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Difference in allelic expression of the CLCNT gene
and the possible influence on the myotonia

congenita phenotype
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Mutations in the CLCNT gene, encoding a muscle-specific chloride channel, can cause either recessive or
dominant myotonia congenita (MC). The recessive form, Becker’s myotonia, is believed to be caused by
two loss-of-function mutations, whereas the dominant form, Thomsen’s myotonia, is assumed to be a
consequence of a dominant-negative effect. However, a subset of CLCNT mutations can cause both
recessive and dominant MC. We have identified two recessive and two dominant MC families segregating
the common R894X mutation. Real-time quantitative RT-PCR did not reveal any obvious association
between the total CLCNT mRNA level in muscle and the mode of inheritance, but the dominant family with
the most severe phenotype expressed twice the expected amount of the R894X mRNA allele. Variation in
allelic expression has not previously been described for CLCN1, and our finding suggests that allelic

variation may be an important modifier of disease progression in myotonia congenita.
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Introduction

Myotonia congenita, MC (MIM 118425) is an inherited
disorder characterized by delayed skeletal muscle relaxa-
tion caused by a diminished activity of the voltage-gated
chloride channel CIC-1 in the sarcolemma. Traditionally,
the disease has been divided into Thomsen’s myotonia
(MIM160800), which is inherited autosomal dominantly
and Becker’s myotonia (MIM255700), which is inherited
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autosomal recessively. The mode of inheritance is usually
causative for the clinical classification as Thomsen or
Becker’s myotonia. Both conditions usually have onset
during childhood and are characterized by prominent
myotonia that is reduced by continued muscle activity, the
so-called ‘warm up’ effect. Patients with the recessive form
are generally more severely affected with occasional
occurrence of permanent muscle weakness and atrophy.
The dominant and recessive forms are due to allelic
mutations in the CLCN1 gene located on 7q35, and since
its discovery in 1991 more than 65 different mutations
have been described.>~> The vast majority of these are
found in recessive pedigrees, whereas approximately only
10 mutations exclusively result in dominant MC presum-
ably through a dominant-negative effect.® More that 10



mutations have been associated with both recessive and
dominant MC,* making a clear distinction between the
two modes of inheritance of the disease difficult. This
peculiar phenomenon has been explained by reduced
penetrance of dominant-negative mutations, incomplete
dominance, founder effect and incomplete mutation
detection.” 1 The obscured manifestation of CLCNI
defects is further complicated by the observation that
some families harbor three CLCNI mutations'*'? and
atypical cases where myotonia only appears during
pregnancies.'®> The Clc-1 channel is a homodimer and
dominant MC is thought to result from dominant-negative
mutations poisoning the complex, whereas recessive MC
presumably originates from a loss-of-function of the
channel.

Several mutations have been characterized by in vitro
patch-clamp assays, but even mutations with electrophy-
siologically characteristics consistent with dominant in-
heritance have been found in recessive pedigrees as
well.'*1° R894X is one of the most common CLCNI
mutations present in many different populations, and is
the prime mutation for which both recessive and domi-
nant inheritance has been reported. The mutation is
located in the last exon of the CLCN1 gene and leads to a
truncation of the terminal 94 amino acids.

We have previously identified four independent families
harboring the common R894X mutation'® and present
here mRNA analysis, isolated from patients’ muscle
biopsies, demonstrating that the CLCN1 gene is subject
to variation in allelic expression, which may be a
component of disease progression in myotonia congenita.

Materials and methods

Human subjects

The human subjects for this study were submitted as part of
a genetic testing service. After approval from the local
ethics committee and receipt of informed consent, selected
family members were asked to have a muscle needle biopsy
from the M. vastus lateralis performed for analysis of the
CLCN1 mRNA expression level. Five individuals volun-
teered for biopsy (Figure 1), which was undertaken upon
receipt of written informed consent.

