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phenotypic levels, and that the Bubble liposome-ultrasound system
should be capable of delivering enough PMO to ameliorate myotonia.

Discussion

The greatest advantage of PMO is its remarkable innocuity.
According to a report from Gene Tools, administration of a single
700 mg/kg dose of PMO to a mouse did not cause any obvious acute
toxicity®!, while the 50% lethal dose of phosphorothioate DNA, a
first-generation antisense oligonucleotide, was estimated to be
750 mg/kg in mice*. The high pharmaceutical potential of PMO is
also supported by the fact that safety issues were not raised following
its administration to mice and humans; however, PMO must over-
come the low permeability of the cell membranes to achieve a sig-
nificant effect on alternative splicing. Because of the inefficient
cellular uptake of PMO, systemic delivery and functional splicing
modification were not successful in a mouse model®. Therefore,
for the clinical application of PMO, establishing an effective delivery
method is essential.

The major achievement in this study was that we increased the
efficiency of PMO delivery using Bubble liposomes and ultrasound.
The use of the ultrasound-mediated delivery system with Bubble
liposomes improved the alternative splicing of the Clcnl gene in
HSA™ mice to a level comparable to that of wild-type mice and
decreased myotonic discharges, indicating that the delivery system
increased introduction of 1-25 PMO into skeletal muscle. Our
results show that the intramuscular injection itself delivered the
PMO into muscle to some extent, and so the intramuscular injection
might have contributed to the relief of the pathology. However, the
Bubble liposome- and ultrasound-mediated enhancement of deliv-
ery efficiency suggests that the new delivery system will have a bene-
ficial effect over much less invasive injection, such as intravenous
injection, which cannot by itself be expected to promote the entry of
PMO into skeletal muscle®.

A fair amount of the Clcnl splicing variant without exon 7A was
expressed even in the HSA™ mouse. Because the myotonic discharge
of a HSA™ mouse was remedied by correcting Clenl alternative
splicing in a previous study™, abnormal splicing of the gene must
be the primary cause of myotonia. The expression levels of the “nor-
mal” splicing variant in saline-injected muscles were 57% of that in
the wild-type muscles. PMO injection increased the expression about
1.4-fold to 78% of that in wild-type mice. As Clcnl heterozygous
mutant mice did not show a myotonic phenotype®, the myotonia
in HSA™ mice was unlikely to have been caused by haploinsuffi-
ciency of full-length Clenl protein. Instead, the truncated protein
translated from the exon 7A-countaining mRNA may have dom-
inant-negative activity, since full-length Clenl protein functions in
a dimeric form. Berg et al. showed that the truncated Clenl protein
did not function as a chloride channel, but rather disturbed the
channel activity of full-length Clen1 protein®. In this study, express-
ion of the splicing variant containing exon 7A was decreased by 40%
in the PMO-administered group. Thus, this may have contributed to
the improvement of the pathology, as well as the increased express-
ion of the exon 7A skipping variant. The dominant-negative hypo-
thesis suggests that the AON therapy should completely prevent
exon 7A inclusion when used to treat myotonia, in contrast to
Duchenne muscular dystrophy, in which the partial restoration of
dystrophin expression could lead to the improvement of muscle
strength.

In the course of our search for the optimal PMO sequence to
correct Clenl splicing, we found that 1-25 and 16-40 PMOs sup-
pressed the inclusion of exon 7A well, but that 26-50 PMO did not.
The fact that steric blocking of the 16-25 region promoted exon
skipping indicates that proteins that bind to this region are essential
for exon 7A recognition. Previously, we showed that the 8 ntat the 5’
end of exon 7A serve as an ESE and that an RNA-binding protein,
Mbnll, prevented the inclusion of exon 7A by binding to the ESE®.

Unlike the ESE, the sequence of the 16~25 region was pyrimidine-
rich and did not contain the Mbnll-recognition motif, YGCY. It
remains to be determined which proteins bind to the region to regu-
late exon 7A splicing.

In this study, we tried to cure DM1 model mice using a PMO
targeted to Clcnl. However, considering that dozens of genes are
abnormally spliced in patients with DMI, it might be impractical
to treat all symptoms due to mis-splicing of such genes with AONs at
the same time. DM1 is caused by expansion of the CTG repeats in the
3" UTR region of the DMPK gene. Transcripts with these expanded
repeats sequester Mbnl proteins, which regulate alternative splicing,
leading to global alternative splicing dysfunction®. Thus, expanded
CUG repeat-containing RNA must be the most important target of
antisense therapy for DM1, and many groups have studied the use of
CAG repeat-containing AONs to dissociate Mbnll proteins from
CUG repeat-containing RNA. Some trials to treat DM1 model mice
with CAG AONSs were successful' 7, but here again the obstacle to
clinical application of the AONs was the lack of an efficient delivery
method. Our ultrasound-mediated delivery system with Bubble lipo-
somes must have a beneficial effect on the delivery of CAG-contain-
ing AONs.

Methods

AONs. Phosphorothioate 2 O-methyl RNA oligonucleotides and
phosphorodiamidate morpholino oligonucleotides were purchased from IDT
(Coralville, IA, USA) and Gene Tools (Philomath, OR, USA), respectively. The
sequences of the oligonucleotides are listed in Supplementary Table ST1. Both AONs
were dissolved in water.

Construct. The Clcnl minigene has been described previously®. Briefly, a Clenl
minigene fragment covering exons 6 to 7 was amplified from mouse genomic DNA by
PCR and inserted into the Bgill-Sall sites of pEGFP-C1 (Clontech Laboratories,
Mountain View, CA, USA).

Cellular splicing assay. COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM,; Sigma- Aldrich, St. Louis, MO, USA) supplemented with 10% heat-
inactivated fetal bovine serum (Life Technologies, Foster City, CA, USA) in a
humidified atmosphere containing 5% CO, at 37°C.

For the splicing assay, COS-7 cells were cultured in 12-well plates and transfected
with 0.1 pg of the Clenl minigene and AONs (0.1 pmol) at 60-80% confluence.
Polyethylenimine and Endo-Porter (Gene Tools) were used for the transfection of
PS20Me RNA and PMOs, respectively. Forty-eight hours later, total RNA was
extracted from the transfected cells using a GenElute Mammalian Total RNA
Miniprep Kit (Sigma-Aldrich).

Animals. HSA™® mice are FVB/n-background transgenic mice that express expanded
CTG repeats under the control of the human skeletal actin promoter in skeletal
muscle®. Compared with the first established line, the number of the repeat was
reduced: the mice used in this study carried 180200 repeats. All the mutant mice
showed persistent contraction of gluteal muscles after they bucked. We used FVB/njcl
mice (Clea Japan, Tokyo, Japan) as wild-type controls.

The present study was approved by the Ethical Committee for Animal Experiments
at the University of Tokyo, and was carried out in accordance with the Guidelines for
Research with Experimental Animals of the University of Tokyo and the NIH Guide
for the Care and Use of Laboratory Animals (NIH Guide, revised 1996).

Bubble liposomes. Bubble liposomes were prepared by previously described
methods™. Briefly, PEG liposomes composed of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) (NOF Corporation, Tokyo, Japan) and 1,2-distearoyl-sn-
glycero-3-phosphatidyl-ethanolamine-polyethyleneglycol (DSPE-PEG2000-OMe)
(NOF Corporation) at a molar ratio of 94: 6 were prepared by a reverse phase
evaporation method. Briefly, all reagents were dissolved in 1:1 (v/v) chloroform/
diisopropyl ether. Phosphate-buffered saline was added to the lipid solution, and the
mixture was sonicated and then evaporated at 47°C. The organic solvent was
completely removed, and the size of the liposomes was adjusted to less than 200 nm
using extruding equipment and a sizing filter (pore size: 200 nm) (Nuclepore Track-
Etch Membrane; Whatman Plc, Maidstone, Kent, UK). The lipid concentration was
measured using a Phospholipid C test (Wako Pure Chemical Industries, Ltd, Osaka,
Japan). Bubble liposomes were prepared from liposomes and perfluoropropane gas
(Takachio Chemical Ind. Co. Ltd, Tokyo, Japan). First, 2-ml sterilised vials containing
0.8 ml of liposome suspension (lipid concentration: 1 mg/ml) were filled with
perfluoropropane gas, capped and then pressurised with a further 3 ml of
perfluoropropane gas. The vial was placed in a bath-type sonicator (38 kHz, 250 W)
(SONO-CLEANER CA-4481L; Kaijo Denki, Tokyo, Japan) for 1 min to form Bubble
liposomes.
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Injection of morpholino oligonucleotides with Bubble lip and ultr: d
PMO (20 pg) and the Bubble liposome suspension (30 pl) were injected into the TA
muscles of HSA™ mice (6 weeks old) using a 30-gauge needle (NIPRO Co., Osaka,
Japan). Immediately after injection, ultrasound (frequency, I MHz; duty, 50%;
intensity, 2.0 W/cm? time, 60 s) was applied transdermally downstream of the
injection site using a 6-mm diameter probe. A SONITRON 1000 device (Rich-Mar,
Chattanooga, TN, USA) was used to generate the ultrasound. We administrated the
PMO three times at weekly intervals. Three weeks after the last administration, we
performed EMG measurements and then killed the mice and harvested the TA
muscles for RT-PCR analysis and immunohistochemistry.

