subunits. Thus, introduction of bulky amino acids narrows the channel pore, while
introduction of smaller amino acids widens the channel pore. Our analysis first disclosed
that the M3 domain backs up the channel-lining pore that is composed by the M2
transmembrane domains and has sterochemical effects on channel gating kinetics [51].
FCCMS can be effectively treated with anticholinesterases and 3,4-
diaminopyridine. The mechanism of action of anticholinesterases is described in the
section devoted to endplate AChR deficiency. The drug 3,4-diaminopyridine blocks the
presynaptic potassium channel, which slows the repolarization of the action potential
delivered to the nerve terminal [67]. The enhanced nerve action potential stimulates the
presynaptic voltage-gated P/Q-type and N-type Ca** channels and increases Ca®" influx
to the nerve terminal, which then enhances synaptotagmin and the SNARE complex to
facilitate the fusion of ACh vesicles to the presynaptic membrane. This increases the
amount of ACh released by a single nerve stimulus and enhances AChR channel

openings.

Other phenotypes associated with AChR mutations and a single nucleotide
polymorphism

Mutations or a single nucleotide polymorphism (SNP) in muscle nicotinic AChR
subunits also give rise to phenotypes other than CMS.

The first phenotype is fetal akinesia deformation sequence (FADS). Mutations in
the AChR subunit genes cause neuromuscular transmission defects in embryos and
restrict intrauterine movements. As human embryos use the fetal y-AChR by 33 weeks of
gestation [68], mutations in CHRNG [69,70], as well as in CHRNAI and CHRND [27],
cause FADS.

The second phenotype is early onset myasthenia gravis [71]. Promiscuous
expression of a set of self-antigens occurs in medullary thymic epithelial cells to impose
T-cell tolerance and to provide protection against autoimmune disorders. The AChR
al subunit is one of those self-antigens. A SNP in the promoter region of CHRNAI
compromises expression of the al subunit in thymic epithelial cells, which increases the
chance of developing myasthenia gravis 2.01- to 2.35-fold in individuals carrying the
SNP.



Conclusions

We addressed three types of CMS that are caused by mutations in the AChR
subunit genes.

Congenital deficiency of endplate AChRs is caused by mutations in CHRNA 1,
CHRNBI, CHRND, and CHRNE encoding the AChR a1, B1, 9, and € subunits,
respectively. The mutations are classified into two groups. The first group includes
mutations in CHRNE that nullify or significantly reduce the expression of the € subunit.
Patients survive with embryonic y-AChR even when the adult-type e-AChR is lacking.
Null mutations in the other AChR subunit genes are likely to be fatal, which supports a
general notion that we have no chance to identify mutations that result in lethal
phenotypes. The second group of mutations includes missense mutations of CHRNA I,
CHRNB, and CHRND. These mutations compromise the expression level of the mutant
subunit and/or the assembly of AChRs, but do not completely abolish the expression of
AChRs. Differences between mutations in CHRNE and those in CHRNA1, CHRNB, and
CHRND are the tolerance to low expression of the affected subunit. As in autoimmune
myasthenia gravis, endplate AChR deficiency is well controlled by anticholinesterases.

The slow channel congenital myasthenic syndrome (SCCMS) is an autosomal
dominant disorder, in which a gain-of-function mutation causes prolonged AChR channel
openings and increases the synaptic response to ACh. In SCCMS, neuromuscular
transmission defects are caused by (i) staircase summation of endplate potentials, (ii)
excessive desensitization of AChRs, and (iii) endplate myopathy caused by excessive
influx of extracellular calcium. SCCMS mutations cause neuromuscular transmission
defects either by increasing the affinity of AChR for ACh binding or by retarding the
channel closing rate o and variably enhancing the channel opening rate . SCCMS can be
effectively treated with conventional dosages of long-lived open channel blockers of
AChR, such as the antiarrhythmic agent quinidine and the antidepressant fluoxetine.

The fast channel congenital myasthenic syndrome (FCCMS) is caused by loss-of-
function missense mutations in the AChR subunit genes. The mutations render the AChR
resistant to be transferred to an open state and prematurely coming back to a closed state.

Detailed kinetic analyses of FCCMS mutations have unmasked yet uncharacterized
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molecular architectures of the AChR subunits especially in the third transmembrane
domain and in the long cytoplasmic loop. FCCMS can be effectively treated with

anticholinesterases and 3,4-diaminopyridine.

Two more clinical phenotypes are associated with variations of the AChR subunit
genes. Mutations in CHRNG encoding the AChR y subunit cause another phenotype
FADS by restricting intrauterine movement of an embryo. A SNP in the promoter region
of CHRNA1 compromises expression of the o1 subunit in thymic epithelial cells, and

increases the chance of developing myasthenia gravis.
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Hypokalemic periodic paralysis (HypoPP) type 1 is an autosomal dominant disease caused by mutations in the
Ca(V)1.1 calcium channel encoded by the CACNAIS gene. Only seven mutations have been found since the
discovery of the causative gene in 1994. We describe a patient with HypoPP who had a high serum potassium
concentration after recovery from a recent paralysis, which complicated the correct diagnosis. This patient
and other affected family members had a novel mutation, p.Arg900Gly, in the CACNA1S gene.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hypokalemic periodic paralysis (HypoPP) is an autosomal dominant
disease caused by mutations in either the Ca(V)1.1 calcium channel
encoded by the CACNAIS gene (HypoPP type 1) or the Na(V)1.4 sodium
channel encoded by the SCN4A gene (HypoPP type 2) [1]. HypoPP type 1
is more common than HypoPP type 2 (1:5-8). In HypoPP type 1, only
seven mutations have been found since the discovery of the causative
gene in 1994 [2]. However, the prevalence of HypoPP is not extremely
low (1:100,000), suggesting that a few common mutations affect many
families [3]. The Ca(V)1.1 channel consists of four domains, and each
domain has S1 to S6 transmembrane segments. All mutations but one
rare one (p.Val876Glu) [4] are involved in arginine residues in the $4
segments of the calcium channel [2,3,5-7]. A recent study proposed a
gating pore cation leak current caused by loss of a positive charge of
arginine in S4 voltage sensors as a common pathomechanism of HypoPP
[18].

