) was used, and the reactions were performed for
23–28 cycles, in log-linear range, with appropriate controls. The results were analyzed using
capillary electrophoresis on an ABI3100 sequencer, and the measured peak heights for each
isoform were added together to obtain the total signal. The percentage of each individual
peak representing a unique isoform was then measured, and the statistical significance of the
results were calculated using the Student´s t test. Primer sequences for RYR1 and ATP2A1
RT-PCR were as described before [20] with the addition of M13 tails (Supplemental Table
2).

Western blotting
To prepare samples for SDS-PAGE and western blotting of membrane-bound proteins
RYR1, DHPR and SERCA1, ice-cold RIPA-buffer containing protease inhibitor cocktail
(Complete®, Sigma-Aldrich) was added on top of the muscle biopsies, followed by
mechanical homogenization Subsequently, the samples were sonicated on ice four times for
5 sec (40% amplitude), while cooled between cycles. The samples were then centrifuged at
13,000 rpm for 15 min, and the supernatant was recovered. One volume of (4×) reducing
SDS-PAGE sample buffer containing beta-mercaptoethanol was added to three volumes of
the supernatant, and samples were heated at 35°C for 15 min. For soluble proteins, a sample
preparation method described previously was applied [45].

Different kinds of SDS-PAGE gels were used for proteins of distinct sizes: for CASQ1/2
and TRDN, 8% SDS-PAGE gels and Bio-Rad Mini Protean system (Bio-Rad Laboratories,
Hercules, CA, USA) were used, whereas for RYR1, DHPR and SERCA1, 5% SDS-PAGE
gels and Bio-Rad Protean System were used for better resolution. The following primary
antibodies were used for detection: SERCA2 (sc-8095; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA); TRDN (sc-33390; Santa Cruz Biotechnology); JPH1 (H00056704-
A01; Abnova Corporation, Taipei, Taiwan); calcineurin (clone CN-A1; Sigma-Aldrich,
Saint Louis, MO, USA); NFATC3 (H00004775-B01; Abnova); RYR (clone 34C; Abcam,
Cambridge, UK); DHPR (clone 1A; Novus Biologicals, Inc., Littleton, CA, USA); SERCA1
(clone VE121G9; Research Diagnostics, Flanders, NJ, USA); CASQ1 (SC-16571; Santa
Cruz Biotechnology); CASQ2 (ab3516; Abcam). The HRP-conjugated secondary antibodies
swine anti-rabbit (DAKO P399), rabbit anti-mouse (P260), and rabbit anti-goat (P449) were
all obtained from DAKO (Glostrup, Denmark). ECL-detection was performed using the
Super Signal Femto kit (Thermo Scientific, Rockford, IL, USA) at 1:10, diluted in PBS, pH
7,4. We confirmed that the molecular weight in kilodaltons (kD) for each protein detected
agreed with published data and the information provided by the antibody manufacturer.
Equal protein loading was monitored using Coomassie-stained myosin heavy chain (MyHC)
band, and immunodetection of β-actin (ACTB) (latter not shown). The muscle fibre-specific
MyHC provides a reliable control, especially in dystrophic muscles with potential fatty and
connective tissue replacement. The ImageJ 1.43u free software (National Institutes of
Health, USA) was used for quantification of WB bands. Integrated density of bands was
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determined, after which the ratio between the specific band and its corresponding loading
control band (Coomassie-stained MyHC or immunoblotted ACTB) was measured. The
average ratio of the healthy controls group was set to 1.0, and the relative protein quantities
in the DM1 and DM2 groups were obtained by proportioning their average ratios relative to
this. Microsoft® Excel Office 2007 (Microsoft Corporation, Redmond, WA, USA) was used
to generate graphs, and to calculate p-values using Student´s t-test (with two-tail distribution
and two-sample unequal variance).