Electromyographic recording and electrical stimulation. Implantation of EMG
electrodes and stimulating electrodes was carried out under aseptic conditions on
mice anaesthetised with 2% vapourised isoflurane in air. Body temperature was
measured rectally and was maintained at 37-38°C using a homeothermic heating pad
(BioResearch Center, Aichi, Japan). Bipolar wire electrodes (tip distance, 1-2 mm)
made of Teflon-insulated stainless steel wire (76 pm diameter bare, 140 pm coated;
cat. no. 791000; A-M Systems, Carlsborg, WA, USA) were implanted in the TA and
gastrocnemius (GA) muscles to record EMG activity. The electrical stimulation of the
TA muscle was achieved using two wire electrodes that were inserted under the skin
over the TA muscle and placed along the longitudinal axis of the muscle. After full
recovery from the anaesthesia, alert mice were restrained in a cylindrical mouse-sized
cage, with their hind limbs out of the cage to maintain their muscles at their resting
lengths. The EMG signals were amplified and bandpass filtered (15 Hz-1 KHz; AB-
611]; Nihon-Koden, Co., Tokyo, Japan), digitised with an analog-digital converter
(PowerLab 16/30, ADInstruments Ltd, Oxford, UK) and recorded (sampling rate
10 kHz) on a computer. Electrical stimulation consisted of repetitive square pulses
(train of 20 pulses at 100 Hz, 1 ms duration) delivered by an isolation unit (SS-202];
Nihon-Koden) connected to a pulse generator (SEN-3401, Nihon-Koden). The
stimulus intensity was adjusted to evoke ankle dorsiflexion and avoid overt
movements and animal discomfort. EMG measurements were recorded in single-
blinded manner.

EMG data analysis. Myotonic EMG activities were easily confirmed by visual
inspection and analysed using custom-written MATLAB software (MathWorks, Inc.,
Natick, MA, USA). EMG signals were full-wave-rectified and filtered with a 20 Hz
low-pass second-order Butterworth filter. Offset of the EMG signal was defined as a
deflection below three standard deviations from baseline. The baseline level was
defined as the mean EMG signal in the resting state before stimulation. Duration of
myotonic activities was defined as the period from the termination of stimulation to
the offset time. Myotonic activities were integrated during the duration of myotonia
and calculated by subtracting the baseline level. To quantify EMG activities per unit
time, iEMG values were then calculated as the integrated myotonia value divided by
corresponding net duration. The EMG data were analysed in a single-blinded
manner.

RT-PCR analysis. Total RNA was extracted from TA muscles and cultured cells using
TRIzol reagent (Life Technologies) and a GenElute Mammalian Total RNA Miniprep
Kit (Sigma-Aldrich), respectively, according to the manufacturers’ instructions.

Typically, 0.5-1.0 pg of total RNA was reverse-transcribed with a PrimeScript 1st
Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan) using oligo(dT) primers. PCR
reactions were performed using Ex Taq DNA polymerase (Takara Bio). The
sequences of the PCR primers are listed in Supplementary Table ST2. The products
were electrophoretically resolved on an 8% polyacrylamide gel that was stained with
ethidium bromide and analysed using an LAS-3000 luminescence image analyser
(FujiFilm, Tokyo, Japan). The ratio of exon 7A inclusion in Clenl mRNA was cal-
culated as (7A inclusion)/(7A inclusion + 7A skipping) X 100.

Immunofluorescence. Frozen sections (6 pm thick) of unfixed TA muscles were
immunostained with an affinity-purified rabbit polyclonal anti-Clcn1 antibody
(dilution 1:50; Alpha Diagnostics International, San Antonio, TX, USA). The
secondary antibody was Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life
Technologies) used at a dilution of 1:600. Images were collected using an IX70
inverted microscope (Olympus, Tokyo, Japan) equipped with a X20 objective lens.
Exposure time and threshold were identical for all comparisons of antisense and
saline controls.

Statistics. A two-tailed Student’s #-test or Tukey’s multiple comparison test were used
for statistical comparison.
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A Kir3.4 mutation causes Andersen— I awil

syndrome by an inhibitory effect
on Kir2.1

ABSTRACT

Objective: To identify other causative genes for Andersen-Tawil syndrome, which is characterized by
a triad of periodic paralysis, cardiac arrhythmia, and dysmorphic features. Andersen-Tawil syndrome is
caused in a majority of cases by mutations in KCNJ2, which encodes the Kir2.1 subunit of the inwardly
rectifying potassium channel.

Methods: The proband exhibited episodic flaccid weakness and a characteristic TU-wave pattern,
both suggestive of Andersen-Tawil syndrome, but did not harbor KCNJ2 mutations. We performed
exome capture resequencing by restricting the analysis to genes that encode ion channels/associ-
ated proteins. The expression of gene products in heart and skeletal muscle tissues was examined by
immunoblotting. The functional consequences of the mutation were investigated using a heterolo-
gous expression system in Xenopus oocytes, focusing on the interaction with the Kir2.1 subunit.

Results: We identified a mutation in the KCNJ5 gene, which encodes the G-protein-activated
inwardly rectifying potassium channel 4 (Kir3.4). Immunoblotting demonstrated significant
expression of the Kir3.4 protein in human heart and skeletal muscles. The coexpression of
Kir2.1 and mutant Kir3.4 in Xenopus oocytes reduced the inwardly rectifying current significantly
compared with that observed in the presence of wild-type Kir3.4.

Conclusions: We propose that KCNJ5 is a second gene causing Andersen-Tawil syndrome. The
inhibitory effects of mutant Kir3.4 on inwardly rectifying potassium channels may account for the
clinical presentation in both skeletal and heart muscles. Neurology® 2014;82:1-7

GLOSSARY
cRNA = complementary RNA; LQT = long QT; SNP = single nucleotide polymorphism; SNV = single nucleotide variant.

Periodic paralysis is a heterogeneous disorder caused by mutations in several ion channel genes,
including sodium, calcium, and potassium channels.® Andersen~Tawil syndrome is a form of
periodic paralysis that is charactetized by a triad of periodic muscle weakness, cardiac arthythmia,
and dysmorphic features.*> Although dominantly inherited, its phenotypes are highly variable and
its penetrance is low.%” The syndrome has been proposed as LQT7; however, the ECG features are
distinct from those of classic forms of long QT (LQT) syndrome, i.e., characteristic TU patterns,
including enlarged U waves, a wide TU junction, and a prolonged terminal T-wave downslope.®®

KCNJ2 mutation, which encodes the Kir2.1 subunit, causes Andersen—Tawil syndrome.” Kir2.1
is predominantly expressed in the brain, heart, and skeletal muscles and forms an inwardly rectifying
potassium channel via the homo- or heteromeric assembly of 4 Kir2.x subunits.’® Most KCNJ2
mutations cause loss of function or dominant-negative suppression of the inwardly rectifying
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potassium current that stabilizes excitability dur-
ing the terminal phase of repolarization in the
heart and the resting membrane potential in
skeletal muscle.”

Approximately 40% patients with Andersen—
Tawil syndrome do not harbor mutations in

{ Figure 1 Pedigree of the family and ECG recordings of the proband }

A

(A) Pedigree of the family. Filled symbols represent affected and empty symbols represent
unaffected individuals. Gray symbols represent patients with arrhythmia lacking detailed
information. DNA was available only from the proband. ECG recordings of the proband dur-
ing the attack of hypokalemic periodic paralysis (B) and at the interictal state (C). In addition
to prominent U waves, atrial standstill was also observed during the paralytic attack (B).

2 Neurology 82 March 25, 2014

KCNJ2, suggesting the presence of other causa-
tive genes.”> We identified a patient with peri-
odic paralysis and characteristic ECG features
suggestive of Andersen—Tawil syndrome but
failed to find mutations in KCNJ2. Exome cap-
ture resequencing analysis revealed a novel muta-
tion in KCNJ5. We investigated the functional
consequences of the mutation using a heterolo-
gous expression system in Xenopus oocytes to
understand its pathomechanism.

