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An RNA gain-of-function of expanded transcripts is the most accredited molecular mechanism for myotonic
dystrophy type 1 (DM1) and 2 (DM2). To disclose molecular parallels and divergences in pathogenesis of both
disorders, we compared the expression profile of muscle biopsies from DM1 and DM2 patients to controls. DM
muscle tissues showed a reduction in the major skeletal muscle chloride channel (CLCNI) and transcription
factor Spl transcript levels and an abnormal processing of the CLCN1 and insulin receptor (IR) pre-mRNAs.
No essential differences were observed in the muscle blind-like gene (MBNLI1) and CUG binding protein 1
(CUGBP1) transcript levels as well as in the splicing pattern of the myotubularin-related 1 (MTMR1) gene.
Macroarray analysis of 96 neuroscience-related genes revealed a considerable similar expression profile between
the DM samples, reflective of a common muscle pathology origin. Using a twofold threshold, we found six
misregulated genes important in calcium and potassium metabolism and in mitochondrial functions. Our results
indicate that the DM1 and DM2 overlapping clinical phenotypes may derive from a common trans acting
mechanism that traps and influences shared genes and proteins.
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INTRODUCTION dominant disease that affects, besides muscles, many
other tissues including eyes, heart, gall bladder, the
endocrine system, and the central nervous system

(24,42). However, DM1 and DM2 phenotypes, al-

Myotonic dystrophy (DM) is caused by two differ-
ent mutations: a CTG expansion in the 3’ UTR region

of the myotonic dystrophy protein kinase (DMPK)
gene (DM1; MIM#160900) and a CCTG expansion
in intron 1 of the zinc finger protein 9 (ZNF9) gene
(DM2; MIM#602668), respectively, on chromosome
19q13 and 3q21 (6,20,34,37,49). DM is an autosomal

though strikingly similar, are not identical. For in-
stance, DM2 does not show a congenital form or the
severe involvement of the central nervous system
seen in DM1. The degree of muscle weakness and
wasting, as well as the spectrum and the severity of
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extramuscular manifestations, may be variable to
suggest the existence of a multisystemic myotonic
syndrome with a common genetic background (50,55).

The common clinical characteristics are probably
not correlated with the alteration of DMPK and
ZNF9 gene expression, which do not present any evi-
dent functional relationships (14,51). Moreover, the
CCTG-containing RNA was found retained in dis-
tinct foci within nuclei of DM2 cells analogously to
what was demonstrated in DM1 cells (39). Therefore,
these observations are consistent with an RNA gain-
of-function hypothesis proposing that mutant DM
transcripts alter the function and localization of the
alternative splicing regulators CUGBP1, ETR-3-like,
and MBLN proteins, which are fundamental for phys-
iological mRNA processing (17,32,43).

In agreement with this hypothesis, misregulated al-
ternative splicing in DM1 has been demonstrated for
several mRNAs. These include insulin receptor (IR),
cardiac troponin T (¢cTNT), muscle chloride channel
(CLCN1), fast skeletal troponin t (TNNT3), myotu-
bularin-related protein 1 (MTMR1) (7,9,28,39,48,53,
54) in skeletal muscle, and microtubule-associated
tau, NMDA receptor 1, and amyloid precursor pro-
tein in the brain (27,56,60). CUG-containing RNA
expansions may also have deleterious effects through
a transcriptional mechanism by direct binding of ba-
sic transcription factors (TFs), which leads to the dis-
ruption of gene expression (15). Thus, mutant DM
transcripts could alter developmental regulation of
both splicing and transcription processes. Among the
symptoms of DM, myotonia and insulin resistance
are correlated with the disruption of the CIC-1 and
IR alternative splicing, respectively (9,40,53,54).
However, the cause of the progressive muscle wast-
ing and the question of why the clinical myotonia is
more pronounced in DM1 compared to DM2 have
yet to be completely explained. Additional ion chan-
nels may have important roles considering that the
proportion of different currents represent the key is-
sue for myotonia.

In this article, we extensively studied the in trans
effects of the CTG/CCTG repeat expansions on a set
of genes selected for their putative involvement in the
DM pathogenesis and/or their physiological function.
As a first step, we compared in DM1 and DM2 mus-
cle biopsies, the expression levels of a set of genes
whose encoded proteins are misregulated in DM tis-
sues (MBNL1, CUGBPI, Spl, CLCN1). We then an-
alyzed the splicing pattern of the IR, MTMRI1, and
CLCNI1 genes in both diseases, to disclose down-
stream effects of the CTG/CCTG expansions on the
RNA maturation process. The last part of our work
consisted in a macroarray analysis to profile the ex-
pression of 96 genes encoding ion channels and trans-

BOTTA ET AL.

porters participating in the conduction of electric
stimuli. Results were further corroborated by QRT-
PCR experiments and revealed a similar expression
profile of DM1 and DM2 tissues, which reflects a
common muscle pathology background between the
two forms of DM.