Genotyping

Initial genotyping has been described elsewhere.'® In
summary, genomic DNA from the probands was extracted
according to standard methods and all 23 exons of CLCN1
were amplified by polymerase chain reaction (PCR)
followed by sequencing using intronic primers as described
by Kubisch et al. '* Identified mutations were subsequently
confirmed in a new PCR and sequencing reaction. The
CLCN1 sequence from the two probands, who also
volunteered for cDNA analysis, did not show any differ-
ences in the primer sites for mRNA analysis.
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Figure 1 Pedigrees of the four families segregating the
R894X mutation. (a) and (b) depict the recessive pedigrees,
whereas (c) and (d) show the dominant R894X segrega-
tion. The thick arrow identifies the proband whose entire
CLCN1 gene was sequenced, whereas other family mem-
bers were tested only for identified mutation(s)'® and their
CLCNT genotype is indicated. The thin arrow identifies
individuals from whom a muscle biopsy was obtained.
Filled symbols denote the presence of a myotonia.

mRNA isolation and quantification

Four of the five biopsies were divided in two and processed
independently. Total mRNA was extracted using TRIzol
(Invitrogen, Taastrup, Denmark) and cDNA was generated
using Superscript II™ (Invitrogen) in combination with a
dT; primer, both according to the manufacturer’s descrip-
tion. The CLCN1 cDNA was evaluated by sequencing PCR
products from two overlapping fragments of the N- and
C- terminal part of the transcript using the primers des-
cribed by Grunnet et al.> A real-time semiquantitative PCR
analysis was performed on an SDS7000 Sequence Detection
System using the SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, USA). Briefly, cDNA-specific pri-
mers for CLCN1 and the reference gene GUSB were
designed according to the PrimerExpress software (CLCN1-
exon21-22 AAGAAAACAACCCAG/GATTCC; TCAGGTGA
CATGTTATCCACTAAATCT, GUSB-exon5-6 TCATTTGGAA
TTTTGCCGATT;, GCACTCTCGTCGGTG/ACTGTT, vertical
bar indicates exon-exon junction). The two PCR reactions
were evaluated individually on a 5 x dilution series for the
generation of standard curves. As demonstrated in Figure 2,
the two PCR reactions exhibited similar amplification
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Figure 2 Real-time quantitative RT-PCR of CLCNT and the
reference gene GSUB. (I) and (Il) show the raw data (5 x
dilution series) from which the standard curves were
generated. All dilutions were run in duplex and the curves
were generated in three independent experiments. Both
PCRs were specific for ¢cDNA and exhibited similar
amplification efficiencies as indicated by the slope of the
standard curves. (lll) Relative expression of CLCNT normal-
ized to family A. The vertical bars denote 2 SD generated
from four independent experiments with a minimum of
two assays per biopsy. A, B, C, and D correspond to the
families in Figure 1. The difference between families A and
B was highly significant (P=0.0001, unpaired Student’s
t-test), whereas there were no significant differences
between families A and C, and B and C.

European Journal of Human Genetics

efficiencies, allowing the raw data to be analyzed by the
comparative Cr methods (described in the User Bulletin 2
from Applied Biosystems).

Allelic quantification

The R894X mutation disrupts a Tagl restriction site, which
was used to distinguish wild-type from mutant mRNA
alleles. A cDNA-specific PCR reaction was designed (Fwd
fam-CTCGCTTACGTGACCAGCATG; Rvs  CTCAGG-
CAGGTTCCAGTTCTCT) giving rise to a 189bp fluoro-
chrome-labeled PCR product that could be monitored on
an ABI 310 Genetic Analyzer (Applied Biosystems, Foster
City, USA). A homozygous wild-type product yields a
136bp fluorochrome-labeled fragment after Tagql restric-
tion, whereas a homozygous mutant product is resistant to
Taql restriction. A wild-type and mutant sequence was
cloned into the pGEM-T vector (Promega, Madison, USA)
and purified PCR fragments were mixed in different ratios,
heated to 95°C and slowly cooled to room temperature
(heteroduplex formation), Taqgl restricted and analyzed on
the ABI310 using the GeneScan software. The proportions
of the individual peak areas were calculated and a standard
curve was generated, which revealed a convincing relation
between the different peak areas and the original mutant/
wild-type ratio (Figure 3 II). To further evaluate any
possible effect of heteroduplex formation, the quantifica-
tion assay was initially performed on identical PCR
reactions terminated after 18, 20, 22, 24, 26, 28 and 30
PCR cycles. No obvious difference in the relation of wild-
type and mutant allele could be detected across the
samples, and the assay was thereafter monitored after 30
PCR cycles.