METHODS Patient. The proband (IV-1 in figure 1A) was a
35-year-old man who experienced periodic episodes of paralysis
with reduced serum potassium concentrations starting at the age
of 31 years. The episodes occurred several times in a year and lasted
from 1 to 10 days. During a severe attack, the weakness, which
initially manifested in the legs, extended to the upper limbs within
several days and then gradually improved. The proband showed an
abnormal decrement in the amplitude of compound motor action
potentials in the prolonged exercise test at the interictal state. He
showed no dysmorphic features, but had a family history of
arthythmia (figure 1A). The clinical data of other family members
were not available because of lack of consent. His father (I11-2)
underwent pacemaker implantation because of bradycardia/
tachycardia syndrome with atrial fibrillation. Three uncles, a
grandmother, and a great-grandfather, all on his father’s side, had
arthythmia; however, the details of their conditions were not
available. Within the knowledge of the proband, no other family
members had experience of paralytic attacks.

The proband had no cardiac symptoms, but the ECG recorded
during the paralytic artack with a serum porassium concentration of
2.0 mEq/L exhibited prominent U waves and possible sinus arrest
(Aigure 1C, left). The U waves were consistently observed at normal
potassium concentration (figure 1C, right). His thyroid function was
normal and he did not show hypertension or increased plasma aldos-

terone levels, which ruled out primary hyperaldosteronism.

Standard protocol approvals, registrations, and patient
consents. We obtained informed consent from the patient using
protocols approved by the Institutional Ethics Review Board of
Osaka University.

Sanger sequencing. Genomic DNA was extracted from blood leu-
kocytes. The regions encompassing known causative mutations for
periodic paralysis in SCN4A and CACNAIS and the entire coding
region of KCNJ2 and KCNJ18 were amplified using either Platinum
Taq DNA Polymerase High Fidelity (Life Technologies, Carlsbad,
CA) or the Advantage-GC2 PCR kit (Clontech, Mountain View, CA)
(primer sequences are listed in table e-1 on the Neurology® Web site at
Neurology.org).'> The purified fragments were sequenced using an
automated DNA sequencer (Big Dye Terminator version 3.1 and
ABI3100; Life Technologies).

Exome capture resequencing analysis. We enriched exonic
regions of genomic DNA using the SureSelect Human All Exon
v.2 kit (Agilent Technologies, Santa Clara, CA), which covers 44
mega base pairs of the human genome or 98.2% of the CCDS
(Consensus Coding Sequence) database and sequenced 50 base
pairs of each tag in a single direction using the SOLiD 4 system
(Life Technologies). We obtained 80.0 X 10° tags of 50-base pair
reads and mapped 57.7 X 10° tags (72.1%) to the hg19/GRCh37
human genome, which yielded a mean coverage of 53.2 on the
targeted exome regions. Next, we removed multiple-aligned reads,
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unreliable reads, and PCR duplicates using Avadis NGS 1.3 (Strand,
San Francisco, CA). Single nucleotide variants (SNVs) and indels were
called by Avadis NGS using default parameters. We restricted our
analysis to 162 genes that encode ion channels and associated proteins
(rable e-2). We then excluded SNVs and indels that were registered in
the nonclinical subset of dbSNP137, 1000 Genomes database, 6,500
genomes in the NHLBI ESP database (htp://evs.gs.washington.edu/
EVS/), or our cohort of 38 other diseases and controls. The other
diseases in our cohort included congenital myasthenic syndromes,
osteogenesis imperfecta, mitochondrial myopathies, and Schwartz—
Jampel syndrome.

Immunoblotting. Skeleral muscle and heart tissues were taken at
autopsy from control patients with disease (myotonic dystrophy
type 1 and amyotrophic lateral sclerosis). Tissues were homoge-
nized in a 10X volume of radioimmunoprecipitation assay buffer
(25 mM Tris-HCE pH 7.5; 150 mM NaCl; 1% NP-40; 1%
sodium deoxycholate; and 0.1% sodium dodecyl sulfate)
containing a protein inhibitor cockrail (Sigma-Aldrich, St. Louis,
MO). The homogenate was centrifuged for 10 minutes at 10,000¢
and the supernatant was collected. Equal amounts of protein (20
g were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto Immobilon-P membranes
(Millipore, Bedford, MA), as previously described.'* Blots were
blocked for nonspecific protein binding with 5% (w/v) nonfat
milk overnight and then incubated at room temperature for 1 hour
with a 1:3,000-diluted antibody against Kir3.4 (AVIVA Systems
Biology, Atlanta, GA) or GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) (Sigma-Aldrich). After repeated washings, the
membranes were incubated at room temperature for 1 hour
with peroxidase-conjugated goat anti-rabbit immunoglobulin G
(1:30,000 dilution; GE Healthcare Biosciences, Pittsburgh, PA).
The membranes were then washed, developed using an enhanced
chemiluminescence kit (GE Healthcare Biosciences), and exposed

to x-ray film.

Electrophysiology. Complementary RNAs (cRNAs) for mouse
IRK1, which differs from human Kir2.1 by only 5 amino acids,
and human Kir3.4 were expressed in Xengpus oocytes. Complemen-
tary DNAs cloned into the pPGEMHE vector were kindly provided by
Dr. Diomedes Logothetis (Virginia Commonwealth University). A
site-directed mutagenesis kit (KOD-Plus Mutagenesis Kit; Toyobo,
Osaka, Japan) was used to introduce the G387R mutation into the
human Kir3.4 clone. The cRNAs were synthesized from linearized
plasmid DNA using an mMESSAGE mMACHINE transcription kit
(Life Technologies).

Xenopus oocytes were collected from frogs anesthetized in
water containing 0.2% ethyl 3-aminobenzoate methanesulfonate
salt (Sigma-Aldrich). The oocytes were isolated and defolliculated
by treatment with type I collagenase (1.0 mg/mL; Sigma-Aldrich)
and then injected with cRNAs that were quantified using a spec-
trophotometer (NanoDrop 2000; Thermo Fisher, Wilmington,

DE). Injected oocytes were incubated for 2 to 3 days at 18°C in
ND96 solution (5 mM HEPES; 96 mM NaCl; 2 mM KCl; 1.8
mM CaCly; and 1 mM MgCly; pH 7.5; supplemented with
gentamicin and pyruvate).

Macroscopic currents were recorded with a 2-electrode voltage
clamp using a bath-clamp amplifier (OC-725C; Harvard Appara-
tus, Holliston, MA). Stimulation, data acquisition, and data analy-
sis were performed using the Patchmaster software (HEKA
Elektronic, Lambrecht/Pfalz, Germany). Glass microelectrodes
were filled with 3 M KCl, with a final resistance ranging from
0.2 to 1.0 M{). Recordings were performed at room temperature
(22°C-25°C) in a bath solution containing 90 mM KCl, 3 mM
MgCly, and 5 mM HEPES (pH 7.35-7.4). Step pulses ranging
from —150 to +50 mV were applied from a holding potential of 0
mV for 200 milliseconds.

RESULTS Genome analyses of the proband. Genome
samples from other members of the family were not
available. Sanger nucleotide sequence analysis of the pa-
tient’s DNA showed no causative mutations in SCN4A
and CACNAIS (which were previously reported as being
responsible for periodic paralysis) or in the endre coding
region of KCNJ2 and KCNJI8. Furthermore, an intra-
genic deletion or duplication in KCNJ2 was excluded by
the multiplex ligation-dependent probe amplification
method (e-Methods and figure e-1).

The exome capture resequencing analysis yielded
44,550 SNVs and 1,852 indels. We restricted our anal-
ysis to 162 genes that encode ion channels and associated
proteins (table e-2) and then excluded SN'Vs and indels
registered in public single nucleotide polymorphism
(SNP) databases (nonclinical subset of dbSNP137,
1000 Genomes database, and 6,500 genomes in the
NHLBI ESP database) or our cohort of 38 other diseases
and controls, which resulted in the identification of 3 het-
erozygous missense SNVs (table 1). Direct sequencing of
the 3 SNVs by the Sanger method revealed that the
SNVs in RABGEFI and KCNT1 were artifacts, whereas
the SNV in KCNJ5, G387R, was truly heterozygous in
the patdent. KCNJ5 encodes a G-protein-activated
inwardly rectifying potassium channel 4 (Kir3.4). Glycine
at position 387 in the Kir3.4 is located at the C-terminus
and is highly conserved across species, including mam-
mals, chickens, and zebra fish. The G387R mutation was
previously reported in a single Chinese family with LQT
syndrome but absent in 528 controls.””

[ Table 1 Heterozygous SNVs called by Avadis NGS in 162 genes encoding ion channels and associated proteins 1

Abbreviations: a.a. = predicted amino acid substitution; Chr. = chromosome; Ex. = exon number; Pos. = position according to hg19/GRCh37; SNVs =

single nucleotide variants.