MATERIALS AND METHODS
Muscle Biopsies

Needle muscle biopsies, taken from vastus later-
alis, were obtained from patients of Caucasian origin
heterozygous for the DM1 (n =4) and DM2 (n =4)
mutation as well as from control individuals (n = 4).
All subjects gave written informed consent for this
study. Muscle specimens were flash frozen in liquid
nitrogen and stored at —80°C until analysis. Histolog-
ical analysis of biopsies from affected individuals
showed the typical pathology of DM, including
atrophic fibers with increased fiber size variation,
pyknotic nuclear clamps, and marked proliferation of
centrally located nuclei.

Genotyping at DM1 and DM?2 Loci

Molecular characterization at DM1 and DM2 loci
was obtained with a long PCR based method as pre-
viously described (4,22). The length of CTG/CCTG
repeats in DM1 and DM2 patients were found to be:
DMI-1 4.5 kb (male, 39 years), DM1-2 3.2 kb (male
35 years), DM1-3 5.7 kb (female , 31 years), DM1-4
2.9 kb (female 35 years), DM2-1 1.2 kb (female 35
years), DM2-2 2.3 kb (female 37 years), DM2-3 4.9
kb (male 41 years), DM2-4 5.5 kb (male 31 years).

RT-PCR and QRT-PCR Experiments

Total RNA was extracted from muscle samples us-
ing the RNeasy mini kit (Qiagen Co., Valencia, CA).
Total RNA (3 ng) was reverse transcribed according
to the cDNA protocol of the High Capacity cDNA
Archive kit (Applied Biosystems, Foster City, CA).
The following Assay-on-demand™ gene expression
products, labeled with FAM, were used for expres-
sion analysis: CUGBP1, Hs00198069_m1; MBNLI,
Hs00253287_m1; CLCNI1, Hs00163961_ml; Spl,
Hs00412720_m1; mitochondrial carrier, adenine
nucleotide translocator, member 4 (SLC25A4),
Hs00154037_m1; voltage-dependent calcium channel
beta-1 subunit (CACNBI1), Hs00609501_m1; sodium
channel beta-1 subunit (SCN1B), Hs00168897_m1l;
potassium voltage-gated channel, delayed-rectifier,
subfamily S, member 2 (KCNS2), Hs 00412720_m1;
potassium intermediate/small conductance calcium-
activated channel, subfamily N, member 3 (SK3),
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Hs00158463_m1; mitochondrial carrier, adenine
nucleotide translocator, member 5 (SLC25A5),
Hs00854499_g1; ATPase, Na*/K* transporting, beta-
1 polypeptide (ATP1B1), Hs00982319_gl. The B2-
microglobulin gene (B2M: GenBank accession #
NM_004048), labeled with VIC dye, has been chosen
as housekeeping, internal control gene. The expres-
sion level of the above-mentioned genes and of the
internal reference was measured by multiplex PCR
using Assay-on-demand gene expression products la-
beled with FAM dye or VIC dye for B2M, the control
gene (Applied Biosystems). The simultaneous mea-
surement of genes-FAM/B2M-VIC expression made
it possible to normalize the amount of cDNA added
per sample. We performed each PCR reaction in trip-
licate using the Tagman Universal PCR Master Mix
and the ABI PRISM 7000 Sequence Detection Sys-
tem. A comparative threshold cycle (Ct) was used to
determine gene expression compared to a calibrator
(median value of control subjects). Hence, steady-
state mRNA levels were expressed a n-fold differ-
ence relative to the calibrator. For each sample,
genes’ Ct value was normalized using the formula
ACt = Ctgenes_CtB2M. To determine relative ex-
pression levels, was used the following formula:
AACt = ACt sample — ACt calibrator. The value
adopted to plot relative gene expression was calcu-
lated using the expression 2724,

RT-PCR splicing assays for the IR, CLCNI, and
MTMRI genes were performed according to reported
protocols (7,9,53). Total PCR products, obtained
within the linear range of amplification, were electro-
phoresed on 3% agarose (IR gene) or 6% acrylamide
gel for separation (CLCN1 and MTMRI genes).
Quantitative analysis of the amplified products was
performed by fluorimager 595 (Amersham Biosci-
ences, Buckinghamshire, UK). To generate CLCN-1
clones, fragments of cDNAs spanning CLCN1 exons
4-8 were amplified, gel purified, and cloned in the
pCR2.1 vector (Invitrogen Corporation, Carlsbad,
CA) for dideoxy sequencing. Syber Gold-stained
(Molecular Probes, Eugene, OR) acrylamide gels
were scanned on a fluorimager and the fraction of NS
isoform/AS isoforms was quantified by densitometry.
The measurement of the total amount of the CLCNI1
mRNas was quantified in the same gel using the glu-
cose-6 phosphate isomerase (GPI) as housekeeping
control gene. One-way ANOVA, with correction for
multiple comparisons, has been utilized as statistical
test to analyze the difference in the identified splice
variants among the DM1, DM2, and controls groups.

RNA Purification and Labeling

For RNA extraction and labeling, total RNA was
isolated by the TRIZOL standard protocol (Invitrogen
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Corporation). A small aliquot of RNA was then used
for quantification and quality control using a spectro-
photometer (Nanodrop) and an agarose gel electro-
phoresis. Equal amounts (1.5 pg) of each DMI,
DM2, and control sample were pooled to give three
separate RNA pools. Each DM1, DM2, and control
pool was then requantified, retrotranscribed, and la-
beled with 32-dCTP (NEN) using a GEArray™ Probe
Synthesis Kit (SuperArray Bioscience Corporation,
USA). Labeled cDNAs were then hybridized on
GEArray Q Series Human Neuroscience-1 Ion Chan-
nel & Transporter Gene Array (HS-013 SuperArray
Bioscience Corporation).