We describe a patient with HypoPP who had a high serum potassium
concentration after recovery from paralysis, which complicated the
correct diagnosis. This patient had a novel mutation, p.Arg900Gly, in the
CACNAIS gene.

* Corresponding author at: Department of Neurology Osaka University Graduate
School of Medicine, 2-2 Yamadaoka, Suita 565-0871, Osaka, Japan.
E-mail address: mtakahas@neurol.med.osaka-w.ac.jp (M.P. Takahashi).

0022-510X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/}.jns.2011.07.046

2. Patients

The proband (patient 1) was a 41-year-old man who started to
have periodic episodes of paralysis, occurring about five times a year,
since the age of 21 years. Each episode lasted 12 hours to 2 days. Hard
physical exercise seemed to induce paralysis and was therefore
avoided. Overeating, but not coldness, also induced paralysis. On a
careful, detailed interview, he recalled that he had had a history of
hypokalemia at the time of the previous episode of paralysis, but the
value was not currently available since the clinic he had visited had
permanently closed. He also reported having received potassium
supplements at that time, which seemed effective, but were soon
discontinued for no apparent reason. A family tree (Fig. 1A) suggested
a pattern of autosomal dominant inheritance (Fig. 1A). Two days after
arecent episode of paralysis he visited our clinic. Muscle strength was
normal, with no muscular atrophy. Laboratory tests showed increased
levels of potassium (5.4 mEq/l, normal 3.3-5.0 mEg/1), CK (3233 U/
ml, normal 45-190 IU/ml), AST (104 IU/], normal 10-40 IU/ml), and
ALT (54 1U/ml, normal 5-45IU/ml). Blood sugar was only slightly
decreased to 69 mg/dl (normal 70-139 mg/dl). Other data, including
thyroid function, were normal: Na 144 mEq/l, Cl 104 mEq/l, TSH
0.89 mU/ml (normal 0.34-3.88), fT3 3.8 pg/ml (normal 2.1-4.1 pg/
ml), and T4 1.5 ng/ml (normal 1.0-1.7 ng/ml). Electrocardiography
and chest radiography showed normal findings. Electromyography
showed no myotonic discharges or myogenic changes during non-
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Fig. 1. (A) A family tree of the patient 1 (arrow). This family tree suggests an autosomal dominant pattern of inheritance. (B) The patient had a heterozygous A-to-G transition,
resulting in the substitution of Arg by Gly at the 900 residue. (C) PCR-restriction fragment length analyses with a mismatch primer confirmed that Patients 1-3 were heterozygous
for the p.Arg900Gly mutation. (D) The Arg at the 900 position is phylogenetically conserved.

paralytic periods. After 19 days, all abnormal blood test values had
normalized.

Patient 2 (69 years), the father of the proband, had paralytic
attacks since the age of 13 years. Most attacks, occurring 5 times/year,
were mild or partial, but severe episodes occurred 10 times over the
course of 37 years. Paralysis was induced by hard physical exercise
and overeating, but not coldness. He had not been examined in any
medical institutions during paralysis. He has had no attacks since the
age of 50 years. Patient 3 (35years), a younger brother of the
proband, started to have mild paralytic attacks since the age of
13 years and severe ones since age 15. He also recalled that he had had
a history of hypokalemia during paralysis, but the value was not
currently available. Recently, he had severe attacks 10 times/year,
induced by hard exercise and overeating, but not by coldness.

After obtaining written informed consent from Patient 1, a genetic
analysis was performed as described previously [2,3,5]. Patients 2 and
3 agreed to genetic testing, but the mother of the proband declined. A
novel heterozygous A-to-G transition was identified in the CACNA1S
gene (c.2698A>G), resulting in a missense change (p.Arg900Gly,
Fig. 1B). This mutation was confirmed by PCR-restriction fragment
length analyses as follows. The forward primer carried two nucleotide

substitutions (ex21mF: 5/-GTGCCATCTCCGTGGTGAAGAcCaT-
GAGGGTGCT-3/, lower case letters mean substituted nucleotides) to
create the endonuclease Xeml (CCANNNNNNNNNTGG) site in a PCR
fragment only from a mutant allele. The reverse primer was 5'-
GGTCCCAGCCATGGCTGGGCTGA-3'. The PCR-amplified mutant frag-
ment (179 bp) was digested into two fragments (29 and 150 bp),
though only the larger fragment was visible. The normal fragment
remained undigested. This mutation was present in Patients 1-3, but
not in 100 control chromosomes (Fig. 1C). This Arg900 residue is
highly conserved among humans, mice, turkeys, and zebra fish
(Fig. 1D).

3. Discussion

We found a novel mutation in a patient with HypoPP type 1. This
mutation in the S4 segment of the domain Il affects the same residue
as the previously identified mutation p.Arg900Ser [3]. Similar to
previous other mutations involving arginine residues, the positive
charge of arginine was abolished by a neutral amino acid, glycine. The
Arg900 residue is phylogenetically conserved. Thus, this novel

—110—



M. Hirano et al. / Journal of the Neurological Sciences 309 (2011) 9-11 11

p.Arg900Gly mutation may cause a gating pore current leak and is
most likely causative for HypoPP.

Our patient had a high serum potassium concentration at the visit
to our clinic after recovery from paralysis, which complicated the
correct diagnosis. However, such hyperkalemia during recovery
periods in HypoPP has been described previously, although mutations
in either the calcium channel or sodium channel were not specified
[9]. To our knowledge, mutations in the CACNAIS gene have not
previously been associated with hyperkalemic periodic paralysis.
Consistent with this, our patient presented with previous episodes of
hypokalemia. Although hyperkalemia might have simply been a
rebound response to hypokalemia, another possible explanation is
that hypokalemia during paralysis may have destabilized muscular
membranes, releasing intramuscular potassium into serum. This
hypothesis may be supported by the temporal elevation of CK in our
patient.