2Number of variants and total reads after eliminating multiple-aligned reads, unreliable reads, and PCR duplicates.
b False SNV calls that were not detected by Sanger sequencing.
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Exome capture resequencing analysis covered the
entire coding regions of CACNAIS 96.8-fold and
SCN4A 54.4-fold on average. Two short segments
of SCN4A were not covered by exome analysis and
were directly sequenced by the Sanger method. These
analyses detected a heterozygous synonymous G>A
SNP, 15200175006, in SCN4A, which has a minor
allelic frequency of 0.05% in normal population.

Immunoblotting. As mentioned above, the G387R muta-
ton in the KCNJ5 gene was previously identified in a
family with LQT syndrome; however, no skeletal muscle
features were described in that family.'” The mutated
Kir3.4 subunit has been reported to exert dominant-
negative effects on Kir3.1/Kir3.4 channel complexes.”
In the heart, Kir3.4 assembled with Kir3.1 forms an
Ikach current, which is predominantly expressed in the
sinoatrial node and atria and contributes to the regulation
of heart beat by acetylcholine; however, the function of
inwardly rectfying potassium
channels in skeletal muscles has not been determined.

G-protein—activated

Therefore, we investigated the existence and role of the

Kir3.4 channel in skeletal muscle.
Figure 2 Immunoblot of Kir3.4 in cardiac and skeletal muscle
A Sk.muscle

Kir3.4

GAPDH

o3}

Kir3.4/Loading control

Heart

Sk.muscle

Heart

(A) Immunoblot analyses of the Kir3.4 subunit protein in the human heart and skeletal muscles
are shown with loading control (GAPDH). (B) The densities of the Kir3.4 band were quantified
and normalized to that of the loading control. GAPDH = glyceraldehyde 3-phosphate dehydro-

genase; Sk. = skeletal.

4

Neurology 82 March 25, 2014

Because messenger RNA for KCNJ5 was detected
in skeletal muscle tissue using an expression micro-
array assay, we tested whether the Kir3.4 protein is
expressed in human skeletal muscles with immuno-
blotting, which revealed significant expression of the
Kir3.4 protein in skeletal muscle from patients with
myotonic dystrophy (figure 2) and amyotrophic lat-
eral sclerosis (data not shown).

Electrophysiology. Although we found significant expres-
sion of Kir3.4 protein in human skeletal muscles, a signif-
icant G-protein—activated inwardly rectifying potassium
current has never been physiologically recorded in
mammalian skeletal muscles. Our patient exhibited
clinical features that were indistinguishable from those
of Andersen—Tawil syndrome, which is caused by loss-of-
function mutations of KCNJ2; therefore, we suspected
that mutated Kir3.4 may assemble heteromerically with
Kir2.1, which is encoded by KCNJ2, thereby inhibiting
inwardly rectifying potassium currents. Injection of
Kir2.1 cRNA into oocytes induced a robust expression
of strong inwardly rectifying potassium currents with a
fast activation on hyperpolarization. Coinjection of
Kir2.1 and Kir3.4 cRNAs did not change the
properties of inward rectification (figure 3A). The
coexpression of Kir2.1 with mutant Kir3.4 yielded a
significant reduction in the inwardly recrifying
potassium current compared with that observed for
the coexpression of Kir2.1 with wild-type Kir3.4
(figure 3A). This reduction was observed at both
conditions where cRNAs of Kir2.1 and Kir3.4 were
injected with equal amounts and the amount of Kir2.1
cRNA was 10-fold greater than that of Kir3.4 (figure
3B). When wild-type or mutant Kir3.4 cRNA was
injected without Kir2.1 ¢RNA, inwardly rectifying
currents were observed; however, the amplitude of
the currents was considerably smaller than that by
Kir2.1 cRNA injection. These results suggest that the
coexpression of mutant Kir3.4 subunits reduces
inwardly rectifying potassium currents in the skeletal
muscle, thus causing periodic paralysis.

KCNJ5 gene analysis in a large cohort. We performed:
Sanger sequencing analysis for mutations in KCNJ5
in 3 Japanese cohorts of possible Andersen—Tawil syn-
drome, in which 46 families harbor KCNJ2 mutations
(see table e-1 for the primer sequences). Within 21
KCNJ2-negative cases, we identified a mutation of
T158A (c.472A>G) in a single case, which originally
showed prolonged QU on an ECG recorded at normal
serum potassium concentration and later developed a
hypokalemic paralytic attack and primary aldosteron-
ism after 2 years.

DISCUSSION Using the exome capture resequenc-
ing analysis, we identified a KCN/5 mutation (which
encodes the Kir3.4 subunit) in a patient with episodic
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Figure 3 Electrophysiologic studies of the mutant Kir3.4 channel using
Xenopus oocytes

Kir2.1 Kir2.1 + Kir3.4 WT Kir2.1 + Kir3.4 mutant
I .
— 10 A
50 ms
Voltage (mv) | 10
-150 -100 -50 . g
--10
F-20 E
5
O
F-30
L-40
—m—Kir2.1 x 1
—0—Kir2.1 x 1 + Kir3.4 WT x1
~~Kir2.1 x 1 + Kir3.4 mutant x1l .50

Current (pA)

Kir3.4 mutant - - x1 N x0.1

(A} Current-voltage relationships measured using step pulses for 200 milliseconds from
—150 to +50 mV are shown. Symbols with error bars indicate the mean = SEM (n =
20 for Kir2.1; 19 for Kir2.1 + Kir3.4 WT; 12 for Kir2.1 + Kir3.4 mutant). Representative
current traces are shown at the top. The amount of complementary RNA (cRNA) injected into
the oocytes was 3.4 ng per construct. (B) The currents induced by —150 mV step pulses are
shown as a bar graph. Error bars indicate the mean = SEM (n = 20, 19, 12, 21, and 15). The
amount of cRNA for each construct was 3.4 ng for “x1" and 0.34 ng for “x0.1." *p < 0.01,
**p < 0.001 (2-tailed unpaired t test). WT = wild type.

flaccid weakness and a characteristic TU-wave pattern,
which are both suggestive of Andersen—Tawil syndrome.
His family members presented autosomal-dominantly
inherited arthythmia, but apparent episodes of paralysis
were observed only in the proband. The dysmorphic
features did not appear to be present in any of the
family members, including the proband. Although the

syndrome was defined as a triad of potassium-sensitive

periodic paralysis, ventricular dysrhythmias, and
dysmorphic features, the paralytic attacks and
dysmorphic features might not always be observed in
Andersen—Tawil syndrome. It has been reported that
the phenotypes are highly variable and the penetrance
is not high in the KCNJ2-related Andersen~Tawil
syndrome.”

It has been shown that Kir3.4 can form heteromeric
channels with Kir2.1 when heterologously expressed in
HEK293 cells or Xenopus oocytes.'® There are no reports
of the heteromerization of Kir3.4 with the Kir2.1 subu-
nit in “native tissues”; however, Kir3.4 may have an
effect on the inwardly rectifying potassium current.
Reduction of the inwardly rectifying potassium current
by the mutant Kir3.4 supports the notion that Kir3.4
modulates Kir2.1 and explains the clinical presentations
in both skeletal and heart muscles in our case.

The G387R mutation of Kir3.4 was previously
identified in a Chinese family presenting with LQT
syndrome. In addition, the functional defect of the
channel was characterized,' but the mechanism under-
lying the QT prolongation remained obscure. In the
heart, it is known that the Kir3.4 subunit, mostly by
heteromeric assembly with the Kir3.1 subunit, forms
Ixacn channels, which are responsible for acetylcholine-
dependent slowing of the heart rate. In fact, Kir3.4
knockout mice have an inability to regulate their heart
rate in response to parasympathetic stimulation.'”'®
Therefore, it was initially unexpected that the decrease
in fxach, which are predominantly expressed in atria,
causes a defect in ventricular conductivity. The Kir2.1
subunit forms an inwardly rectifying potassium channel
that provides repolarization during the most terminal
phase of repolarization in ventricular cells. A suppres-
sion of inwardly rectifying potassium channels by the
mutant Kir3.4 observed in Xengpus oocytes, if occurs
in vivo, will cause a delay in the repolarization of ven-
tricular cells and result in a prolonged QT (U) interval
in ECG. Compared with other classic LQT syndromes,
the prominent U wave is a hallmark of ECG findings in
Andersen-Tawil syndrome caused by mutations of
Kir2.1.%® The similar U waves observed in our case
may also support the alteration of inwardly rectifying
potassium currents.