SuperArray Filter

The GEArray Q Series Human Neuroscience-1 Ion
Channel & Transporter Gene Array was developed to
profile expression of a panel of 96 genes encoding
neuroscience-related ion channels and transporters.
The genes represented on the array are grouped into
six categories according to their functional and struc-
tural features including calcium channels, potassium
channels, sodium channels, chloride channels, and
transporters. The Array moreover contains a system
of controls, such as negative controls (pUC18 DNA
and blanks) and putative housekeeping genes (J3-
actin, GAPDH), chosen among those genes that
showed little expression pattern difference among
different tissues. Two replicates of each experiment
were done using different GEArray filter derived
from the same lot number.

Macroarray Hybridization and Data Analysis

Each hybridization experiment was carried out in
roller bottles using a rotary hybridization oven (Thermo
Hybrid, USA) with 1 ml of a hybridization solution
(GEAhyb Hybridization Solution, SuperArray Bio-
science Corporation). Labeled cDNAs were dena-
tured at 95°C for 5 min and applied directly to the
hybridization solution. Microarray hybridization was
performed at 60°C overnight. Posthybridization wash-
ings were made according to GEArray instructions.

For statistical analysis of expression data, the ac-
quisition of filter images was carried out by using a
STORM apparatus (Amersham Biosciences, Buck-
inghamshire, UK) after an exposition of 3 h. Filter
images were saved as a TIFF file. The ScanAlyze
software (SuperArray) converts the image of spots
(TIFF file) into numerical data and saves these as a
tabular file recognizable by Microsoft Excel. Filter
images were then analyzed with GEArray Analyzer
software (www.superarray.com). The software matches
the raw data in the table with the gene list for the
particular GEArray and also provides a list of back-
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ground subtraction and data normalization options.
Our statistical analysis was performed with local
background correction and median normalization.
Local background subtraction means that the expres-
sion value of each individual spot is calculated by
subtraction of the intensity of the area outside the
grid capture. Median normalization factor uses the
median value of all spots. After data analysis, we
considered only those genes whose threshold level
was 12.

RESULTS

DM1-DM?2 Comparative Expression Analysis
of Genes Involved the DM Pathogenesis

To define molecular parallels and divergences in
the pathogenic mechanisms leading to DMI1 and
DM?2 muscle pathology, we analyzed the expression
profile and the splicing pattern of a set of genes in-
volved in the DM1 phenotypic outcome (CLCNI,
Spl, CUGBP1, MBNLI1) in our muscle samples.
Gene expression experiments were performed by
QRT-PCR with the TagMan technology using the
commercial gene expression assays listed in Materi-
als and Methods on cDNA from muscle biopsies of
DM1 (n=4), DM2 (n=4), and control individuals
(n =4). The B2-microglobulin (B2M) housekeeping
gene was used as an internal control for normaliza-
tion and each experiment was conducted in triplicate.
This control gene was chosen because its expression
level was found to be unaltered in DM tissues com-
pared to controls, contrary to what has been reported
for the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene (data not shown) (15). The average
result of the normal controls was given a value of 1.
Overall, no essential differences were observed in the
MBNL1 and CUGBPI1 levels between DMI1 and
DM2 patients and controls, even if the expression of
these genes was extremely variable in each subject
analyzed (Table 1). However, a considerable misreg-
ulation was observed in the CLCN1 and Spl expres-
sion levels in DM versus control group. Levels of the
CLCNI1 mRNA were reduced to 59-67% of controls
in DM1 samples and to 41-60% of controls in DM2
samples (Table 1). The reduction in the Sp1l gene lev-
els was of minor entity and more homogeneous. Val-
ues ranging between 60% and 83% of controls were
found in all the DM patients analyzed (Table 1).

Splicing Patterns of the IR-A/B, CLCNI,
and MTMRI1 Genes

To investigate a possible common mechanism of
aberrant splicing in DM, we compared the expression
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level of the IR, CLCN1, and MTMRI1 isoforms be-
tween DM1 and DM2 samples compared to controls.
RT-PCR analysis of spliced transcripts was per-
formed with primers generating fragments of differ-
ent lengths, according to the inclusion/exclusion of
spliced exons.

IR Gene. The a-subunit of the IR has two spliced
isoforms with different insulin sensitivity, IR-B and
IR-A, which is usually expressed in immature myo-
tubes and other low insulin sensitivity tissue (Fig.
1A). We found that the insulin receptor pre-mRNA
undergoes an anomalous splicing in the DM1 and
DM2 skeletal muscle with a predominant expression
of the lower, lacking exon 11, isoform IR-A (Fig.
1B). The degree of IR splicing change in DM1 and
DM?2 (mean percentage of IR-B isoform = 35%) was
significantly different from what was observed in the
control samples (mean percentage of IR-B isoform =
73%) (p =0.017) (Fig. 1B). This could explain the
insulin resistance in both forms of the disorders.