Results
Clinical evaluation

We have previously identified four unrelated families
segregating the R894X mutation.'® In two families (Figure
la and b), the mutation segregated as recessive with
heterozygous family members having neither clinical nor
electromyographic signs of myotonia, whereas in the two
other families (C and D), the mode of inheritance was
dominant. Family C had an atypical late onset (20-30
years of age), which may be regarded as an unusually mild
phenotypic expression. In family D, the age of onset was 7
years, which is comparable to the age of onset in most
dominant cases of myotonia congenita. Further, in patients
from family D, the compound muscle action potential
evoked from a hand muscle showed significant decrement
on 10Hz repetitive stimulation, whereas patients from
family C had borderline decrement or none at all, again
suggesting a less severe phenotype than that found in
family D.
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Figure 3 Relative quantification of the wild type and
mutant mRNA alleles. (I) The 189 bp peak corresponds to
the R894X allele, whereas the 136 bp peak corresponds to
the wild-type allele (smaller peaks are size standards). The
upper and lower panels show the allele quantification of
the individuals C and D, respectively. (Il) Different amounts
of cloned mutant and wild-type fragments were used to
generate a standard curve validating the assay. Vertical bars
represent one standard deviation generated from three
independent quantifications. Possible hetero-duplexes for-
mation did not seem to interfere with the quantification
(materials and methods). (lll) Relative amount of the R894X
allele. Vertical bars indicate 1SD generated from five
independent assays. No sequence difference was found in
the primer sites between the probands in families A and D,
excluding allelic PCR bias.
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mRNA expression

We speculated whether the level of CLCNI mRNA expres-
sion reflected the dual mode of inheritance. One individual
each from families A-C, and two from family D volun-
teered for muscle biopsy for mRNA analysis (Figure 1).
Initial cDNA analysis did not reveal the presence of any
abundant alternative spliced transcripts. Both mutations in
the proband from family A could be detected on the mRNA
level (not shown). The relative expression level of CLCN1
was determined in four independent experiments and
related to the recessive family A (Figure 2). Although the
expression level varied almost a factor 2 between the
highest and lowest expression, there was no obvious
relation to the mode of inheritance. The level of expression
in the individual from family B, who was asymptomatic,
did not differ significantly from the CLCNI level in the
dominant family C (P=0.14) but was lower compared to
family D (P<0.012). The age of the patients at biopsy
ranged from 34 years (individual C) to 65 years (individual
B) and there was no striking relation between the relative
CLCNI mRNA level and age as suggested.'” Individual B
was, however, the oldest, whereas the individuals from
families A and D were between 49 and 52 years of age.

Allelic quantification

The variation in expression observed between the different
families prompted us to speculate whether a difference
in allelic expression, rather than the total mRNA level
per se was the underlying cause for the dual mode of
inheritance. An assay was developed allowing discrimina-
tion of the wild-type and R894X mRNA allele and the
evaluated assay was consequently used to quantify the
relative amount of the R894X c¢DNA in the different cDNA
preparations. Surprisingly, both individuals from the
dominant family D expressed almost twice as much
R894X mRNA relative to the wild-type allele, compared
to the other families (Figure 3III). There appeared to be no
gross difference between the asymptomatic individual in
the recessive family B, and the individuals from families A
and C. Ideally, we expected a 1:1 ratio of the two alleles.
However, the mutant allele in families A—C accounted for
only 35-39% of total mRNA.

Discussion

The existence of a single mutation that in some families
exhibits a dominant phenotype, whereas in other families
behaves recessive, is a most peculiar genetic phenomenon.
It is well established that the R894X mutation in the
CLCNI1 gene is an example of such a mutation. Based on a
functional characterization in Xenopus oocytes, Meyer-
Kleine et al.'® suggested that the mutation conferred
electrophysiological properties intermediate between pure
recessive and dominant mutations, and that coexpression
with wild-type CLCN1 yielded electrophysiological results
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close to normal. We therefore analyzed whether the level of
CLCN1 mRNA expression was decisive for the dual mode of
inheritance. The highest and lowest CLCNI mRNA levels
found in the recessive families A and B, respectively,
suggest that the expression level of CLCNI is not a key
factor in distinguishing recessive from dominant MC.
However, we cannot exclude the possibility that expression
level variation may have a minor influence on the
phenotypic variability. The G285E mutation from the
proband in family A could be detected on cDNA indicating
correct mRNA maturation. Previous reports have suggested
that up to 27% of CLCNI1 cDNA is subject to alternative
spliced forms that results in the presence of premature
termination codons.'®?? These transcripts are most likely
rapidly eliminated through nonsense-mediated decay and
escape detection by our cDNA analysis. In this respect, it is
important to note that the two PCR fragments used for
CLCNI mRNA and allele quantification, respectively, are
located close to each other in the far C-terminal part of the
transcript. It is therefore unlikely that the potential
alternatively spliced forms have a significantly impact on
the analysis.