A previous study reported at least one patient with p.Arg900Ser
mutation, a mutation occurring in the same residue as ours. The patient
had a typical HypoPP phenotype, although detailed clinical information
was not provided [3]. Attacks began to occur in the second decade and
were associated with low potassium levels or with provocative factors
that reduced serum potassium levels. In our patients, disease developed
at 13 to 21 years of age and was accompanied by typical HypoPP
episodes. Thus, mutations involving the Arg900 residue seem to be
associated with a typical phenotype.

In summary, we found a novel mutation in the CACNAIS gene,
which further supports the gating pore current hypothesis as a
pathomechanism of HypoPP. Because this is only the eighth mutation
identified over the course of 17 years, further discovery of mutations

may provide further insight into voltage-gated channels as well as the
pathomechanism of HypoPP.
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Misregulation of miR-1 processing is associated with heart
defects in myotonic dystrophy

Frédérique Rau'%, Fernande Freyermuth!~%, Charlotte Fugier!, Jean-Philippe Villemin®, Marie-Christine Fischer! -4,
Bernard Jost!~4, Doulaye Dembele! %, Geneviéve Gourdon®-$, Annie Nicole®$, Denis Duboc®®, Karim Wahbil®-13,
John W Day'4, Harutoshi Fujimura!®, Masanori P Takahashi', Didier Auboeuf!’, Natacha Dreumont! 4,

Denis Furling'%-13 & Nicolas Charlet-Berguerand!

Myotonic dystrophy is an RNA gain-of-function disease caused by expanded CUG or CCUG repeats, which sequester the RNA
binding protein MBNL1. Here we describe a newly discovered function for MBNLT1 as a regulator of pre-miR-1 biogenesis and
find that miR-1 processing is altered in heart samples from people with myotonic dystrophy. MBNL1 binds to a UGC metif located
within the loop of pre-miR-1 and competes for the binding of LIN28, which promotes pre-miR-1 uridylation by ZCCHC11 (TUT4)
and blocks Dicer processing. As a consequence of miR-1 loss, expression of GJA1 (connexin 43) and CACNA1C (Cav1.2), which
are targets of miR-1, is increased in both DM1- and DM2-affected hearts. CACNA1C and GJA1 encode the main calcium- and
gap-junction channels in heart, respectively, and we propose that their misregulation may contribute to the cardiac dysfunctions

observed in affected persons.

Mpyotonic dystrophy, which is the most common muscular dystrophy
in adults, is characterized by multiple symptoms that include muscle
weakness, myotonia, cardiac defects, cataracts, insulin resistance and
neuropsychiatric impairment. Myotonic dystrophy type 1 (DM1) is
caused by an expansion of CTG repeats located within the 3" noncod-
ing region of the DMPK gene!~3, whereas myotonic dystrophy type 2
(DM2) is caused by an expansion of CCTG repeats located within the
first intron of the ZNF9 (also known as CNBP) gene?. The mutant
RNA, which contains 100 to several thousand CUG or CCUG repeats,
is retained in nuclear aggregates that sequester the MBNL1 RNA bind-
ing protein®-8. Furthermore, the expression of CUGBP1(also known
as CELFI) is increased in some tissues of DM1-affected people”1®.
MBNL1 and CUGBP1 are splicing regulators, and their alterations
in people with myotonic dystrophy result in misregulation of the
alternative splicing of several pre-mRNAs!!-13, including those
encoded by the muscle chloride channel gene CLCNI and the insu-
lin receptor gene INSR, resulting in myotonia and insulin resistance,
respectively'4-17. However, the molecular mechanisms underlying
the cardiac defects, which affect 80% of people with DM1 and DM2
and represent the second most common cause of their death, are
unclear. Cardiac involvements in affected persons'®2! and in mouse
models?>?* are characterized by nonspecific changes such as
interstitial fibrosis and fatty infiltration, which lead to degenera-
tion of the conduction system and to fatal atrioventricular blocks.

Furthermore, people with myotonic dystrophy are also characterized
by atrial and ventricular tachyarrythmias of unknown causes, which
may explain the occurrences of sudden cardiac death observed in
these people despite pacemaker implants!8-21.

MicroRNAs (miRNAs) are small, conserved, noncoding RNAs that
are important components of post-transcriptional gene regulation and
are involved in the control of many fundamental processes, including
cardiac development and function. In particular, the expression of
the miR-1 family, which comprises miR-1-1 and miR-1-2, is altered
in mouse models and people with heart diseases?*~2’. Furthermore,
overexpression of miR-1 in normal or infarcted rat heart exacerbates
electrophysiological abnormalities?6, whereas ablation of the miR-1-2
(Mirla-2) gene in mice results in arrhythmias, cardiac conduction
defects and sudden cardiac death?’, demonstrating that the heart
needs tight regulation of miR-1. Here we set out to test whether or
not miRNAs are misregulated in myotonic dystrophies.

RESULTS

The processing of miR-1 is altered in myotonic dystrophy

In a preliminary profiling analysis of the expression of miRNAs in
primary differentiated muscle cells isolated from unaffected persons
and those with DM1 (Supplementary Fig. 1a,b and Supplementary
Data), we identified a robust misexpression of miR-1. Because inac-
tivation of miR-1-2 in mice did not result in an overt phenotype in
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nonregenerating skeletal muscle but did cause cardiac dysfunction?’,
we quantified miR-1 expression in heart samples from people with
DM1 and in unaffected individuals. Quantitative RT-PCR demon-
strated a significant reduction in expression of miR-1 (P = 1.8 x 1076)
in DM1 heart tissue (Fig. 1a), whereas the expression of miR-126,
miR-138, miR-199, miR-208, miR-499 and Let-7-f2 was not altered.
Additional northern blot analysis confirmed decreased expression
of miR-1 in DM1 heart tissue (Supplementary Fig. 1c). Next, miR-1
expression was examined in myotonic dystrophy type 2, which under-
goes cardiac alterations similar to those in DM1 (ref. 28). Quantitative
RT-PCR demonstrated a significant (P < 0.001) reduction in expres-
sion of miR-1 in heart samples from people with DM1 and DM2 but
no alteration in heart samples from those with amyotrophic lateral
sclerosis (Fig. 1a), suggesting that the expression of miR-1 is specifi-
cally altered in both forms of myotonic dystrophy.