CLCNI Gene. A classic feature of both DM1 and
DM?2 is myotonia, in which voluntary muscle con-
traction is followed by involuntary firing of action
potentials that delay the patient’s ability to relax mus-
cle (24). CLCNI is a very good candidate to cause
myotonia because the majority of its mRNA in DM1
and DM2 skeletal muscle contains premature termi-
nation codons due to retention of intron 2 or inclusion
of two novel exons between exon 6 and 7 normally
excised (9,40). To study the splicing pattern of the
CLCNI gene in our DM sample, we chose an RT-
PCR approach with primers between exons 4 and 8
of the gene pre-mRNA, abnormally spliced in DM1
patients. This analysis identified, in all the samples
analyzed, two major bands of 435 and 278 bp rep-
resenting the normally spliced CLCNI mRNA
(CLCN1-545) and an isoform lacking exons 6 and 7
(CLCNI1-5g), respectively (GenBank accession #
NM_000083 and # AY 103156, respectively) (Fig. 2).
In all the DM samples, we detected three additional
PCR products (568, 513, and 490 bp) that were not
present in any of the control individuals. The 568-bp
product derives from an isoform with a 134 nt inser-
tion before exon 7, containing exon 6b and 7a (CLC-
Nlg7., GenBank accession # AY103154) while the
490-bp band corresponds to a CLCN1 mRNA with
the 134 nt insertion, lacking exon 6 (CLCNlgg7s
GenBank accession # AY103155) (Fig. 2). These iso-
forms have been described elsewhere (9,40) and are
the most frequent abnormality observed in patients
with DM, as well as in the mouse model for the dis-
ease (HSA™ mice) (40). However, with our experi-
ments, we were also able to detect a 513-bp PCR
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TABLE 1
EXPRESSION ANALYSIS OF DM CANDIDATE GENES IN DM1 AND DM2 MUSCLE TISSUES
CUGBP1 MBNL1 Spl CLCN1

Z—AACI _ + 2—AAC| _ + 2—AAC1 _ + 2—AAC1 _ +
DMI-1 1.11 0.11  0.11 136 0.11 012 0.80 003 004 062 0.008 0.008
DM1-2 072 003 0.03 074 002 0.01 066 003 0.03 059 0.07 0.08
DMI-3 113 003 0.03 083 0.00 000 0.0 009 0.09 060 0.03 0.03
DM1-4 085 001 0.02 073 0.10 0.11 077 0.02 0.01 067 0.10 0.09
DM2-1 123 004 004 105 004 003 083 0.01 002 048 0.10 0.12
DM2-2 055 005 0.05 044 001 0.01 069 0.04 0.04 041 0.03 0.01
DM2-3 0.66 001 0.00 101 002 002 0.63 003 0.03 045 0.03 0.04
DM2-4 093 0.02 0.02 137 012 0.06 069 0.10 0.13 060 0.04 0.03

QRT-PCR expression analysis of CUGBP1, MBNLI, Spl, and CLCN1 genes in DM1, DM2, and control
muscle biopsies. Steady-state mRNA levels were expressed as n-fold difference compared to the calibrator
(average value of the controls was given a value of 1). For each sample, the Ct value was normalized with
the B2ZM housekeeping gene using the formula ACt= CtgeneCtB2M. The relative expression levels were
calculated with the AACt=ACt sample — ACt calibrator formula and the value used to plot relative gene
expression was calculated using the expression 27*“. The CLCN1 and Spl genes are deregulated in the DM

versus control group (values in bold).

product representing an isoform with a 79 nt insertion
between exon 6 and 7, which contains exon 7a
(CLCN1,,, GeneBank accession # AY046404) (Fig.
2). The inclusion of this 79 nt exon resulted in frame-
shift and premature termination at codon 289, and
causes a severe form of recessive myotonia in hu-
mans (45). This aberrant mRNA has never been ob-
served before in DM patients by RT-PCR experi-
ments, even if it is expressed and developmentally

regulated in the HSA'® mice models (40). The frac-
tion of aberrant spliced CLCNI1 isoforms (exon
6b—7a inclusion and exon 6-7 exclusion) ranged
from 0.47 to 0.70 (median value 0.58) in DMI pa-
tients, from 0.61 to 0.79 (median value 0.67) in DM2
samples, and from 0.10 to 0.15 (median value 0.12)
in the controls. Statistical analysis demonstrated
that this difference is highly significant (p =0.001)
(Fig. 2B).