CIC-1 channels are known to form homodimers,?! and
recessive MC is believed to result from two loss-of-function
mutations, whereas dominant MC mutations are presumed
to exhibit a dominant-negative effect, ‘poisoning’ the
channel. Therefore, the variation in expression observed
between the different families prompted us to investigate
whether a difference in allelic expression, rather than the
total mRNA level per se was the underlying cause for the
dual mode of inheritance.

Our allelic quantification assay clearly demonstrate that
the CLCNI1 gene is subject to variation in allelic expression,
and that the dominant severely affected family D expressed
twice the amount of R894X mRNA. Such allelic variation
has just recently been identified in other genes ?* and
implicated as disease-causing.”® In fact, allelic variation
may be a quite common phenomenon ?* and is likely to be
a general mechanism contributing to human phenotypic
diversity.>>? The specific mechanism behind the differ-
ence in allelic expression is presently unknown but could
be based on polymorphisms at the promoter or enhancer
regions. Alternatively, the global chromatin organization
of the CLCN1 locus could possibly facilitate allelic expres-
sion variation as well as differences in the RNA processing
machinery.

The limited number of subjects investigated makes it
difficult to draw any firm conclusions about exactly to
which extent the difference in allelic expression contribute
to the distinction between dominant and recessive myo-
tonia congenita. Ideally, more individuals should be tested;
this is, however, extremely difficult due to the very low
occurrence of affected individuals. Nonetheless, our study
shows that the two alleles of the CLCNI1 gene are
differentially expressed.
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If the difference in allelic expression is a key determi-
nant for dominant versus recessive inheritance of the
R894X mutation, it is surprising that family C had an
R894X mRNA expression comparable to that of reces-
sive patients. However, the two dominant families exhi-
bited distinct clinical phenotypes with late onset of
the disease in family C and electrophysiological find-
ings suggestive of a less severe phenotype than that of
family D.

Although more individuals should ideally be tested,
our findings raise the question whether variation in
allelic expression is a component in determining the
phenotype of congenital myotonia. In a study of nine
recessive families segregating the R894X mutation, Sun
et al.?” identified three carrier individuals from different
families, who all exhibited latent myotonia. Thus, even
within the same family carriers of the recessive R894X
mutation can exhibit distinct clinical phenotypes.
Whether this is related to variation in allelic expression is
currently unknown.

Shifting the proportion of transcripts towards the
mutant allele might result in a greater quantity of
‘poisoned’ CIC-1 channels that could give rise to the domi-
nant phenotype. The underlying mechanism for this shift
is not known, but the existence of high and low expressed
alleles offers an attractive explanation for the observed
inconsistency in the mode of inheritance for some of the
CLCNI1 mutations.

Variation in allelic expression would also provide the
explanation why other mutations in the CLCNI gene
can behave both dominant and recessive. For instance,
the F307S mutation was initially found in a dominant
family, and electrophysiological characterization sup-
ported the dominant nature of the mutation.'* However,
the same mutation has subsequently been found the
recessive families.® It is quite possible that allelic varia-
tion in favor for the mutation is recognized as a domi-
nant phenotype, whereas a shift to the wild-type allele
leads to recessive inheritance. Thus, expression of the
normal allele below a critical threshold could result in
altered disease progression. Such a scenario has just
recently been suggested for the etiology of Marfan
syndrome,?®

It is interesting to note that a single mutation in the
SOD1 gene likewise can result in either recessive or
dominant amyotrophic lateral sclerosis, and that all
recessive families share the same haplotype whereas
dominant families do not.?° Thus, this may represent
another example of the influence of differential allelic
expression on disease progression. Mutations in another
chloride channel gene, CLCN7, can result in both domi-
nant and recessive osteopetrosis,®® but as for the SODI
gene mutation, it remains to be tested whether this dual
pattern of inheritances is a result of differential allelic
expression.
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