miRNAs are initially transcribed by RNA polymerase II as pri-
mary miRNAs (pri-miRNAs), which are processed into precursor
miRNAs (pre-miRNAs) by Drosha complexed with DGCRS (also
called Pasha)?®-3! and exported from the nucleus to the cytoplasm
by exportin 5 (XPO5)3%%3, Pre-miRNAs are hairpin-shaped RNAs
of approximately 70 nucleotides (nt) that are processed into mature
miRNAs by Dicer’**5, a cytoplasmic endoRNase of the RNase
type III family. Expanded CUG or CCUG repeats interfere in trans
with the alternative splicing of other pre-messenger RNAs!4"17. To
investigate whether expanded CUG or CCUG repeats also interfere
in trans with the processing of miR-1 in myotonic dystrophic heart
tissues, we quantified the expression of pre-miR-1 and mature miR-1.
Whereas the levels of pre-miR-1 were normal or slightly increased,
the quantities of mature miR-1 were decreased in heart samples of
people with DM1 and people with DM2 (Fig. 1b), suggesting that pre-
miR-1 is normally produced but incorrectly processed in individu-
als with myotonic dystrophy. In contrast, the expression of pre- and
mature miR-138 and pre- and mature Let7-f2 were normal, indicating
that the misregulation of the processing of pre-miR-1 was specific
and was not the result of a global alteration of miRNA biogenesis
(Supplementary Fig. 1d).

To test whether the expression of expanded CUG repeats directly
altered the processing of pre-miR-1, we engineered an adenovirus
expressing 960 expanded CUG repeats and infected rat H9C2

Figure 1 The processing of miR-1 is altered in myotonic dystrophies.
(a) Quantitative real-time PCR (gRT-PCR) analysis of the expression of
mature miR-1, miR-126, miR-138, miR-199 and miR-499 relative to
the U6 small nuclear (sn) RNA in heart samples of adults with DM1 or
DM2 and in control (CTL) heart samples from 2 unaffected persons,

1 person with dilated cardiomyopathy and 5 people with ALS.
***P < 0.001. (b) gRT-PCR analysis of the expression of pre-miR-1
and mature miR-1 relative to the U6 snRNA in heart samples of
control (2 unaffected, 1 with dilated cardiomyopathy and 5 with ALS),
DM1-affected and DM2-affected subjects. *P < 0.05, ***P < 0.001.
(€} gRT-PCR analysis of the expression of pre-miR-1 and mature miR-1
in H9C2 rat cardiomyocytes differentiated for 6 days and infected with
recombinant adenovirus (MOl 100) expressing GFP (CTL) or 960 CUG
repeats (CUG). The mean of at least three independent infections is
depicted as the percentage of mature or pre-miR-1 relative to the U6
snRNA. Error bars indicate s.d. ***P < 0.001. (d) 5 pg of total RNA
extracted from Hela cells co-transfected with ectopic pri-miR-1-1 or
pri-miR-1-2 minigenes and a plasmid expressing either no (CTL) or
960 CUG repeats (CUG) were analyzed by northern blot analysis using
an antisense miR-1 [y-32P)~labeled probe. The mean of at least three
independent transfections is depicted as the percentage of mature
miR-1 relative to pre-miR-1. Ethidium bromide staining demonstrates
equal loading. Error bars indicate s.d.

cardiomyocytes, which express endogenous miR-1. RNA FISH
coupled to immunofluorescence analysis confirmed that >90% of
the cardiomyocytes were infected and expressed expanded CUG
repeats, which sequestered endogenous Mbnl1 within nuclear aggre-
gates (Supplementary Fig. le). In CUG-infected cardiomyocytes,
the expression of mature miR-1 was decreased, whereas that of pre-
miR-1 was not altered (Fig. 1c). This misregulation of pre-miR-1
processing was specific, as the expression of mature and pre-miR-138
or of mature and pre-Let7-f2 was normal (Supplementary Fig. 1f).
The miR-1 family includes two paralogs expressed in heart tissue,
miR-1-1 and miR-1-2, encoded by two different genes but expressing
identical mature miRNAs, which cannot be differentiated by north-
ern blot or quantitative PCR with reverse transcription (RT-gPCR)
(Supplementary Fig. 1g). To rule out any transcriptional regulation
and to determine whether expanded CUG repeats alter the processing
of pre-miR-1-1, pre-miR-1-2 or both, we cloned human pri-miR-1-1
and pri-miR-1-2 under the control of a cytomegalovirus (CMV)
promoter. Coexpression of ectopic pri-miR-1-1 or pri-miR-1-2 mini-
gene in Hela cells, which do not express endogenous miR-1, with a
vector expressing expanded CUG repeats altered both pre-miR-1-1
and pre-miR-1-2 processing, resulting in decreased expression
of mature miR-1-1 and miR-1-2 (Fig. 1d). As a negative control,
expression of expanded CUG repeats had no substantial effect on the
processing of the ectopically expressed pre-miR-16 (Supplementary
Fig. 1h). Overall, these data demonstrate that the processing of the
miR-1 family is altered in the hearts of people with DM1 or DM2,
and that expression of expanded CUG repeats is sufficient to trigger
that alteration.