A) IR-B (167bp)
IR-A (131bp)
DM1 DM2 CTR
B) 1 o2 3 411 2 3 411 2 3 4
IR-B » 2
IR-A > 1&‘5*2?2:
[} .
% IR-B 36 40 32 52 27 34 32 25 75 81 70 65

Figure 1. (A) Schematic of the IR exon 11 region, which undergoes alternative splicing. (B) RT-PCR of IR gene isoforms in DM1, DM2,
and control muscle biopsies. The upper band corresponds to the exon 11-containing IR-B isoform, and the lower band represents the fetal
IR-A isoform lacking exon 11. The adult, IR-B isoform, predominates in the DM group, as demonstrated by the percentage of the IR-B

isoform, obtained by densitometric analysis.
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Figure 2. (A) Splicing diagram of the CLCN1 isoforms across exons 4—8 detected in this study. CLCN 15,4, represents the normally spliced
CLCNI1 product; CLCN154 lacks exons 6 and 7; CLCN 4,7, derives from an isoform with a 134 nt insertion before exon 7 containing exon
6; CLCNlgy, has a 134 nt insertion before exon 7 containing exon 6b and 7; CLCN1;, possesses a 79 nt insertion between exon 6 and 7
that contains exon 7a. (B) RT-PCR analysis of the CLCNI1 splicing across the exon 4—8 region in DM, , and control muscle biopsies. This
analysis identified, in all samples analyzed, two major bands of 278 and 435 corresponding to the CLCN 153 and CLCN1;¢; isoforms. In all
DM patients we were able to detect three additional PCR products of 490, 519, and 568 bp, not present in any of the control individuals,
corresponding to isoforms CLCN 1447, CLCN15,, and CLCN ¢, respectively. The experiments were repeated three times and similar results

were obtained.

MTMRI Gene. The myotubularin-related 1 gene
(MTMR1) belongs to a family of phosphatase genes
involved in the myoblast differentiation. The MTMR1
pre-mRNA gene undergoes alternative splicing in
muscle tissues, producing four isoforms (A, B, C, D)
across the exons 2—3 gene region. Myoblasts contains
mainly isoforms A (346 bp) and B (370 bp), while
isoform C (397 bp) is predominant in myotubes to-
gether with low amount of isoform D (448 bp) (Fig.
3A). In human muscle, there is an almost complete
switch from isoform A to isoform C. This splicing
process is variously altered in congenital DM1 mus-
cle cells and in skeletal samples from patients with
congenital onset DM1, with increased levels of the
fetal isoform compared to the adult ones (7). RT-PCR
analysis of the MTMR1 mRNA in our DM1 and
DM2 samples showed high levels of the C isoform,
which was always predominant in both DM and the
controls (Fig. 3B), and a lower expression of the A +
B isoforms. As shown, the percentage of the adult,
C + D, isoforms (C + D/A + B + C + D ratio) do not
differ significantly in the DM1, DM2, and in normal
groups (Fig. 3B). Considered together, these findings
indicate that the MTMRI splicing is not impaired in
DMI1 and DM2 adult muscles, differently from what
has already been observed in the congenital form of
the disease (7).

Macroarray Analysis of lon Channels
and Neuroscience-Related Genes

To profile the expression pattern of muscle tissues
from DM1 and DM2 patients, we hybridized a filter
array containing a panel of 96 genes encoding neuro-
science-related proteins. Calcium channels, potas-
sium channels, sodium channels, chloride channels,
and transporters were included. The expression data
correspond to the mean value of the two different
experiments performed on three RNA pools obtained
by mixing the same quantity of total RNA from DM1
(n =4, pool #1), DM2 (n =4, pool #2), and control
samples (n =4, pool #3). Interestingly, DM1 and
DM2 have a similar expression profile, which reflects
a common muscle pathological background. Accord-
ing to a threshold >%2.0 in both patient and control
groups (see Materials and Methods) we found, in ad-
dition to the CLCNI, six differentially expressed
transcripts (Table 2). All these genes were found to
be underexpressed in DM1 and DM2 muscles (7% of
the genes represented in the SuperArray filter) (Table
2, Fig. 4). Considering only the DMI1 and DM2
groups, we were not able to find genes that were dif-
ferentially expressed in the DM2 compared to DM1
samples.

In general, misregulated genes include those en-
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Figure 3. (A) The MTMRI1 gene and its splicing isoforms. The black boxes represent exons and the black line corresponds to the intronic
region. The MTMRI1 pre-mRNA gene undergoes alternative splicing in muscle tissues, producing four isoforms (A, B, C, D) across the
exons 2-3 gene region. Myoblasts contain mainly isoform A (346 bp) and B (370 bp), while isoform C (397bp) is predominant in myotubes
together with a low amount of isoform D (448 bp). In human muscle there is an almost complete switch from isoform A to isoform C. (B)
RT-PCR products with primers across exons 2—3 region loaded in 6% polyacrylamide gel. All MTMRI isoforms are visible in each sample
analyzed, with a predominant expression of the adult C isoform and lower levels of the A + B fetal isoforms. As evidenced by densitometric
analysis, the mean values for adult, C + D, isoforms do not differ significantly in the DM1 and DM2 versus control group.