Immunohistochemistry
Frozen muscle sections (6 µm) were used for immunohistochemical analyses. For
immunofluorescence staining, the slides were fixed in 4% PFA for 10 min, permeabilized in
0.2% Triton X-100 for 10 min and blocked in 5% BSA for 30 min, after which primary and
secondary antibody (Ab) incubations were performed at room temperature for 1 h. For
nuclear counterstain, the slides were dipped in aquaeous DAPI solution before mounting in
Gel/Mount (Sigma G0918). BSA (1%) was used as an Ab diluent, and PBS was used as a
buffer throughout the procedure. Slides were rinsed in PBS four times for 5 min between
each step. Double stainings were performed by pooling primary and secondary antibodies,
except for the RYR/DHPR double staining, where RYR mAb was labeled using the Zenon
mouse IgG labeling kit Alexa-546 (Molecular Probes, Inc., Eugene, OR) according to the
manufacturer´s instructions. The primary antibodies used were CASQ2, TRDN, SERCA1,
RYR, DHPR, MyHC-IIa/x (MHCf, clone MY-32; Sigma-Aldrich), CASQ1, and calcineurin.
Fluorescently labelled secondary antibodies from Molecular Probes were used, including
rabbit anti-mouse Alexa 488 (A-11059); goat anti-mouse Alexa 546 (A-11003); donkey
anti-goat Alexa 546 (A-11056); and donkey anti-rabbit Alexa 488 (A-21206) (Invitrogen
Corporation, Carlsbad, CA; USA).

Ventana Benchmark automated immunostainer (Ventana Medical Systems, Tucson, AZ)
was used for DAB immunohistochemistry of frozen sections. iVIEW® DAB detection kit
followed by Hematoxylin and Bluing reagent counterstain (Ventana). Partially the same
primary antibodies as for IF were used for DAB stainings: MHCf, RYR, DHPR, SERCA1,
JPH1, and CASQ2.

For comparison we also immunolabelled muscle membrane proteins dystrophin,
sarcoglycans, caveolin 3, merosin and nNOS, the latter also being involved in calcium
signaling. Beta-spectrin served as a membrane integrity control. Primary antibodies used
were mouse mAbs beta-spectrin (clone RBC2/3D5; Leica Biosystems, Newcastle Upon
Tyne, UK); C-terminal DYS (clone Dy8/6C5; Leica Biosystems); alpha-sarcoglycan (clone
Ad1/20A6; Leica Biosystems); beta-sarcoglycan (clone Bsarc/5B1; Leica Biosystems)
merosin (clone 2Q598; United States Biological, Swampscott, MA, USA); caveolin-3
(sc-5310; Santa Cruz Biotechnology); and rabbit pAb nNOS (sc-648; Santa Cruz
Biotechnology). We carefully confirmed the subcellular distribution of all antibodies for
immunohistochemistry using healthy control muscle material, and confirmed that the
obtained results agreed with published information or that provided by manufacturer.

Results
Microarray expression profiling

To identify differentially expressed genes between DM1 and DM2, we performed global
mRNA expression profiling of skeletal muscle biopsies in DM1 (n = 10) and DM2 (n = 20)
patients and normal adults (n = 6). We previously reported preliminary results of muscle-
specific genes, which identified numerous genes involved in Ca2+ metabolism (GEO
accession number GSE7014; [17]). Analysis of all genes interrogated followed by Ingenuity
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Pathway Analysis of differentially expressed genes identified calcium signalling as the most
significant canonical pathway with 29 of 204 genes (14%) in the curated pathway showing
up-regulation and none showing down-regulation (Sirito et al., manuscript in preparation).
Unsupervised clustering of all 2,490 probe sets representing 1,039 unique Ca2+ metabolism
genes did not show separation by disease status. However, 200 probe sets (8%, representing
134 unique genes) showed differential expression in both DM1 and DM2 compared to
normal samples (false-discovery rate 8%). Of these, 183 probe sets (91.5% or 121 unique
genes) showed up-regulation, while only 17 probe sets (8.5%), representing 13 unique
genes, showed down-regulation. When we compared DM2 to DM1 only 21 probe sets (16
unique genes) showed differential mRNA expression (false-discovery rate 4.8%).