MBNL1 regulates the processing of miR-1

Because expanded CUG repeats alter MBNL1 and CUGBP1 func-
tions, we tested whether these proteins regulate the processing of
pre-miR-1. Depletion of MBNL1 by short hairpin RNA (shRNA)
mimicked the action of CUG repeats and altered the processing
of ectopically expressed pri-miR-1-1 or pri-miR-1-2 minigenes,
resulting in lower quantities of mature miR-1-1 or miR-1-2 (Fig. 2a
and data not shown). These results were confirmed with two other
shRNAs directed against MBNLI (Supplementary Fig. 2a). In con-
trast, overexpression or depletion of CUGBP1 had little effect on
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Figure 2 MBNL1 regulates the processing a
of miR-1. (a) Northern blot analysis of RNA
extracted from Hela cells co-transfected

with ectopic pri-miR-1-1 minigene and a

plasmid expressing either no CTG (CTL),

960 CUG repeats (CUG), MBNL1, —

CUGBP1 or shRNA directed against

MBNL1 (shMBNL1 #1) or against CUGBPI
(shCUGBP1). The mean of at least three
independent transfections is depicted as

the percentage of mature miR-1 relative

to pre-miR-1. Error bars indicate s.d., and

ethidium bromide staining demonstrates (o4

miR-1 relative

to pre-miR-1
o =
w (=)

o

Pre-miR-1-1

N
& b
«© F BshCTL N=3
o &£ 0 ShMBNL1 N =3
Pre-miR-1-1 o 15
p}
=9 10
£e
.. miR-1-1 EE 05
2201 J1 sSnRNA [

Pre-miR-1  miR-1

N
v
~ N
& ®
& E)
& - - Mbni

gc uggacc - . (-tubulin

equal loading. (b) Top, qRT-PCR analysis 5'acauacuucuuuavau  ccaua v

£ th ion of end s pre- PICERELETEEETEED T G e
of the expression of endogenous pre auguaugaagasaugua  gguau ¢

miR-1 and mature miR-1 in H9C2 rat g -a -cgaau 1 1 1 1 1 1 pMMBNL1A
cardiomyocytes infected with recombinant 0 5 10 20 40 80 nMCUG10x
adenovirus expressing an shRNA against d ‘@

LacZ (shCTL) or against Mbn/1 (shMBNL1). &
The mean of at least three independent " :\gcb" AN W - 1.0

infections is depicted as the percentage N ,&‘Q ,&\Q‘ ,&\\Q‘ ,&\Q“ s |

R ) & @ o @& E 0.5 |-

of mature or pre-miR-1 relative to the U6 7 Y % < < E =
snRNA. Error bars indicate s.d. **P < 0.01. o

Bottom, Mbnl1 depletion was confirmed by
western blotting. (c) Sequence of the wild-

o

Pre-miR-1-1 UV cross-link
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of pre-miR-1-1, pre-miR-1-2 and mutated pre-miR-1-1 (UGC MUT) using purified bacterial recombinant GST-MBNL1ACter and uniformly [0-32P]CTP-
labeled RNAs. (e) UV-cross-linking binding of GST-MBNL1ACter to uniformly [0-32PJCTP-labeled pre-miR-1-1 RNA is competed by increasing amounts
of unlabeled RNA composed of 10 CUG repeats. The mean of at least three independent experiments is depicted as the binding of MBNL1 to pre-miR-

1. Error bars indicate s.d.

pre-miR-1 processing, suggesting that the sole depletion of MBNL1
is sufficient to mimic the action of expanded CUG repeats and to
alter the processing of pre-miR-1. To test whether MBNL1 regu-
lates the processing of endogenous pre-miR-1, we engineered an
adenovirus expressing an shRNA directed against Mbnll to trans-
duce rat H9C2 cardiomyocytes. Depletion of Mbnll in cardiomyo-
cytes resulted in a significantly decreased quantity of mature miR-1
(P < 0.01), whereas the expression of pre-miR-1 was not altered
(Fig. 2b), suggesting that MBNLI1 regulates the processing of endo-
genous pre-miR-1. Levels of endogenous miR-126, miR-138, miR-199
and Let-7-f2, which were tested as negative controls, were not altered,
suggesting that MBNLI specifically regulates the processing of pre-
miR-1 (Supplementary Fig. 2b). Next, we found that recombinant
purified glutathione S-transferase (GST)-tagged MBNL1 binds to
pre-miR-1-1 and to pre-miR-1-2 RNAs, and—consistent with previ-
ous studies*®3” —mutation of a UGC motif (Fig. 2c), which is located
within the loop of pre-miR-1 and is conserved among species and
miR-1 family members (Supplementary Fig. 2¢), was sufficient to
reduce MBNL1 binding in UV-cross-linking experiments (Fig. 2d),
and in gel-shift analysis (Supplementary Fig. 2d). Finally, the bind-
ing of MBNLI to pre-miR-1-1 RNA was outcompeted by an excess
of unlabeled expanded CUG repeats (Fig. 2e), in accordance with
the proposed model'*-17 of myotonic dystrophy pathogenesis, in
which an excess of expanded CUG repeats reduces the quantity
of free MBNLI and consequently the binding of MBNLI to its
physiological targets.

LIN28 regulates the processing of miR-1

To determine the mechanism underlying the alteration of pre-miR-1
processing, we examined pre-miR-1 localization and cleavage
but found that neither expanded CUG repeats nor MBNL1 had a
detectable effect on pre-miR-1 export or on Dicer localization and
activity (Supplementary Fig. 3a and data not shown). Recent reports