coding for proteins involved in calcium metabolism
(CACNIB), mitochondrial function (SLC25A4,
SLC25A5), sodium and potassium channels (SCN1B,
SK3, KCNS2), and sodium-potassium ATPase (Na/
K-ATPase) pumps (ATP1B1). To confirm the Super
Array results, all of these genes were studied for dif-
ferential expression by real-time quantitative PCR
(QRT-PCR). In this experiment each DM1, DM2,
and control sample was analyzed in a separate reac-
tion. The housekeeping [B2-microglobulin (B2M)
gene was used as an internal control for the normal-
ization of samples. Pearson correlation analysis dem-

onstrated a statistically significant positive correla-
tion between the expression values obtained with the
QRT-PCR and cDNA SuperArray assays for the
DMI (R*=0.70) and DM2 (R? = 0.62) samples. The
only exception was the KSCN2 transcripts, not de-
tected by QRT-PCR in any of the samples examined.
These results agree with literature data reporting that
the KCNS2 gene is a brain-specific expressed gene.
The detection of the KCNS2 expression by macro-
array analysis can be nonspecific and due to a cross-
hybridization with a different, high homologous
gene. The mRNA expression values (2724%t) obtained

TABLE 2
GENES DIFFERENTIALLY EXPRESSED IN DM VERSUS CONTROL GROUPS
GeneBank DM1/Control DM?2/Control Qualitative

Gene Accession No. Description Fold Change Fold Change QRT-PCR
ATPIB1  X03747 mRNA for Na/K-ATPase beta subunit —4.40 -5.08 l
CACNB1 M92302 Plasma membrane Ca® pumping ATPase -3.67 —4.71 l
SLC25A4 J02966 Mithocondrial carrier; adenine nucleotide translocator, member 4 -2.89 -8.50 1
SCNI1B L10338 Sodium channel beta-1 subunit -2.14 —4.09 l
SLC25A5 J02683 Mithocondrial carrier; adenine nucleotide translocator, member 5 -3.32 -3.55 1
KCNS2 AB032970 Potassium voltage-gated channel, delayed rectifier, subfamily S,

member 2 -3.20 -3.86 nd
SK3 NM_002249 Potassium intermediate/small conductance calcium-activated

channel, subfamily N 2.30 2.32 T

List of genes with the most significant changes in expression between DM1, DM2, and control muscle samples. Genes are ranked by fold
change. T: upregulation to control; {: downregulation to control.
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Figure 4. QRT-PCR results for genes found differentially expressed between the DM group and the controls. TagMan assays were conducted
in triplicate for each sample and a mean value was used for the calculation of expression levels. Steady-state mRNA levels of target gene
samples were expressed relative to the median value of the control subjects set as 1 (black columns). The B2M gene mRNA was used to

standardize the quantification of each sample.

by QRT-PCR of the genes (ATP1B1, CACNBI,
SLC25A4, SCN1B, SLC25A5, KCNN3) differen-
tially expressed in the DM1/DM2 patient group re-
ferred to the median values of controls, which was
given a value of 1, are shown in Figure 4.

DISCUSSION

Expression Analysis of CUGBP1, MBNLI, Spl,
IR, CLCNI, and MTMRI Genes in DM1/DM?2
Muscle Tissues

DM is a multisystemic disorder that involves, be-
sides muscle apparatus, the eye, cardiovascular appa-
ratus, endocrine apparatus, gall bladder, and testicular
system (24). DM1 and DM2 patients share numerous
clinical symptoms. However, the DM2 clinical phe-
notype is generally milder than DMI. In fact, it does
not show a congenital form, the involvement of the
central nervous system is milder and, overall, the
prognosis is more benign (11,42). The mechanism at
the basis of the DM1/DM2 molecular pathology has
been the subject of extensive analysis because expan-
sions in the two pathologies are transcribed in mRNA
but their effects on DMPK and ZNF9 genes expres-
sion are different (5,8,21,41). The most accredited
pathogenic hypothesis is, therefore, a gain-of-func-
tion of the expanded RNA that is trapped in the nu-
cleus and misregulates RNA binding protein regula-
tors of the splicing process.

It has been demonstrated that CUG- and CCUG-
containing transcripts accumulate in ribonuclear foci

both in DM1 and DM2 cells and alter the regulation
and localization of CUG binding protein, including
CUG-BP and three different isoforms of the MBNL
proteins (18,43,51). Both proteins have antagonistic
effects in their splicing activities; while CUG-BP
promotes the inclusion of exons normally expressed
during fetal development, MBNLI1 favors the adult
splicing isoform (11,25). Moreover, the overexpres-
sion of the CUGBP1 gene and the disruption of the
Mbnll knock-out in transgenic mouse models both
recapitulate the splicing abnormalities observed in
DMI1 patients (28,59). Our findings showing that the
steady-state levels of CUGBP1 and MBNL1 mRNAs
are not significantly altered in DM1 and DM2 mus-
cles indicate that their misregulation is a consequence
of posttranscriptional events acting on their stability
and/or cellular localization. The enhancement in
CUGBEP activity observed in DM1 patients could de-
pend on the phosphorylation status and intracellular
distribution of the protein, rather than on the overex-
pression of the gene transcript. On the other hand, the
CTG/CCTG repetitive elements sequester and inhibit
the physiological function of the MBNLI protein
with no compensatory events at the transcriptional
level.