This gene list included several Ca2+ transporting ATPases and other ion channels/pumps
(K+, Na+, Cl−). Structurally, many of these proteins have one or several EF-hand motifs for
Ca2+ binding, and many are identified as transmembrane proteins. Numerous myosin genes
were also up-regulated, including unconventional/non-muscle myosins [17], regulated in a
Ca2+-dependent fashion. In this study, we focused on a subset of genes known to play major
roles in Ca2+ handling in muscle, including SERCA1 (ATP2A1) and SERCA2 (ATP2A2),
both calsequestrin genes (CASQ1 and CASQ2), triadin (TRDN), junctophilin (JPH1) and
calcineurin-α catalytic subunit (PPP3CA), all of which showed up-regulation (DM vs. N). In
addition, ATP2A2, TRDN and JPH1 were differentially dysregulated between DM2 and
DM1, the expression being higher in DM1. The results are summarized in Table 1.

Aberrant splicing of RYR1 and SERCA1 in DM1 and DM2
Splice variant analysis showed that the fetal/neonatal RYR1 isoform 2, [alternatively spliced
sequence I, ASI(−)], lacking exon 70 (residues 3481–3485), was present in both DM1 and
DM2 muscle specimens (Fig. 1b), previously reported only for DM1 [20]. Similarly,
ATP2A1, encoding SERCA1, was aberrantly spliced in both DM2 and DM1, resulting in the
fetal/neonatal isoform ATP2A1B, lacking exon 22 (Fig. 1d). The relative proportions of the
RYR1 ASI(−) isoform were similar in DM1 and DM2, whereas the proportion of ATP2A1B
was significantly higher in DM2 compared to DM1 (p-value = 0.031).

Western blotting
The genes summarized in Table 2 were further evaluated by Western blotting to determine
the total protein amounts in the samples in DM1 (n = 7) and DM2 (n = 5) (Fig. 2). RYR1
was included in the study to determine if aberrant splicing affects total protein levels, DHPR
was included based on its crucial role in the excitation-contraction coupling with RYR1,
although it did not show transcriptional dysregulation. In addition, NFATC3, a member of
the NFAT family of transcription factors, the major downstream effectors of calcineurin,
was included.

The proteins showing differential expression included SERCA2, which was decreased
approximately 25% in DM2 vs. N (p-value = 0.0074) and TRDN, which was increased in
DM2 and decreased in DM1 (DM1 vs. DM2, p-value = 0.0012) (Fig. 2a and 2b). JPH1 was
decreased in both DM1 and DM2 as a group (p-value = 0.0256), and in DM2 vs. N (p-value
= 0.0147) (Fig. 2c). PPP3CA, the catalytic α subunit of calcineurin and NFATC3 both
showed a similar trend: decreased in DM1 and increased in DM2 compared to N, however,
only DM1 vs. DM2 was significant (PPP3CA p-value = 0.0423; NFATC3 p-value = 0.0359;
Fig. 2d and 2e). Of the proteins studied, not all showed dysregulation at the total protein
level, when assessed by western blotting (Table 2; figure not shown). RYR1 and SERCA1
were assayed because both have shown aberrant splicing in DM. However, they did not
show abnormal expression by western blotting, and the fetal/neonatal isoforms could not be
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distinguished due to methodological limitations of immunoblotting to identify small size
variations of these large proteins.