Despite the small density or absence of Jgacy, cur-
rent in skeletal muscles, we found significant expres-
sion of Kir3.4 protein in skeletal muscles. Because of
the minimal role of /xacy in skeletal muscle, it is
unlikely that reduced Jgacy due to Kir3.4 mutation
is responsible for the episodes of flaccid weakness.
Coinjection of mutant Kir3.4 with the Kir2.1 sub-
unit in Xenopus oocytes showed a reduction in the
inwardly rectifying potassium current. The decrease
in the inwardly rectifying potassium current caused
by loss-of-function mutation in KCNJ2 is the under-
lying mechanism of the episodic paralysis observed
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in Andersen—Tawil syndrome."! Although additional
evidence is necessaty, the Kir3.4 subunit in skeletal mus-
cle may have a role in regulating the size of inwardly
rectifying potassium currents.

It should be noted that germline and somatic muta-
tions in KCNJ5 have recently been reported to be
responsible for familial hyperaldosteronism and
aldosterone-producing  adenomas, respectively.” Of
interest, the other mutation of KCNJ5 (T'158A), which
we identified in our cohort of possible Andersen—Tawil
syndrome has previously been described as a germline
mutation associated with familial hyperaldosteronism."
Although familial hyperaldosteronism is one of the causes
of secondary hypokalemic periodic paralysis, it is unlikely
that the clinical phenotypes of our cases are merely the
consequences of hyperaldosteronism. Laboratory data in
our case with the G387R mutation did not support the
presence of hyperaldosteronism, and the TU complex in
our case with the T158A mutation persisted at a normal
concentration of serum potassium. Although further
studies are required, some mutations of KCNJ5 may
show an overlapping phenotype with familial hyperaldo-
steronism and Andersen—Tawil syndrome.

In this study, we have identified a novel causative
gene for Andersen—Tawil syndrome, KCNJ5, which enc-
odes the Kir3.4 subunit, using an exome capture rese-
quencing analysis. The mutant Kir3.4 subunit exerted
an inhibitory effect on the inwardly rectifying potassium
current, likely via heteromerization with Kir2.1.
Although the heteromerization of Kir2.1 with the
Kir3.4 subunit in native tissues should be further clari-
fied, our case suggests that this mechanism has a role
under both physiologic and pathologic conditions in
skeletal muscle and the heart.
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Objective: The characteristic pathological muscular findings of polymyositis (PM) and dermatomyositis
(DM) have been shown to reflect their different pathogeneses. Here, we characterized the muscle biopsy
findings of PM and DM patients with or without malignancy.

Methods: We evaluated the muscle biopsy findings of 215 consecutive PM and DM patients admitted to
our hospital between 1970 and 2009. Pathology of the lesion biopsy sections was classified into 3 types:
endomysial infiltration-type, perivascular infiltration-type, and rare-infiltrative-type.

g?;m‘;ré;yosms Results: There was no difference between the muscle pathology of PM patients with and without malig-
Polymyositis nancy. However, the incidence of rare-infiltrative type muscle pathology in DM patients with malignancy
Muscle biopsy findings was signiﬁcantly higher than in thpse witl?out such tumors (p =0.0345). o

Malignancy Conclusion: The incidence of rare-infiltrative type muscle pathology may be a predictive marker of DM

Rare-infiltrative type with malignancy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The characteristic pathological muscular findings of polymyosi-
tis (PM) and dermatomyositis (DM) were shown early to reflect
their different pathogeneses [1-4]. Cell-mediated immunity may
occur in PM patients; CD8+ lymphocytes are aggregated around
individual muscle fibers via MHC Class I-mediated antigen pre-
sentation on the muscle fiber plasma membrane, and endomysial
lymphocyte infiltration is also characteristic [4]. On the other hand,
DM is characterized by humoral immunity-mediated deposition
of immune complexes, membrane attack complex (MAC) in the
muscle bundle vascular wall, especially the infiltration of CD4+
lymphocytes around the perimysial blood vessels, and perifascicu-
lar atrophy [4,5].In 1982, we encountered a DM patient with gastric
cancer who showed some muscle fiber degeneration, a high crea-
tine kinase (CK) level, and a rare infiltration of inflammatory cells
without the typical perivascular cell infiltration and perifascicular
atrophy usually observed in DM patients. Since then, we have paid
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Kumamoto University, 1-1-1 Honjo, Kumamoto 860-0811, Japan.
Tel.: +81 96 373 5890; fax: +81 96 373 5895.
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special attention to such atypical findings in biopsied muscle to
determine whether they might be a predictive marker of DM with
malignancy. The numbers of muscle biopsies of PM and DM patients
expanded to 215 over 40 years, and here we report the results of a
statistical analysis of these muscle pathological findings.

2. Patients and methods
2.1. Patients

The study was approved by the Ethics Committee of the
Kumamoto University Hospital. We retrospectively analyzed serial
215 PM/DM patients (PM: 161, DM: 54), who met either the
“definite” or “probable” category of Bohan/Peter's criteria {6] and
moreover underwent muscle biopsy between 1970 and 2009.
Patients showing rimmed vacuoles on pathological examination
(possible inclusion body muyositis), and others showing other
characteristic clinical features [7,8] were excluded. Patients with
myopathy associated with anti-signal recognition particle (SRP)
antibodies [9-11], exposure to statins [12,13], and paraneoplastic
necrotizing myopathy [14,15] were also excluded.

In most of the patients with PM or DM, the muscle biopsy was
performed before the start of steroid therapy; the one exception
was a single patient complicated with rheumatoid arthritis who
was taking 5 mg prednisolone.
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Fig. 1. Hematoxylin and eosin-stained muscle biopsy sections from biceps brachii showing 3 types of muscle pathology in PM (A) and DM (B and C) patients. (A) Endomysial
infiltration-type, characterized by muscle fiber necrosis/regeneration (arrows), and fymphocyte infiltration around non-necrotic muscle fibers (arrowheads) in the muscle
bundle of a 59-year-old female PM patient without malignancy. (B) Perivascular infiltration-type characterized by muscle fiber necrosis/regeneration (arrows), lymphocyte
infiltration around perimysial blood vessels (arrowheads), and associated with perifascicular atrophy (asterisks) in a 74-year-old male DM patient without malignancy. (C)
Rare-infiltrative-type without marked lymphocyte infiltration (i.e., only scarce distribution of lymphocytes was present; arrows) in a 61-year-old female DM patient with

malignancy. Scale bars=50 um in A, 100 um in B and C.

2.2. Histochemical analysis

Frozen sections of biopsies from the biceps or deltoid muscles
of the arm, or quadriceps muscles of the thigh showing marked
muscular weakness were stained with hematoxylin and eosin
(HE), modified Gomori trichrome, nicotinamide adenine dinucleo-
tide (NADH)-tetrazolium reductase, periodic acid Schiff, adenosine
triphosphatase (ATPase), and acid phosphatase. Three skilled neu-
rologists evaluated the pathology of the sections and classified
lesions into 3 types: (1) endomysial infiltration-type, characterized
by muscle fiber necrosis/regeneration and lymphocyte infiltra-
tion around non-necrotic muscle fibers in the muscle bundle; (2)
perivascular infiltration-type, characterized by muscle fiber necro-
sis/regeneration, lymphocyte infiltration around perimysial blood
vessels, and associated with perifascicular atrophy; and (3) rare-
infiltrative-type [16], characterized by only sparse lymphocyte
infiltration, some muscle fiber degeneration without perivascular
cell infiltration, and perifascicular atrophy (Fig. 1).

In 19 representative DM patients, 7 with malignancies (3
perivascular infiltration type, and 4 rare-infiltrative type), and
12 without malignancies (4 perivascular infiltration-type, 3
endomysial infiltration-type, and 5 rare-infiltrative type), we
conducted immunohistochemical staining with the following anti-
bodies: anti-MHC Class I {cat. #M0736; Dako, Glostrup, Denmark),
mouse anti-MHC Class II (cat. #M0746; Dako), mouse anti-
CD4 (cat. #346320; Becton Dickinson, Franklin Lakes, Nj, USA),
mouse anti-CD8 (cat. #346310, Becton Dickinson), mouse anti-
CD19 (cat. #347540, Becton Dickinson), mouse anti-CD56 (cat.
#PN 6603067; Beckman Coulter, Brea, CA, USA), mouse anti-
CD45R0 (cat. #MO0742; Dako), and mouse anti-IgG/MAC (cat.
#ab66768; Abcam, Cambridge, MA, USA). Similar staining was per-
formed in 20 representative PM patients, 6 with malignancies
(2 perivascular infiltration-type, 3 endomysial infiltration-type,

and 1 rare-infiltrative type), 14 without malignancies (2 perivas-
cular infiltration-type, 3 endomysial infiltration-type, and 9
rare-infiltrative type) and 3 normal control subjects. Immunola-
beled proteins were visualized using the avidin-biotin-peroxidase
complex (ABC) method with a Vectastain Elite ABC kit (Vector Lab-
oratories, Burlingame, CA, USA).