Another important issue is represented by a global
reduction of transcription occurring in DM1 tissues,
mediated by the transcription factors (TFs) leaching
from chromatin by mutant RNA (15). Sp1 is one of
the TFs to be most affected by expanded RNA bind-
ing, and soon after the induction of DM1 mutation its



A COMMON PATHOGENIC PATHWAY IN DM

mRNA is suppressed by about 50% (15). We, there-
fore, checked if the CCTG expansion could mediate a
similar effect in DM2 muscles. Both DM1 and DM?2
samples showed an average of 30% in the reduction
of the Spl mRNA levels. This could be one of the
possible causes of the CLCNI1 transcription depres-
sion, because the CLCN1 promoter contains multiple
Spl consensus sites, but additional functional studies
are needed in order to address this question. The im-
pact of DM1 mutation on CLCN1 mRNA levels in
humans has been extensively investigated (9,30). In
the muscle of long repeat (CTG),s, transgenic mice,
reduction to 30-40% of normals was observed (40),
while in DM1 patients an almost complete loss of
the correctly spliced CLCN1 mRNA and protein was
reported by RT-PCR experiments (9).

A recent paper by Lueck et al. (35) reported that
two different transgenic DM mice models exhibit a
reduction in both the number of functional sarcolem-
mal CIC-1 and maximal channel open probability, as
well as an acceleration in the kinetics of channel de-
activation. Our own test of CLCN1 mRNA in DM1/
DM2 patients showed a 70—75% suppression in tran-
scription levels of controls in DM1 samples and a
50-60% reduction of controls in DM2 samples, thus
supporting a common phenomenon in human and
mouse models. There is no doubt that the expression
of RNA transcripts containing pathogenic repeats
length can produce defects in alternative splicing of
multiple mRNAs, providing a basis for the multisys-
temic features of DM1 and DM2. Therefore, we thor-
oughly investigated the splicing pattern of three
genes of definite involvement in the DM clinical phe-
notype (CLCNI, IR, and MTMRI1). The IR gene
splicing pattern resulted unbalanced in both DM1 and
DM?2 samples. An aberrant splicing pattern was also
found for the CLCN1 gene in all DM tissues ana-
lyzed. Interestingly, we were able to detect three ma-
jor aberrant splicing isoforms (CLCNlg;,, CLCNI,.
asv7as and CLCN15,), indicating a defect in the CLCN1
splicing similar in both DM1 and DM2. All these iso-
forms contain exon 7a and encode for a truncated
form of the CIC-1 protein, which could be either non-
functional or have a dominant-negative effect.

However, no abnormalities were found in the splic-
ing pattern of the MTMRI1 gene. Analysis of the
MTMRI pre-mRNA in cultured muscle cells and in
skeletal muscle of patients with congenital myotonic
dystrophy showed a reduction of the adult isoform C
and the appearance of an abnormal isoform G, which
is not evident in controls. Our data indicate that a
misregulation of MTMRI1 pre-mRNA splicing does
not occur in muscle tissues from DM1 and DM2
adult patients: low levels of fetal isoforms A and B
are found in both DM and the control group, but the
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levels of mature C isoform is always predominant
and is not reduced in muscle biopsies from patients.
Moreover, we did not detect the aberrant G isoform
in any of the samples analyzed. These findings could
contribute to elucidate the role of MTMRI in the
pathogenesis of myopathy in adult DM. Increased
amounts of MTMRI fetal isoforms seem to be a pe-
culiarity of congenital DM1 because muscle tissues
from either adult DM1 and DM2 patients (never
showing the congenital form of the disease) express
high levels of the MTMRI1 adult C isoform. These
observations further support a role for MTMRI1 in
muscle formation and maturation.

Profiling of DM1/DM?2 Muscle Biopsies With Ion
Channel and Transporter Genes Macroarray

Although the initial pattern of muscle weakness is
noticeably different between DM1 and DM2 (distal
vs. proximal, respectively), the muscle biopsies show
overall a similar histology of central nuclei and in-
creased fiber sizes. Chloride conductance via CIC-1
is primarily responsible for maintaining the negative
resting membrane potential of skeletal muscle (36).
However, the onset and distribution of myotonia are
clearly different compared to recessive generalized
myotonia caused by inactivating mutations in CLCNI1.
Thus, the possibility that the dysfunction of other
channels may contribute to membrane hyperexcitabil-
ity in DM1 cannot be ruled out.

The last part of our work focused on the expression
analysis of neuroscience- related genes participating
in the conduction of electric stimuli along the plasma
membrane. For macroarray experiments, we decided
to use pooled samples from DM1, DM2, and control
subjects, thus minimizing the differences due to sub-
ject-to-subject variation. This choice was made in an
effort to identify the substantial expression features
between DM 1, DM2, and control groups, despite the
effect of biological variation. Interestingly, DM1 and
DM2 have a considerable similar expression profile,
which reflects a common muscle pathology back-
ground. A set of six genes were misregulated in
DM1/DM2 biopsies versus controls, and they were
all confirmed by QRT-PCR experiments using single,
not pooled, samples with a Pearson coefficient of 0.7.
These results indicate that pooling of samples can be
a reliable choice for very small designs, as published
elsewhere (29,47). The misregulated genes encode
for pumps or channels essential in ionic transport
(ATP1B1, CACNBI1, SCNIB, KCNN3) and for
membrane regulators of the mitochondrial functions
(SLC25A4, SLC25A5). The ATP1B1 protein belongs
to a family of ubiquitously expressed Na,K-ATPase,
which establishes and maintains an electrochemical
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gradient across the plasma membrane in virtually all
mammalian cells (33).