Immunohistochemistry and immunofluorescence analysis
In DAB immunohistochemistry, RYR1 was detected in the SR of all fibres, with fast fibres
showing slightly more intense labeling (Fig. 3). In DM1 and DM2 specimens, RYR1 protein
expression was slightly decreased in all fibres, except for the very atrophic fibres, where
there was accumulation of RYR1 (Fig. 3). The dihydropyridine receptor (DHPR) alpha-
subunit (CACNA1S) appeared intact in DM2, whereas it showed reduced immunolabeling
in the more severely affected tibialis anterior (TA) muscles in DM1 (Fig. 3). SERCA1
(ATP2A1) immunohistochemistry did not show major differences between control
specimens and DM1/DM2 patients (Fig. 3). All fast fibres expressed SERCA1 in their SR.
However, SERCA1 expression was not restricted to fast type 2 fibres, but was also
expressed in about 10–20 % of slow type 1 fibres. Also junctophilin (JPH1) immunolabeling
was slightly more intense in fast fibres. While no abnormality was observed in DM2, DM1
samples showed generally more variable and weak JPH1 labeling (Fig. 3). CASQ2
expression was higher in slow compared to fast fibres (Fig. 3). However, in DM2 CASQ2
immunolabeling was clearly weaker in all fibre types, with the most severely affected
muscles showing even more reduced staining. DM1 biopsies showed less prominent
reduction in CASQ2 staining intensity, even in the most severely affected biopsies (Fig. 3).

When analyzed by confocal microscopy, no major abnormality in the organization of RYR1
and DHPR on the SR and T-tubule membranes was observed in functional fibres, whereas in
the highly atrophic fibres, they accumulated in part independently (Supplemental Fig. 1).
RYR1 was found to co-localize with TRDN in DM2 specimens, forming a similar doublet
band staining pattern as in control tissue (Supplemental Fig. 1). Similarly, CASQ2 co-
localized with TRDN, also in DM2 muscle samples even though CASQ2 labeling was very
weak. In contrast to the findings above CASQ2 was more highly accumulated in the fast
type 2 nuclear clump fibres in DM2, where it still colocalized with accumulated TRDN
(Supplemental Fig. 1). This was also observed at later stages with severe pathology in DM1.

In DM2 muscle, neuronal nitric oxide synthase (nNOS) was severely reduced on the
sarcolemma of very atrophic fibres (Supplemental Fig. 2), whereas sarcoglycans and
dystrophin, integral members of the dystrophin associated glycoprotein complex (DAG),
showed decreased labeling. Merosin (laminin-2) and caveolin-3 were unaffected.

Discussion
Differences in the spatial and temporal expression of the mutant (CUG)DM1 and
(CCUG)DM2 located in DMPK and ZNF9, combined with differences in multiple
downstream effector genes likely underlie the different phenotypic manifestations seen
between DM1 and DM2, including muscle weakness and differential fibre type involvement.
Aberrant splicing with only minor qualitative and quantitative differences was previously
reported in DM1 and DM2 [10, 46]. Nevertheless, we recently observed differences in
abnormal splicing of the sarcomeric genes TNNT3 and LDB3 between the two diseases [17].
Here, we have focused on proteins involved in Ca2+ metabolism, as calcium ion has a key
role in cell signalling and muscle contraction, and defects in Ca2+-regulated pathways have
been associated to DM1 previously [20, 41, 43]. As a novel finding, we present aberrant
splicing of RYR1 and ATP2A1 in DM2. More importantly, we observed abnormal expression
of mRNA and protein of a larger range of molecules involved in muscle Ca2+ release and re-
uptake, Ca2+ storage, and Ca2+-dependent signalling. While similar in many ways, we have
identified novel differences between DM1 and DM2. Interestingly, in most cases increases
in mRNA transcript levels were not consistently reflected in increased protein levels. Our
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findings are consistent with recent reports that have identified a translational block in DM as
one of the underlying mechanisms [26, 31].

Pathway analysis of differentially expressed genes identified calcium signalling as the most
significant canonical pathway with 29 of 204 genes (14%) showing up-regulation and no
genes showing down-regulation. The proportion of dysregulated genes involved in Ca2+

signaling is similar to that which we previously reported for sarcomeric protein encoding
genes and myogenic transcription factors [17].