2.3. Statistics

The statistical analyses of differences among results were con-
ducted using Pearson's Chi-square test with Fisher’s exact test JMP
version 7.0; SAS Institute, Cary, NC, USA).

3. Results

The mean (£SD) age of all PM patients (n=161) on the initial
consultation was 55.8 + 15.4 years (range: 17-82 years) and that of
PM patients with malignancies (n=9) was 68.6 + 9.6 (range: 56-82
years). The mean age of all DM patients (n=54) was 50.5+18.5
years (range: 15-88 years), and that of DM patients with malig-
nancies (n=11) was 59.5+9.5 years (range: 41-70 years). In PM
patients with malignancies, only 1 of 9 was already diagnosed
with malignancy at the time of biopsy, while of the DM patients
with malignancies, 3 of 11 patients were already diagnosed with
malignancies at the time of biopsy. Malignancies were detected
only in patients over 40 years of age. The clinical features of DM
such as proximal dominant muscle weakness and skin rash (a
heliotrope rash, Gottron's papules, paronychial erythema, and ery-
thema squamosum of the stretching side of elbow and knee) were
common without reference to malignancy.

The pathology findings of muscle biopsies are summarized in
Table 1. Among the DM patients, the incidence of rare-infiltrative
lesions in those with malignant tumors (45%) was significantly
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Table 1

Pathology findings of muscle biopsies from 215 patients with polymyositis or dermatomyositis.

Disease status Endomysial infiltration-type

Perivascular infiltration-type Rare-infiltrative type

Polymyositis (n=161) 97 (60%)
Without malignancy (n=152) 91 (60%)
With malignancy (n=9) 6(67%)

Dermatomyositis (n=54) 6(11%)
Without malignancy (n=43) 6 (14%)
With malignancy (n=11) ¢}

18 (11%) 46 (29%)
16 (11%) 45 (30%)
2(22%) 1(11%)
37 (69%) 11(20%)
31(72%) 6(14%)
6(55%) 5 (45%)

" p=0.0345 dermatomyositis without malignancy vs with malignancy; Fisher's exact test.

higher than in those without such tumors (14%) (Pearson’s Chi-
square test: p=0.0206; Fisher's exact test: p=0.0345). There was
no difference between the PM patients with and without malig-
nancies.

To further evaluate the pathology of muscle biopsies, we
selected typical patients from each group and conducted
immunohistochemistry with anti-MAC, anti-MHC Class I/, and
anti-CD45R0 antibodies. In normal controls (n=3), MAC deposition
was not observed in muscle bundle microvascular walls, the surface
membranes of muscle fibers were not stained with anti-MHC Class |
antibody, and there were no CD45R0O-positive lymphocytes. In PM
patients with endomysial infiltration with (n =3) or without malig-
nancies (n=3), MAC deposition was not observed in muscle bundle
microvascular walls, but necrotic muscle fibers, and perimysial vas-
cular walls were faintly or clearly stained. The surface membranes
of muscle fibers were strongly to faintly stained with anti-MHC
Class I antibody in these patients. In PM patients with perivascu-
lar infiltration with (n=2) or without malignancies (n=2), MAC
deposition was observed in muscle bundle microvascular walls,
degenerative and necrotic muscle fibers, and perimysial vascular
walls. The surface membranes of muscle fibers were strongly to
faintly stained with anti-MHC Class [ antibody in these patients.

In the rare-infiltrative type PM patients with (n=1) or with-
out malignant tumors (n=9), MAC deposition was not observed
in muscle bundle microvascular walls. The surface membranes
of muscle fibers were strongly to faintly stained with anti-MHC
Class I antibody in more than 90% of the muscle fibers in these
patients. In representative DM patients with perivascular infiltra-
tion with (n=3) or without malignancies (n=4), MAC deposition
was observed in muscle bundle microvascular walls, degenerative
and necrotic muscle fibers, and perimysial vascular walls (Fig. 2A).
With anti-MHC Class I antibody, the surface membranes of muscle
fibers were clearly stained in more than 80% of the muscle fibers in
these patients.

In the rare-infiltrative type DM patients with (n=4) or with-
out malignant tumors (n=5), the anti-MHC Class I antibody
strongly to faintly and patchily to uniformly stained 20% to
more than 80% of muscle fiber surface membranes (Fig. 2B),
and the perimysial vascular walls were lightly stained with
MHC Class II antibody (data not shown). Anti-MAC antibody
staining was not present in the muscle bundle microvascu-
lar walls of these patients (Fig. 2C). Anti-CD45RO antibody, a
marker of activated T cells, showed a small number of infiltrat-
ing lymphocytes in the muscle bundle (Fig. 2D). CD4-positive

Fig. 2. Immunohistochemically stained biopsy sections from DM patients. (A) Anti-MAC antibody staining in a 50-year-old female representative of typical DM patients
with perivascular infiltration showing MAC deposition in the muscle bundle microvascular walls (arrowheads), degenerative/necrotic muscle fibers (arrows), and perimysial
vascular walls. (B) Anti-MHC Class I antibody staining in a 50-year-old female DM patient with breast cancer showing rare-infiltrative type muscle pathology typical of DM
patients with malignant tumors; the muscle fiber surface membrane is uniformly stained. (C) Anti-MAC staining in a section from the same patient shown in (B) showing no
staining in the muscle bundle microvascular wall. (D) Anti-CD45R0 antibody (marker of activated T cells) staining in the same patient shown in (B and C). A small number
of infiltrating lymphocytes in the muscle bundle show a positive reaction (arrows). Scale bars =50 pm.
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lymphocytes were very rare, and CD8-positive lymphocytes were
not detected.

4. Discussion

Characteristic pathological findings of PM and DM reflect their
different pathogeneses. Cell-mediated immunity may occur in PM
patients. When the host is infected with an unknown virus or
pathogen, CD8+ lymphocytes may be aggregated around individ-
ual muscle fibers via MHC Class I-mediated antigen presentation
on the muscle fiber plasma membrane, affecting these fibers via
perforin and granzyme secretion, and leading to necrosis or apo-
ptosis, although no trigger has been clarified [4,17,18]. On the
other hand, DM is characterized by humoral immunity-mediated
deposition of immune complexes and MAC in the muscle bun-
dle vascular wall, especially the infiltration of CD4+ lymphocytes
around the perimysial blood vessels, and perifascicular atrophy
[4,5]. Thus, a decrease in the vascular bed related to microvas-
cular injury of the muscle bundle may result in the ischemia
of muscle fibers around the muscle bundle with insufficient
blood flow distant from the major artery, leading to degenerative
necrosis.

We observed 54 typical DM patients over the course of 40 years,
and the majority (69%) showed perivascular cell infiltration with
perifascicular atrophy. However, a small number of DM patients
(20%) showed a rare cell infiltration without perifascicular atrophy.
Of this latter group, 5 out of 11 (45%) had malignancies. Thus, in
DM patients with malignancies, the proportion of rare-infiltrative
type lesions was significantly higher than in those without malig-
nancies (14%). Furthermore, there was no MAC deposition in the
muscle bundle microvascular wall and muscle fibers in any of the
rare-infiltrative type DM patients with malignancies, suggesting
a non-complement-mediated immune response. These immuno-
histological findings appear to be quite different from those of
paraneoplastic necrotizing myopathy [15], and myopathy with
antibodies to the signal recognition particle [9], where MAC deposi-
tion was observed in necrotic myofibers or endomysial capillaries.
Of the myositis-specific autoantibodies, anti-155/140 antibody is
well known to be a specific marker for cancer-associated DM
[19-22]. However, specific characteristic findings are not always
clear for the muscle pathology of this group [23]. Therefore, it is
necessary to investigate the relationship of the rare-infiltrative type
lesion and anti-155/140 antibody positive DM. In DM patients with
malignancies and rare-infiltrative type lesions, MHC Class I expres-
sion was observed on the muscle fiber membrane. However, it is
well known that MHC Class [ expression is observed on the mus-
cle fiber membrane of all inflammatory myopathies, and that there
is no disease specificity [24]. Although the number of infiltrating
cells was very small, some CD45R0O-positive T cells were detected in
these DM patients with malignancies, suggesting antibody produc-
tion by memory T cells with a strong antibody-producing capacity.
On preliminary staining with anti-IgG antibody, the muscle fiber
membrane showed a patchy positive reaction, suggesting antibody
binding to muscle fibers. Further studies are necessary to clarify
the mechanism of muscle involvement in the rare-infiltrative type
DM patients with malignancies including the relationship of anti-
155/140 antibody.