demonstrated that the LIN28 and LIN28B RNA binding proteins
regulate the expression of the Let-7 family of miRNA3#-41, raising the
question of whether LIN28 may also regulate miR-1. Overexpression of
LIN28 inhibited the processing of ectopically expressed pre-miR-1-1
or pre-miR-1-2, resulting in lower expression of mature miR-1-1
and miR-1-2 (Fig. 3a). Similar experiments conducted in the
presence of actinomycin D, which inhibited de novo production of
pre-miR-1, suggested that LIN28 blocked the processing of
pre-miR-1 at the Dicer step (Supplementary Fig. 3b). To test whether
LIN28 regulates the processing of endogenous pre-miR-1, rat H9C2
cardiomyoblastes were infected with lentiviral particles expressing
an shRNA directed against Lin28B (Lin28b). Depletion of Lin28B
stimulated the expression of endogenous mature miR-1, whereas
the expression of pre-miR-1 was not substantially altered (Fig. 3b),
confirming that LIN28 regulates the processing of pre-miR-1. Effect
of Lin28B depletion was also tested on the expression of endog-
enous Let-7-f2 and miR-199, which were used as positive’®*? and
negative controls, respectively (Supplementary Fig. 3¢). Similar to
pre-Let7 miRNAs*%4!, recombinant purified histidine (His)-tagged
LIN28 promoted in vitro uridylation of pre-miR-1 by immunopre-
cipitated Flag-tagged ZCCHCI1 (also called TUT4) (Fig. 3¢ and
Supplementary Fig. 3d). Consistent with the discovery that uridyla-
tion of pre-Let-7 blocks Dicer processing®!, uridylated pre-miR-1
was not cleaved by immunoprecipitated Myc-tagged Dicer, whereas
control nonuridylated pre-miR-1 was processed into mature miR-1
(Fig. 3d). Next, using UV-cross-linking assays (Fig. 3e) and gel-shift
analysis, we found that recombinant purified His-tagged LIN28 pro-
tein binds to pre-miR-1-1 and to pre-miR-1-2 RNAs, (Supplementary
Fig. 3e). The pre-miR-1-1 loop possesses G- and A-rich motifs
similar to the sequences recognized by LIN28 in the pre-Let-7-Al
loop?®, and mutation of an AAG motif in the pre-miR-1-1 loop
reduced LIN28 binding (Fig. 3e). These data suggest that LIN28 and
MBNLI may bind the pre-miR-1 loop in a mutually exclusive pattern.
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Figure 3 LIN28 regulates the processing of miR-1. (a) Northern
blot analysis of RNA extracted from Hela cells co-transfected with
ectopic pri-miR-1-1 or pri-miR-1-2 and a plasmid expressing either
GFP (CTL) or Flag-LIN28. The mean of at least three independent
transfections is depicted as the percentage of mature miR-1 relative
to pre-miR-1. Error bars indicate s.d. (b) Top, gqRT-PCR analysis

of the expression of endogenous pre-miR-1 and mature miR-1 in
undifferentiated H9C2 rat cardiomyoblastes infected with recombinant lentivirus expressing an shRNA against Gapdh (shCTL) or against Lin28B
(shLIN28B). The mean of at least three independent infections is depicted as the percentage of mature or pre-miR-1 relative to the U6 snRNA.

Error bars indicate s.d. **P < 0.01. Bottom, Lin28B depletion was confirmed by western blotting. (c) Immunoprecipitated Flag-TUT4 uridylates
pre-miR-1-1 in presence of [0-32PJUTP and 100 nM of His-LIN28. Pre-miR-16 and pre-Let-7-Al are negative and positive controls, respectively.

(d) Immunoprecipitated Myc-Dicer processes [y-32P]-labeled pre-miR-1 into mature miR-1 but does not cleave pre-miR-1 that was previously uridylated
by TUT4 and LIN28. The asterisk (*) indicates a nonspecific degradation product. (e) Top, sequence of human pre-miR-1-1. Mature miR-1 is indicated
in italics. Mutated UGC and AAG motifs are indicated in upper case (MUT). Bottom, UV-cross-linking analysis of pre-miR-1-1, pre-miR-1-2 and mutated
pre-miR-1-1 (MUT) was conducted using purified His-LIN28 and uniformly [a-32PICTP-labeled RNAs. (f) UV-cross-linking binding of GST-MBNL1ACter

Pre-miR-1-1 UV cross-link

LIN28

to uniformly [0-32PICTP-labeled pre-miR-1-1 RNA is competed by the indicated increasing amounts of His-LIN28.

We confirmed this hypothesis and found that increasing amounts of
recombinant purified LIN28 outcompeted MBNL1 binding to pre-
miR-1-1 RNA (Fig. 3f). Both LIN28 and MBNL1 have been reported
to be expressed in adult heart tissue*43, suggesting that competition
may arise in vivo. Finally, we found that regulation of the processing
of pre-miR-1 is a physiological process, which is controlled dur-
ing rat HO9C2 cardiomyocytes differentiation and correlates with a
decreased expression of Lin28B (Supplementary Fig, 3f). This is
consistent with splicing misregulation in myotonic dystrophy, which
copies a undifferentiated state. Together, these data suggest that the
LIN28 and ZCCHC11 pathway regulates the expression of miR-1
and that LIN28 and MBNLI compete for binding to pre-miR-1-1,
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which implies that a reduction of free MBNLI in myotonic dystrophy
would enable LIN28 to bind and to downregulate pre-miR-1.

Targets of miR-1 are upregulated in myotonic dystrophy

Finally, miR-1 regulates the post-transcriptional expression of vari-
ous targets®®*4~47, which brings into question the consequences and
importance of misregulation of miR-1 for myotonic dystrophy. Analysis
with miRanda (http://www.microrna.org/) predicted various targets of
miR-1, including the cardiac L-type calcium channel gene CACNAIC
(CAV1.2) (Fig. 4a). CACNAIC is the main calcium channel in heart
tissue, and gain-of-function mutations in the CACNA 1C gene result in
arrhythmias and sudden death*®. We confirmed that CACNA1C is reg-
ulated by miR-1, as co-transfection of miR-1 reduced the expression of
aluciferase reporter plasmid containing part of the 3’ UTR sequences
of CACNAIC (Fig. 4b). In addition, overexpression of miR-1 in H9C2
cardiomyoblasts reduced the level of endogenous CACNA1C protein,
whereas an antisense RNA oligonucleotide directed against miR-1

Figure 4 Targets of miR-1 are upregulated in myotonic dystrophies.