Several genes encoding triad constituents were up-regulated in the DMs. Two of them,
TRDN (triadin) and JPH1 (junctophilin), were differentially dysregulated between DM1 and
DM2, with higher mRNA levels in DM1. TRDN, which has numerous alternatively spliced
isoforms, provides a scaffold for EC coupling components. It binds RYR1 with its short
cytoplasmic domain and anchors CASQ in the vicinity of RYR1, forming a quaternary
complex for regulation of Ca2+ release [47]. The Ca2+ storage protein encoding genes
CASQ1 and CASQ2, preferentially expressed in fast and slow fibres, respectively, both
showed approximately 2-fold up-regulation in DM samples compared to controls. In
addition, the Ca2+ re-uptake channel encoding genes, ATP2A1 (SERCA1) and ATP2A2
(SERCA2) were both up-regulated, ATP2A2 showing more increased expression in DM1
compared to DM2.

The catalytic alpha subunit PPP3CA of calcineurin also showed increased mRNA
expression levels. Calcineurin, a Ca2+-dependent Ser/Thr protein phosphatase has a pivotal
role in regulating fibre type plasticity in adult muscle, and it has been implicated in
establishing the slow fibre phenotype [48]. Calcineurin regulates the activity of NFAT
transcription factors by dephosphorylation [49].

It should be noted that not all mRNA expression changes or aberrant splicing events are
DM-specific, but also occur in other muscular dystrophies as part of downstream molecular
pathology [50]. In a recent study comparing mRNA expression in two mouse models for
DM1, the HSALR and Clc1 knock-out mouse indicated that up to 25% of changes could be
caused by secondary changes induced by myotonia [41]. Another comparative study
between HSALR and Mbnl1 knock-out mice suggested that more than 80% of aberrant splice
events are directly caused by Mbnl1 loss of function [51]. Similarly, aberrant splicing of two
of the four MEF2 family members (MEF2A and MEF2C) was also observed in non-DM
neuromuscular patients [42].

Three RYR genes (RYR1, -2 and -3) show tissue-specific expression patterns [52]. RYR1 is
the main subtype in skeletal muscle and its expression is under developmental regulation:
alternative splicing of two exons, 70 and 83, gives rise to fetal/neonatal isoforms 2 [ASI(−)]
and 3 [ASII(−)], whereas the adult RYR1 isoform contains both exons [52]. Here we show
that the neonatal ASI(−) isoform was expressed in both DM1 and DM2 muscle. We did not
find RYR1 ASI(−) differentially expressed between DM1 and DM2 (p-value = 0.59).
Surprisingly, we found relatively high ASI(−) expression rates in our controls. We do not
have an explanation for this unexpected finding at the moment. This together with small
number of DM1 samples likely resulted in non-significant p-value for DM1 vs. controls.
However, it should be noted that RYR1 aberrant splicing was still significantly higher in
DM2 samples, suggestive of more pronounced RYR1 aberrant splicing. As previously
reported, we did not detect exclusion of RYR1 exon 83 [20]. The properties of the RYR1
splice variants ASI(+) and ASI(−) have been investigated, and the ASI domain has been
shown to contribute to the inhibitory domain in RYR1 [53]. No difference was observed in
Ca2+ dependence of the two isoforms [20]. RYR1 activity is modulated by posttranslational
modifications, such as glycosylation and phosphorylation involving at least PKA and
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CAMKII, and by binding of several ligands, including calmodulin (CALM1). The DHPR
beta-subunit binding site is adjacent to the ASI domain [54]. Recently, skipping of
CACNA1S exon 29 was reported with both DM1 and DM2, and this aberrant splicing event
was associated with increased channel conductance and voltage sensitivity of DHPR [23].

The Ca2+ re-uptake SERCA pumps are expressed by three highly conserved genes
(ATP2A1, -2 and -3), which are alternatively spliced in both tissue-specific and
developmentally regulated manner [55]. Of the ATP2A1 (SERCA1) isoforms, ATP2A1A
(SERCA1a, including exon 22) is expressed in adult fast skeletal muscle fibres, and
ATP2A1B (SERCA1b, excluding exon 22) in fetal/neonatal muscle fibres [56]. We found
that ATP2A1B is expressed in DM1 and DM2 [10, 20], with the novel finding that the
proportion of this fetal isoform is greater in DM2 compared to DM1 (p-value = 0.031). No
functional differences between SERCA1 splice isoforms have been confirmed so far.