5. Conclusion

Among DM patients, the incidence of rare-infiltrative type mus-
cle pathology in those with malignancy was significantly higher
than in those without such tumors, indicating that this pathology
may be a predictive marker of DM with malignancy.
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Abstract

Background: We previously reported no difference in the
efficacies of high-dose alternate-day (ADT) and daily-dose
(DDT) prednisolone therapies in myositis patients, but that
the incidence of side effects was lower in the former. The aim
of the present study was to compare the long-term out-
comes of both treatments in polymyositis patients. Meth-
ods: We compared clinical courses, efficacies, adverse reac-
tions, and outcomes of 115 consecutive, biopsy-proven poly-
myositis patients treated between 1970 and 2008 with ADT
(32 patients) or DDT (83 patients). Results: Mean onset ages,
disease severity, incidences of malignancy, and response
rates did not differ between the ADT and DDT groups. Ad-
verse reactions (incidence of diabetes) were significantly
higher in the DDT group. In this group, the incidences of hy-
perlipidemia, infection, hypertension, and psychiatric symp-
toms were also slightly higher, but not significantly so. The
20-year survival rate of the ADT group (68%) was significant-

ly higher (p = 0.0112) than that of the DDT group (37%). Con-
clusion: ADT might be useful as an initial treatment option
for polymyositis. Copyright © 2012 5. Karger AG, Basel

Introduction

In the 1970s, polymyositis (PM)/dermatomyositis
(DM) was mainly treated with daily-dose prednisolone
therapy (DDT). However, the side effects of steroids (e.g.
moon face, central obesity, diabetes, osteoporosis with
morbid fracture, hypertension, and infection-prone fea-
tures) were frequently observed and considered to be un-
avoidable. In 1963, high-dose alternate-day prednisolone
therapy (ADT) was proposed to reduce the side effects of
prednisolone (PSL) in the treatment of various diseases
involving immune disorders, such as bronchial asthma
(1]. We have employed ADT in patients with PM/DM
since 1971. Daily-dose PSL at 50 mg/day was switched to
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ADT at 100 mg/day; in addition to morning administra-
tion, a diet for diabetics, salt restriction to <6 g/day, and
treatment with potassium/active vitamin D preparations
were introduced. We previously reported that there was
no difference in the response rates between 30 PM/DM
patients receiving ADT and 17 receiving DDT, but that
the incidence of side effects was markedly lower in the
former [2]. We have now evaluated the long-term out-
comes of ADT and DDT so as to design a future prospec-
tive study. We compared response rates, adverse reac-
tions, and long-term prognoses of 115 patients receiving
either ADT or DDT as initial treatment for PM.

Patients and Methods

Patients

We clinically analyzed 235 patients with inflammatory my-
opathy who consulted our department between 1970 and 2009. Of
161 patients who were diagnosed histologically [3] as having PM,
149 were treated with ADT (35 patients) or DDT (114 patients). In
the present study, we analyzed 115 of the PM patients who were
followed more than 10 years or until death: 32 ADT patients and
83 DDT patients. Patients showing rimmed vacuoles and intracel-
lular amyloid deposits on pathological examination (possible in-
clusion body myositis), and others showing characteristic clinical
features, such as finger flexor, wrist flexor, and quadriceps muscle
weakness [4, 5], were excluded. Patients with myopathy associated
with anti-signal recognition particle antibodies that have usually
shown active necrosis and little or no inflammation [6-8], statin-
induced myopathy that shows features suggestive of mitochon-
drial dysfunction [9, 10], and paraneoplastic necrotizing myopa-
thy that exhibits numerous necrotic fibers but little inflammation
[11, 12] were also excluded. We also excluded patients who did not
show electromyography findings compatible with inflammatory
myopathy; that is increased insertional activity, fibrillation po-
tentials, and positive sharp waves, in addition to polyphasic motor
unit potentials of low amplitude and short duration.

DDT was administered to all inpatients from 1970 through
1971. ADT was administered to almost all inpatients from 1972
through 1983 for a trial of about 10 years to confirm if it reduced
the side effects of steroids. Following the completion of these
scheduled periods, most of the inpatients underwent DDT from
1984 through 2008. Those patients initially receiving one or the
other therapy were continued on that therapy when the conven-
tion was changed.

ADT consisted initially of a single 2-mg/kg dose of PSL in the
morning every other day; after monitoring normalized serum cre-
atine kinase (CK) and improvements in clinical symptoms, the dos-
age was lowered by 10 mg every 3—4 weeks, until it reached the 10-30
mg range, where it was maintained for several years. DDT consisted
of a single morning dose of 1 mg/kg PSL; after normalization of se-
rum CK and improvements in clinical symptoms, the dosage was
lowered by 5 mg every 3-4 weeks, until it reached the 5-15 mg range,
where it was maintained for several years. For both groups, a dia-
betic diet was prescribed with salt limited to <6 g/day, and potas-
sium/active vitamin D and anti-ulcer agents were administered.
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Clinical Parameters

We compared the following parameters between the ADT and
DDT groups: age at onset or initial consultation, gender, presence
or absence of malignancy, presence or absence of other collagen
diseases including Sjogren’s syndrome, grading of disability [13]-
before and after treatment and during follow-up periods, pres-
ence or absence of interstitial pneumonia or cardiomyopathy, in-
crease in CK level (>1,000 IU/L), anti-Jo-1 antibody, presence or
absence of methylprednisolone pulse therapy and other immuno-
suppressants, and incidences of major side effects (hypertension,
diabetes, osteoporosis with morbid fracture, infection, hyperlip-
idemia, psychiatric symptoms, and gastric ulcer).

Clinical Outcome

As a measure of outcome, treatment response was evaluated
based on pretreatment manual muscle testing (MMT) results and
disability scores in each patient. Muscle strength was measured
weekly in the case of inpatients and monthly in the case of outpa-
tients by MMT using the Medical Research Council method on the
following muscles: trapezius, neck flexor, deltoid, pectoralis major,
infraspinatus, supraspinatus, biceps, triceps, wrist extensor, wrist
flexor, iliopsoas, gluteus maximus, quadriceps, hamstring, adduc-
tor of thigh, abductor of thigh, gastrocnemius + soleus, and tibi-
alis anterior. Values were totaled and compared with pretreatment
figures as described previously [2]. The grading of disability [13]
included six grades: (1) no abnormality on examination; (2) no ab-
normality on examination, but patient-reported easy fatigability
and decreased exercise tolerance (e.g. running and climbing
stairs); (3) minimal degree of weakness or atrophy in one or more
muscle groups without functional impairment (limitation of ac-
tual daily life); (4) waddling gait, unable to run but able to climb
stairs without needing arm support; (5) marked waddling gait, un-
able to climb stairs or rise from a standard high chair without arm
support, and (6) unable to walk without assistance. In addition to
attendant physicians, Prof. Uchino evaluated all patients.

Patients with normal MMT findings and improved disability
scores without PSL therapy were classified as ‘cured’. Those in
whom maintenance therapy with PSL was continued despite a
one-grade or higher amelioration of the MMT results for the up-
per and lower limb muscles and improvement in disability scores
were regarded as ‘improved’. Those without marked improve-
mentin MMT findings and disability scores, despite a normalized
CK level, were designated as ‘unchanged’. Those who died during
the treatment course were classified as ‘death cases’. The first and
second groups were evaluated as responders, and the third and
fourth groups as non-responders. Survival rates were analyzed
using the Kaplan-Meier method. Statistical differences were de-
termined by Pearson’s x?, and log-rank tests using JMP (version
7.0) statistical software. Differences with p <0.05 were considered
significant. Values are reported as means * SD.

Results

The demographic and clinical characteristics of the 115
PM patients treated with ADT or DDT are summarized in
table 1. The mean (£ SD) age of the PM patients on the ini-
tial consultation was 55.5 + 15.1 years (range 17-82) and
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that of the PM patients with malignancies (n = 8) was 68.9
+ 10.2 years (range 56~82). Malignancies were detected
only in patients over 50 years of age. There were no sig-
nificant differences in mean onset age, gender, or inci-
dence of malignancies between the two groups, or in the
response rates (complete and partial responses) between
the ADT (87.5%) and DDT (80.7%) groups. Although the
recruitment and patient allocation was not necessarily
randomized, there was no significant difference in disease
severity using the grading of disability between the ADT
and DDT groups: 4.56 * 0.98 in the ADT versus 4.31 +
0.76 in the DDT (p = 0.1520). The mean fasting blood sug-
ar level of the ADT group before treatment was 86.1 *
13.0 mg/dl (n=32) and that of DDT group was 85.3 % 12.4
mg/dl (n = 85) (normal range 70-110 mg/dl). There was no
significant difference between the two groups (p = 0.8681).