(a) Sequence alignments between miR-1 and the 3" UTR of human
CACNAIC. (b) Luciferase activity of Hela cells co-transfected with either
no (CTL) or 40 nM of miR-1 mimic and a plasmid expressing no, CACNAIC
or GJA1 miR-1 binding sites (3x) cloned within the Renilla luciferase 3’
UTR. The mean of at least three independent transfections is depicted as
the luciferase activity. Error bars indicate s.d. **P< 0.01, ***P < 0.001.
(¢) Western blot analysis of the expression of endogenous Cacnalc, Gjal
and calnexin in H9C2 rat cardiomyoblasts transfected with 50 nM of miR-1
mimic or 50 nM of anti-miR-1. (d) qRT-PCR analysis of the expression of
CACNAIC and GJAI relative to RPLPO mRNA in heart samples of control
(2 unaffected, 1 with dilated cardiomyopathy and 5 with ALS), DM1- and
DM2-affected subjects. Error bars indicate s.d. (e) Western blot analysis of
the expression of CACNA1C, GJA1 and calnexin in membrane extracts from
heart samples of control (2 unaffected, 1 with dilated cardiomyopathy and
5 with ALS), DM1- and DM2-affected subjects.
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Figure 5 Model of miR-1 alteration in myotonic dystrophies. (a) MBNL1
and LIN28 compete for binding to pre-miR-1 loop. In presence of
MBNL1, the processing of pre-miR-1 in mature miR-1 is favored and
results in regulated expression of miR-1 targets. (b) In people with
myotonic dystrophy, the sequestration of MBNL1 by expanded CUG or
CCUG repeats allows LIN28 or LIN28B to bind to pre-miR-1, which
promotes its consequent uridylation by TUT4. Uridylated pre-miR-1 is
resistant to Dicer cleavage, which results in lower amounts of miR-1 and
increased levels of its targets, GJA1 and CACNA1C.

increased the expression of endogenous CACNAIC (Fig. 4c). Notably,
expression of CACNA1C protein was upregulated in DM1 and DM2
heart samples compared to control, whereas CACNA1C mRNA levels
were not altered (Fig. 4d,e). Similarly, the expression of connexin 43
(GJA1), which is a known target of miR-1 (ref. 26) and is responsible
for intracardiomyocyte conductance, was also upregulated at the pro-
tein level in heart samples of persons with DM1 or DM2 (Fig. 4d,e).
These data demonstrate a post-transcriptional upregulation of miR-
1 targets GJA1 and CACNAIC in people with myotonic dystrophy,
which is consistent with a downregulation of the inhibitor, miR-1.

DISCUSSION

Our results suggest that mutant RNAs containing expanded CUG
or CCUG repeats, which are known to modify the maturation of
several pre-mRNAs, can also alter the processing of a pre-miRNA.
Furthermore, we describe a previously unidentified function for
MBNLLI as a cytoplasmic regulator of the biogenesis of pre-miR-1.
Whether MBNL1 regulates the processing of other miRNAs remains
to be determined, but we noted that UGC motifs are conserved in the
loop of various pre-miRNAs (Supplementary Table 1). Furthermore,
consistent with a report of LIN28 presence in the adult heart*?, our
data suggest that the LIN28 and ZCCHC11 pathway regulates the
processing of miR-1. We propose a model (Fig. 5) in which depletion
of free MBNLI by expanded CUG or CCUG repeats enables LIN28
and ZCCHC11 to uridylate pre-miR-1, which blocks Dicer process-
ing, resulting in decreased expression of mature miR-1 and increased
levels of its targets, including CACNAI1C and GJAl, in the heart of
people with myotonic dystrophy. GJA1 and CACNAI1C encode the
main gap junction and calcium channels in the heart, respectively,
and we propose that their misregulation may contribute to the cardiac
conduction defects and arrhythmias observed in people with DM1
or DM2 (Fig. 5). Whether other known (calmodulin®4, MEF2A*,
PP2A%, IGF1 (ref. 46), TWF1 (ref. 47), etc.) or predicted (KCNAS5,
triadin, CUGBP2, etc.) targets of miR-1 are also upregulated in people
with myotonic dystrophy remains to be determined. Furthermore,
the miR-1 family regulates muscle-cell differentiation**-53, which
is delayed in the severe congenital DM1 form>%°, suggesting that

the alteration of pre-miR-1 processing may be involved in the mani-
festation of other symptoms of myotonic dystrophy. Finally, this
work opens the possibility that the processing of specific miRNAs,
which is highly regulated®->%, can be altered and is involved in the
development of human genetic diseases.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Samples. All samples were from heart left ventricles. Heart samples from unaf-
fected persons (CTL #1 and #2) were purchased at Ambion and Stratagene,
respectively. CTL #3 was from a person suffering from familial dilated cardio-
myopathy. CTL #4-8 were from ALS-affected subjects described previously’.
DMI1 #1 was from a 45-year-old patient suffering from DM1 with an expansion
of 166 CTG repeats in the blood who underwent a cardiac transplantation for
end-stage heart failure and dilated cardiomyopathy with conduction system
disease. DM1 #2-5 were from previously described subjects (DM1 #9-11 in
ref. 60) with expansion of 4,300 (female, 58 years), 4,800 (male, 63 years), 5,800
(female, 56 years) and ~6,000 CTG repeats in the heart. Subjects with DM2 were
described previously®®.

RT-qPCR. miRNAs RT-qPCR analyses were conducted using the miScript
reverse transcription kit (Qiagen), the specific miScript primer and precursor
assays (Qiagen) and an miScript Sybr green PCR kit (Qiagen) in a Lightcycler
480 (Roche) for 15 min at 94 °C, followed by 50 cycles of 15 s at 94 °C, 20 s
at 55 °C and 20 s at 72 °C. U6 snRNA was used as the standard. GJAI (fwd:
5. TTTCCATCCACTTGCACAATAY, rev: 5-GGCTTGATTCCCTGACT-3)
and CACNAIC (fwd: 5-TTCGTGTCCCTCTTCAACC-3, rev: 5-GTTGCT
CAAGGAGTTCCAGTA-3") RT-gPCR analyses were conducted using the
Transcriptor Reverse Transcriptase Kit (Roche) and the QuantiTect SYBR Green
PCR kit (QIAGEN) in a Lightcycler 480 (Roche) for 15 min at 94 °C, followed
by 50 cycles of 15 s at 94 °C, 20 s at 58 °C and 20 s at 72 °C. RPLPO (fwd: 5’
GAAGTCACTGTGCCAGCCCA-3, rev: 5'-GAAGGTGTAATCCGTCTCCA-3")
was used as the standard. Data were analyzed using Lightcycler 480 analysis
software and the 2ACt method.