We previously reported proportionally more pronounced aberrant splicing of TNNT3 and
LDB3 in DM2 [17], and here we show a similar trend for ATP2A1. Aberrant splicing events
in DM are the result of MBNL1 sequestration in ribonuclear foci, resulting in MBNL1 loss-
of-function, and the up-regulation of CUGBP1. SERCA1, RYR, LDB3, and TNNT3 are all
MBNL1 targets, and it has been reported that higher levels of MBNL1 accumulate in DM2
ribonuclear foci than DM1, with concomitant depletion of free MBNL1 in nucleoplasm [10].
This could provide one explanation for our findings that aberrant splicing tends to be more
pronounced in DM2. However, since the muscle pathology including myotonia is generally
more severe in DM1, in spite of larger mutant expansions in DM2, aberrant splicing alone is
unlikely to explain all manifestations leading to muscle weakness and atrophy in DM.
Interestingly, in a study of developing mouse hearts in CUGBP1-overexpressing and Mbnl1-
deficient mice, half of the aberrant splicing events were not regulated by either of them [57].
Differences in aberrant splicing patterns between DM1 and DM2 have been reported for
GFAT1, which is not misspliced in DM2 [10].

Although splice variant analysis showed aberrant splicing of RYR1 and SERCA1, western
blotting could not verify the existence of the abnormal fetal isoforms due to the lack of
resolution for small differences in isoform sizes (RYR1, 5 residues; SERCA1, 7 residues).
However, total protein amounts of both RYR1 and SERCA1 were similar between control
and DM samples, even though ATP2A1 showed significant increase of the total mRNA
level. SERCA1 is almost exclusively expressed in fast fibres, and given that the fast type 2
fibres are more affected in DM2 than in DM1, our observation that aberrant SERCA1 splice
variants occur more frequently in DM2, suggests that it may have a role in DM2 differential
muscle pathogenesis.

Calcineurin (PPP3CA) and TRDN behaved in a different way compared to most of the other
studied molecules being increased both at the mRNA and protein level, with significantly
higher increase in DM2 compared to DM1 (p-value = 0,0423 and p-value = 0,0012,
respectively) when assessed by western blotting. On the contrary, ATP2A2 and JPH1
showed reduced total protein levels, even though mRNA was up-regulated. NFATC3, a
downstream effector of calcineurin, also showed increased protein levels in DM2 vs. DM1
(p-value = 0,036), although without significant dysregulation at the mRNA level [17].
mRNA expression levels were increased for both CASQ1 and CASQ2, but the corresponding
protein amounts were unaltered in DM1 and DM2. The observed discrepancy between
mRNA and protein levels may be due to a translational block or abnormal post-
transcriptional mRNA processing in the myotonic dystrophies [26, 27, 31]. It has recently
been reported that the transcriptional up-regulation of several genes is not DM-specific [41].
Thus, a large proportion of the reported transcriptional changes may reflect an unspecific
response to muscle injury, but since most mRNA expression changes do not result in any
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corresponding increase of the protein they probably represent indicators linked to the
catabolic pathology of the disease.

Upon membrane depolarization, the voltage-gated L-type Ca2+ channel DHPR on T-tubules
undergoes a conformational change and activates RYR1, the primary Ca2+ release channel
in the terminal SR, thus initiating muscle contraction. When assessed by
immunohistochemistry, RYR1 levels in SR were reduced in both DM1 and DM2, while
CACNA1S levels were reduced in the severely affected DM1 muscle fibres only. The triad
structure, as well as organization of RYR1 and DHPR in the excitable membranes appeared
intact in DM2 biopsies in confocal fluorescent microscopy. The reduction of RYR1 and
DHPR observed on IHC could not be replicated by western blotting. A similar pattern of
expression was seen with CASQ2, showing severely reduced immunolabeling in DM2, and
less prominent reduction in DM1, but without significantly reduced amounts in DM2 or
DM1 specimens compared to healthy controls on western blotting. A slight reduction in
JPH1 immunoreactivity was also observed in the severely affected DM1 muscles. Together
with reduced DHPR levels in DM1, this is intriguing in the context of the more severe
muscle phenotype in DM1. JPH1 facilitates the interaction of DHPR and RYR1, hence
enhancing EC coupling [58]. In accordance with its function, JPH1 also was more intensely
expressed in fast muscle fibres.