PM patients treated with ADT were followed for 222.7
+ 124.9 months (range 13-458), while the DDT group
was followed for 151.2 ® 87.9 months (range 3-414). The
incidence of diabetes (ADT 6.3%, DDT 36.1%; p = 0.0384)
was significantly higher in the DDT group. The incidenc-
es of hyperlipidemia (ADT 3.1%, DDT 14.5%; p = 0.0854)
and psychiatric symptoms (ADT 0%, DDT 8.4%; p =
0.0900) were also slightly higher in the DDT group, but
not significantly so.

When the patients with pulse therapy are excluded
from the DDT group, the incidence of hyperlipidemia
(ADT 3.1%, DDT 18.2%; p = 0.0393) was significantly
higher in the DDT group. The incidences of diabetes (ADT
6.3%, DDT 21.2%; p = 0.0602), hypertension (ADT 3.1%,
DDT 15.2%; p = 0.0770), and psychiatric symptoms (ADT
0%, DDT 10.6%; p = 0.0559) were also slightly higher in
the DDT group, but not significantly so. The main causes
of death in both the DDT and ADT groups were infec-
tions, such as pneumonia, cytomegalovirus infection, liv-
er abscess, peritonitis, and sepsis, followed by newly oc-
curring cancer. Death by infection occurred in 4 of 32 pa-
tients treated with ADT and in 14 of 83 patients in the
DDT group (p = 0.5635). Death by cancer also occurred in
4 of 32 patients in the ADT group and in 5 of 83 patients
in the DDT group (p = 0.2466). In patients followed more
than 20 years, deaths due to coronary heart disease, cere-
bral infarction, and renal failure due to diabetic nephrop-
athy were observed in 8 of 49 patients in the DDT group;
however, none of these were seen in the 25 ADT patients.
Respiratory disorders related to the progress of interstitial
pneumonia were observed in both the DDT and ADT
groups. The main causes of death were similar if the pa-
tients with pulse therapy or other immunosuppressants
therapy were excluded from the DDT group.

Polymyositis by Single-Dose
Alternate-Day Prednisolone

Table 1. Baseline demographic and clinical characteristics of 115
biopsy-proven patients with PM treated by ADT

(m=8%
722%)

Onset age, years 499+145 553%149  0.0818
Age at diagnosis, years 520148 568+150  0.1199
Number of females 25 (78.1%) 57 (68.7%) 0.3154
Malignancy 2(6.3%) 6(7.2%)  0.8533
Other collagen disease 6(18.8%) 19 (22.9%) 0.6294
Grading of disability

Before treatment 456+098 431+0.76  0.1520

After treatment 284+130 266%121 0.4817
Follow-up period, months  222.7%+1249 151.2+879  0.0009*
Interstitial pneumonia 5(15.6%) 12 (14.5%) 0.8744
Cardiomyopathy 3(9.4%) 6(7.2%) 07010
CK level >1,000 TU/L 13 (40.6%) 51 (61.4%) 0.044*
Jo-1-positive 4(12.5%) 8(9.6%)  0.6528
Pulse therapy 0 17 (20.5%) 0.0055*
Other immunosuppressant 2 (6.3%) 13 (15.7%) 0.1792
Major side effects

Hypertension 1(3.1%) 11(13.3%) 0.1114

Diabetes mellitus 2(6.3%) 30(36.1%) 0.0384*

Hyperlipidemia 1(3.1%) 12 (14.5%) 0.0854

Infection 3(4.4%) 18 (21.7%) 0.1257

Osteoporosis

with morbid fracture 2(6.3%) 10 (12.0%) 0.3620

Psychiatric symptoms 0 7(8.4%)  0.0900

Gastric ulcer 3(9.4%) 2(2.4%) 0.1007
Outcome

Cure 3(9.4%) 7 (8.4%) 0.8725

Improvement 25 (78.0%) 60(72.3%) 0.5230

Unchanged - death 4(12.5%) 15(18.1%) 0.4709

Values are expressed as means £ SD, unless indicated otherwise.
*p < 0.05 by Pearson’s ¥ test.

When all patients were considered, there was no dif-
ference in the 10-year survival rates between the ADT
and DDT groups (fig. 1a), but both the 15-year (data not
shown; ADT 67%, DDT 47%; p = 0.0780) and 20-year
(ADT 68%, DDT 37%; p = 0.0112) survival rates of the
ADT group were significantly higher than those of the
DDT group (fig. 1b), and this difference increased over
the 20 years following onset.

Of the patients receiving DDT, 17 also received 1-3
courses of pulse therapy with methylprednisolone. Im-
munosuppressants other than PSL were used in 2 patients
in the ADT group (tacrolimus hydrate in 1 and azathio-
prine in 1) and in 13 patients of the DDT group (tacroli-
mus hydrate in 4, azathioprine in 5, cyclosporine in 2,
methotrexate in 2, IVIg in 2, and endoxan in 1).
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Fig. 1. Kaplan-Meier plots showing survival rates in PM patients treated with ADT or DDT: a 10-year survival
rates of PM patients treated with ADT and DD, and b 20-year survival rates of PM patients treated with ADT
and DDT. log-rank test indicates a significantly longer survival time in the ADT group after 20 years.

Discussion

Since ADT was first introduced to treat immune dis-
orders, it has also been used in patients with various im-
munogenic neuromuscular disorders [14-17]. During the
more than 20 years since we began using ADT therapy,
the number of PM/DM patients treated with ADT or
DDT increased more than three times. The number of
PM patients in whom ADT was introduced as the initial
treatment was small; the greater portion of these subjects
consisted of patients who were treated between 1972 and
1983, when ADT was undertaken in almost all inpatients.
After 1983, we switched back to DDT due to the comple-
tion of a scheduled 10-year analysis period. However, we
statistically reconfirmed that there was no difference in
the response rates of the two groups, and that the inci-
dence of major side effects was significantly lower in the
ADT group. Furthermore, in the ADT group, the sur-
vival rates (both 15- and 20-year) were significantly high-
er than in the DDT group. This was possibly because the
incidence of adverse reactions, especially those influenc-
ing prognosis (diabetes, hyperlipidemia, infection, and its
exacerbations) were lower in the ADT group. Even when
the patients with pulse therapy were excluded from the
DDT group, the incidence of major side effects, such as
hyperlipidemia, diabetes mellitus, psychiatric symptoms,
hypertension, and infection were still higher in the DDT
group than in the ADT group.

Recently, many studies reported on the etiology or
pathogenesis of PM/DM, increasing treatment options
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with the widespread use of various immunosuppressive
agents [18, 19]. Furthermore, pathogenesis-based molec-
ular targeting agents are being developed and applied in
clinical practice [20-24]. The major causes of death in the
PM patients were infection, followed by newly occurring
malignancies. Although there is the possibility that other
immunosuppressants induced such conditions, none of
the DDT patients who died from infection or malignancy
were treated with other immunosuppressants. So, the in-
fluence of other immunosuppressants was neglected. The
coronary heart disease, cerebral infarction, and diabetic
nephropathy observed in the DDT group are likely due to
the high frequency of diabetes mellitus, hyperlipidemia,
and hypertension, and may be related to the low survival
rate of this group.

As previously described, 1-3 courses of pulse therapy
with methylprednisolone were performed in 17 of the PM
patients receiving DDT. Immunosuppressants other than
PSL were used in 2 patients in the ADT group and in 13
patients of the DDT group. There was no statistical dif-
ference in the use of other immunosuppressants between
the ADT group and DDT group. Although there was a
significant difference in the use of methylprednisolone
pulse therapy between the ADT group and DDT group,
survival rates were not different between the pulse ther-
apy group (9/17: 53%) and the no pulse therapy group
(60/98: 61%) (p = 0.5199). Considering the lack of signifi-
cant difference in response rates between the ADT and
DDT groups, and the differences in the 15- and 20-year
survival rates of the two groups, methylprednisolone
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pulse therapy might not have contributed to the improve-
ment in the long-term outcome of PM. Various studies
have assessed the long-term outcome of PM/DM, how-
ever few have examined the long-term prognosis over
more than 20 years [25-28]. Our study suggests that ADT
may be useful as an initial treatment option for PM, and
we intend to test this hypothesis in a prospective, com-
parative study of ADT and DDT using larger and equal
numbers of subjects in each group.

ly lower and the incidences of hyperlipidemia, infection,
and psychiatric symptoms were also slightly lower in the
ADT group. Moreover, ADT led to a significantly higher
survival rate in PM patients. Thus, ADT may be useful as
an initial treatment option for PM.
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