Northern blotting. HeLa cells were co-transfected using JetPei (Polyplus)
in DMEM, 1 g 1! glucose, 5% fetal calf serum and gentamycin at 37 °C, 5%
(v/v) CO,. 24 h after transfection, total RNA was extracted using Tri Reagent,
treated with DNase, extracted with phenol-chloroform and precipitated with
ethanol. 5 ug of RNA were electrophoresed on a 12% acryl-urea gel, transferred
on nylon membrane, prehybridized 90 min at 42 °C in 6x SSPE, 0.1% (v/v)
SDS, 2x Denhardt, hybridized overnight at 42 °C with 50 ng of antisense
miR-1 (5'-ATACATACTTCTTTACATTCCA-3") or U6 snRNA (5-ATA
TGGAACGCTTCACGAATT-3') [y-32P]ATP-labeled probe, washed three times
in SSPE 6x, SDS 0.1% (v/v), and revealed using a Typhoon scanner.

Lentiviral and adenoviral infection of H9¢2 cells. Lentivirus expressing an
shRINA against LIN28B were ordered from OpenBiosystems (V3LHS_327847)
HO9C2 cells were grown in DMEM, 1 g 17! glucose, 10% (v/v) fetal calf serum and
gentamycin at 37 °C, 5% (v/v) CO, and infected at a multiplicity of infection
(MOI) of 20 during 48 h. Adenovirus expressing shtMBNL1 or 960 CUG repeats
were cloned into pAD-DEST (Invitrogen) and produced according to manu-
facturer’s instructions. HOC2 cells were grown in DMEM, 1 gl™! glucose, 10%
fetal calf serum and gentamycin at 37 °C, 5% (v/v) CO,. Confluent H9C2 cells
were differentiated for 6 d in DMEM, 1 gl™! glucose, 2% v/v) horse serum and

gentamycin at 37 °C, 5% (v/v) CO, and transduced with recombinant CUG)960x
or shMBNLL1 adenovirus (MOI 100). Medium was replaced 24 h after infection,
and cells were analyzed 48 h after infection.

In vitro uridylation. HeLa cells were collected 24 h after transfection with Flag-
TUT4, incubated at 4 °C in 300 mM Nacl, 10 mM Tris, pH 8.0, 1% (v/v) Triton
X-100 for 20 min, sonicated and centrifuged 10 min at 21,000g at 4 °C.
Supernatant was incubated with 30 ul of anti-Flag M2 affinity gel (Sigma) with
constant rotation for 2 h at 4 °C. Beads were washed 3 times in 200 mM KCl,
10 mM Tris, pH 8.0, and incubated with 5 pmol of synthetic pre-miR-16, pre-
miR-1-1 or pre-Let-7a-1 RNA (Sigma), 3.2 mM MgCl, and 125 nM [0.-32P]UTP
at 37 °C for 1 h and analyzed on 12% (v/v) acryl, 8 M urea gel.

In vitro Dicer processing. HeLa cells were harvested 24 h after transfection with
Myec-Dicer, incubated at 4 °C in lysis buffer (150 mM NaCl, 10 mM Tris, pH 8.0,
0.1% (v/v) Triton X-100) for 20 min, sonicated and centrifuged for 10 min at
21,000g. Supernatant was incubated with 30 pl of anti-Myc antibody bound to
protein G-Sepharose with constant rotation for 2 h at 4 °C. Beads were washed
three times in lysis buffer and incubated with [y-3?P]ATP-labeled pre-miR-1-1
or previously uridylated pre-miR-1-1 in 6.4 mM MgCl,, 1 mM DT, for 30 min
at 37 °C and analyzed in 12% (v/v) acrylamide, 8 M urea gel.

Luciferase assays. 40-nt fragments encompassing miR-1 binding sites within the
3’ UTR of human CACNA1C or GJA1 were inserted in triplicate within the Xbal-
Notl sites of pRLTK. HeLa cells were plated in a 24-well plate and transfected
with 100 ng of luciferase vectors and 20 pmol of mimic miR-1 (Qiagen), using
Lipofectamine2000 and assayed for luciferase activities 24 h after transfection,
using the Dual Luciferase Reporter Assay kit (Promega).

Western blotting. Total- and membrane-protein extraction were done as previously
described!, and the product was separated on 7% (v/v) or 10% (v/v) SDS-PAGE
gel, transferred onto nitrocellulose membranes, blocked with 5% (v/v) nonfat dry
milk (NFM) in TBS, incubated with GJA1 (rabbit polyclonal, Sigma, 1:20,000),
CACNAIC (rabbit polyclonal, Alomone, 1:100), MBNL1 (rabbit polyclonal,
1:100, gift from C. Thornton), LIN28B (rabbit polyclonal ab71415, Abcam) or
calnexin (rabbit polyclonal, Stressgen, 1:1,000) antibody overnight in TBS and
5% (v/v) NFM, washed and incubated with Donkey anti-rabbit peroxidase anti-
body (Jackson Immunoresearch, 1:10,000) for 1 h in TBS and 5% (v/v) NEM,
0.19% (v/v) Tween 20, which was followed by autoradiographic revelation.

Additional methods. Information on miRNA expression profiling, bioinformatic
analysis, RNA fluorescence in situ hybridization (FISH), immunofluorescence,
recombinant protein production and purification, UV-cross-linking assays,
gel-shift assay constructions and primer sequences is available in the
Supplementary Methods.

60. Nakamori, M. et al. Aberrantly spliced o-dystrobrevin alters o-syntrophin binding
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