The observed discrepancy between IHC and western blotting results is challenging to
explain. However, as the fibre type distributions can vary greatly, especially in diseased
muscle, comparison of total expression of proteins which show intrinsic fibre type
expression differences is not easy. In addition, several proteins, including RYR1,
accumulated heavily in the highly atrophic fibres, which may contribute to these results.
Moreover, immunohistochemistry in contrast to western blotting may have different affinity
for posttranslational modifications and reveal functionally important subcellular localization
of proteins, which, based on our data presented here, we believe is the case with RYR1 and
CASQ2.

CASQ is the major Ca2+ binding protein in the SR lumen of both skeletal and cardiac
muscle, with low affinity and high capacity for Ca2+ [59]. Calsequestrin binds directly to
RYR1 and TRDN, and recruits Ca2+ to the junctional membrane of terminal cisternae,
keeping free SR Ca2+ concentration low. In addition, CASQ modifies the activity of RYR1
in concert with triadin, in a [Ca2+] dependent manner [60]. At present the significance of
CASQ2 reduction in DM muscle is not known, as CASQ1 expression appeared intact in
both IHC and immunoblotting. However, the different CASQ isoforms regulate RYR in
different ways, and it is possible that CASQ2 depletion may influence the Ca2+ handling
capacity in slow fibres. Type I fibres are generally more affected in DM1 muscles.

nNOS is regulated by Ca2+/calmodulin, and decrease in sarcolemma-associated nNOS has
been implicated in Duchenne muscular dystrophy and some other neuromuscular diseases
[61, 62]. Given the atrophy of type 2 fibres in DM2, it is interesting that dystrophin-
mediated signaling has been linked to regulation of muscle atrophy [63]. In addition, nitric
oxide mediates epigenetic changes via regulating histone deacetylases (HDAC), thus
affecting gene expression [61]. We found the sarcolemmal nNOS staining in the atrophic
fibres in DM2 clearly decreased, with concomitant reduction in dystrophin and
sarcoglycans, members of the DAG complex. Since overt fibre necrosis and highly elevated
creatine kinase levels are not hallmarks of the phenotype, it is likely that these changes are
secondary in DM2, even though dystrophin undergoes aberrant splicing in DM [21].

Several genes show differential expression patterns in different fibre types. Of the genes
studied here, ATP2A1 (SERCA1) is predominantly expressed in fast fibres, while RYR1,
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CACNA1S (DHPR) and JPH1 are only slightly more expressed in fast fibres. On the other
hand, CASQ2 shows higher expression in slow fibres. All human muscles are mixed
populations of type 1 and 2 fibres, with significant variation between muscle types and
individuals. DM2 biopsies in this study were obtained mostly from vastus lateralis muscle
with fast fibre type predominance, whereas tibialis anterior muscle, which is generally more
affected in DM1, usually contains slightly more slow fibres. Biceps brachii and
gastrocnemius usually contain equal numbers of slow and fast fibres. We previously showed
more pronounced aberrant splicing in DM2 for TNNT3 [17], and here for ATP2A1, both of
which show predominant expression in type 2 fibres. Apart from this, however, results of
gene and protein expression in this study do not allow direct explanation for the differential
fibre and muscle type involvement in DM1 and DM2, which are likely due to more complex
pathways.