Homogenates of skeletal muscle and muscle cells
from patients with myotonic DM showed a downreg-
ulation in Na,K-ATPase activity (3,12), which is pos-
sibly due to the reduction in the ATP1B1 mRNA lev-
els observed in this study. A reduced Na*-K* pump
content may contribute to the abnormally high exer-
cise-induced hyperkalemia observed in patients with
DM and may explain the increased [Na*]; and depo-
larization observed in DM muscle (16,23). The con-
sequences of ATP1B1 repression could act in combi-
nation with the misregulation of the SCN1B and SK3
gene found in both DM1 and DM2 samples. The
SCNIB protein is a voltage-sensitive membrane so-
dium channel required for normal inactivation kinet-
ics of the Na* channel. The beta-1 subunit is crucial
in the assembly, expression, and functional modula-
tion of the alpha subunit isoforms in brain, skeletal
muscle, and heart, all of which are the tissues mainly
affected in DM patients (38). Functional expression
of the SCN1B mutations revealed defects in fast
channel inactivation, similar to what has been ob-
served for mutations in the sodium channel, voltage-
gated, type IV, alpha subunit (SCN4A) gene, all
causing an impaired fast inactivation (1).

In this work we found no alteration in the level of
SCN4A gene mRNA between DM and controls, in
accordance with previous findings that SCN4A pro-
tein levels are not affected in DM1 patients (9). Nev-
ertheless, the sodium current alterations detected in
DM1 could be caused by a modulatory effect of the
SCNI1B protein on the gating mode changes of the
alpha subunit itself. We also found that the level of
SK3 channel mRNA is increased in muscle from
DMI1 and DM2 patients. One possible consequence
is the accumulation of K* in T-tubules by SK3 chan-
nels and the local depolarization of the cell mem-
brane, which subsequently contributes to the hyper-
excitability of muscle fibers.

In addition to the impairment in the Na/K intracel-
lular equilibrium, an increase in resting Ca** concen-
tration has also been reported in cultured DM myo-
tubes (26). Alteration in the skeletal muscle ryanodine
receptor 1 (Ryrl) and sarcoplasmic/endoplasmic re-
ticulum Ca*-ATPase (SERCA) transcripts have been
recently described in DM1 muscle (30), where they
might contribute to the membrane hyperexcitability
and Ca®* homeostasis impairment of DM muscle
cells. Moreover, the generation of mouse mutants de-
ficient in dmpk have revealed altered Na* ion channel
activity and Ca*" and Na* ion homeostasis in muscle,
similar to what has been found in DMI1 patients
(3,4,19).
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Our finding of a reduction in the CACNB1 mRNA
levels in tissues from DM1 and DM2 patients can
enrich this scenario because CACNBI is an L-type
voltage-dependent calcium channel playing an essen-
tial role in skeletal muscle contraction (61). Alter-
ation in genes involved in ion transport and metabo-
lism were not the only finding of this study. We also
observed a strong reduction of genes that are impor-
tant for the cellular metabolism and energetic in
DM1/DM2 tissues. SLC25A4 (ANT1) and SLC25A5
(ANT?2) encode for two different isoforms of the ade-
nine nucleoide translocase (ANT), which catalyzes
the exchange of ADP and ATP across the inner mito-
chondrial membrane (13). This protein is the only mi-
tochondrial translocase for nucleotides and represents
the most important link between energy-producing
and energy-consuming processes. A reduction of the
SLC25A4 and SLC25A5 mRNAs may, therefore, in-
dicate an alteration in the mitochondrial function,
which explains the rapid depletion of energy stores
in exercising DM muscle and the significant eleva-
tions in the concentration ratios of Pi/ATP, phospho-
monoesters/ATP, and phosphodiesters/ATP observed
in resting DM1 muscle (57). When we compared the
expression profile of DM1 versus DM2 muscle using
a twofold threshold for dysregulation, we were not
able to find differentially regulated genes.

In conclusion, our study shows strong molecular
parallels between DM1 and DM?2 that may generate
an unitary biochemical mechanism underlying the
wide range of disease manifestations common to both
disorders. The clinical and molecular analogies of
DM1 and DM?2 demonstrate the multisystemic effects
of CUG and CCUG expansions. Downstream differ-
ences in the spatiotemporal expression of the CUG-
versus CCUG-containing transcripts or epigenetic
modification at DM1 and DM2 loci could, on the
other hand, be responsible for the clinical distinctions
between the two diseases. The alteration of the IR
and CLCN1 pre-mRNA processing straightens the
hypothesis of a spliceopathy, which leads to an ex-
pression of isoforms inadequate for a particular tissue
or developmental stage (46). Although the specific
implications for pathogenesis are uncertain, it seems
likely that effects of DM will extend beyond spliceo-
pathy to include a more general disturbance of tran-
scriptional control leading to the misregulation of
genes important for the conduction of electrical stim-
uli. A key question at present is to understand how
these genes act in combination with the CIC-1 gene
depletion observed in DM muscle. Further expression
and functional investigations are needed to elucidate
the pathogenesis of muscle weakness and wasting
in DM.
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