As with the previously reported sarcomeric proteins [17], we have been able to identify
specific molecular differences in the extent of aberrant splicing, total mRNA, and protein
expression for a set of Ca2+ handling proteins. For some of the studied proteins these
changes are not extensive, but considering the absolute requirement of tight Ca2+ control in
the muscle cell, they may still be of importance for muscle pathology and some of the
muscle phenotypic differences between DM1 and DM2.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Alternative isoforms of ATP2A1 and RYR1 in muscle biopsies from DM1, DM2 and non-
DM dystrophy (NMD) patients compared to muscle of normal individuals. Panels a and c
show design for RT-PCR assays. Panels b and d show results of quantitative fluorescent RT-
PCR. Percent inclusion of the aberrantly spliced exon is shown on the Y axis. Error bars
represent the standard deviation for each group. DM1 was not significantly different from
normal for RYR1 (p-value = 0.251), while DM2 was (p-value = 0.0239). For ATP2A1 both
DM1 and DM2 were significantly different from normal (p-value = 0.0211 and p-value =
2.68E-11, respectively)
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Figure 2.
Quantification of proteins after western blotting showing differential expression in DM
muscle biopsies with significant p-values (p < 0.05). The average of healthy controls (N,
normal) in each group was set to 1.00. The rows are labeled as A immunoblotted protein
band; B coomassie brilliant blue -stained MyHC band as loading control. Each band is
labeled with a patient identifier (X = outlier omitted from analysis). Standard deviation is
indicated by error bars. a, SERCA2 (observed band 115 kD) was decreased in DM2 vs. N
(p-value = 0.0074). b, TRDN (100 kD) showed higher expression in DM2 vs. DM1 (p-value
= 0.0012). c, JPH1 (80 kD) was reduced in DMs as a group (p-value = 0.0256), however,
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only DM2 showed significant decrease alone vs. N (p-value = 0.0147). d, Calcineurin (60
kD) showed higher expression in DM2 and lower expression in DM1 compared to N,
however, only comparing DM1 vs. DM2 showed significant difference (p-value = 0.0423).
e, NFATC3 (115 kD) appeared increased in DM2, but the p-value DM2 vs. N was not quite
significant (p-value = 0.0590); comparing DM1 vs. DM2 showed that NFATC3 was more
expressed in DM2 than DM1 (p-value = 0.0359).
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Figure 3.
Representative immunohistochemical stainings of Ca2+ handling proteins in DM. In DAB
immunohistochemistry (a–k, m, n, p, q), the specific signal is dark brown, and the
background staining (H&E) is blue. In the upper panel, in control both RYR1 (b) and DHPR
(c) are slightly more intensely expressed in fast fibres, when compared to MyHC-II (a)
(detecting fast fibres). Reduction of RYR1 immunoreactivity in DM2 (e), and reduction of
both RYR1 and DHPR in DM1 (h, i) is evident. In the lower panel, normal SERCA1
staining, similar to control (j) is seen in both DM2 (m) and DM1 (p). Reduction of JPH1 is
seen in DM1 (q), but not in DM2 (n). The last panel with immunofluorescent staining shows
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drastic reduction of CASQ2 (green) in DM2 (o), and a less extensive reduction in DM1 (r)
compared to healthy control (l). (a–c, j, k) N_??_VL_03; (L) N_M40_G_004; (d–f, m–o)
DM2_M38_VL_001; (g, h, p) DM1_M48_TA_004; (i) DM1_M55_TA_010; (q)
DM1_M48_VL_005; (r) DM1_M46_TA_001
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Table 1

Summary of mRNA expression measured by microarray expression profiling

Gene Probe sets
n

Probe sets
dysregulated

n

Fold-change
DM vs. N

Fold-change
DM1 vs. DM2

RYR1 1 0 NS NS

CACNA1S 1 0 NS NS

ATP2A1 3 2 (1.47–1.85)a 1.66b NS

ATP2A2 4 2 (1.47–2.04) 1.76 (1.57–1.68) 1.63

CASQ1 1 1 1.81 NS

CASQ2 1 1 2 NS

TRDN 3 3 (2.09–2.86) 2.55 1.79

JPH1 2 2 (1.67–1.88) 1.78 1.93

PPP3CA 9 3 (1.63–6.01) 3.15 NS

NFATC3 4 0 NS NS

a
Range;

b
Average;

NS, not significant for fold-change values <1.2.
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