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"he amount of d-Tubocurarine that can inhibit the muscle contraction
induced by the FPP.

¢ mean + SEM and number of endplates (in parenth-

columns). The utrophin signal was exclusively seen on NMJs,
but weakly seen on muscle sarcoplasmic membrane in FCMD
(Fig. 6C, right column), which ig usually seen in regenerating
muscle fibers (26). NMIs from fetal wild-type or myd showed
similar staining  patterns  as expected (data not shown),
suggesting that this staining pattern is indicative of immature
muscle fibers. This observation is consistent with our hypoth-
esis that NMJ formation in secondary a-DGpathies is develop-
mentally arrested during myotube maturation in the fetal
phasc.

DISCUSSION

FOMD has long been classified as ‘muscular dystrophy”,
although the clinical characteristics differ from
DMD. Muscular dystrophy is defined generally by necrotic
change and active regeneration of muscle fbers, However,
FOMD muscle in infantile stage seems more likely to have
additional features, implying a more complex pathogenesis
for FTCMD. Indeed. our microarray analysis showed that
general - expression profiling  clusters FCMLD  and bMD
distinctively. Expression of mature muscle components was
surprisingly low in FCMD, indicating less active regeneration
of muscle fibers. We also saw similar expression profiles
among all FCMD patients in our samples, indicating that
FOMD is a chronic rather than progressive disorder, at least
at the infantile period.

We confrmed maturational delay and aberrant NMJs in
FOMD skeletal muscle fibers by expression profiling, morpho-
logical and histochemical analysis, and clectrophysiological
examination. These findings are common fo secondary
a-DOpathies but are not seen in DMD. In this study, we
demonstrate that the ctiology of secondary a-DGpathy skel-
elal muscle abnormalities may stem from maturational arrest
caused by aberrant NMIs in addition to dystrophy. MDCIA,
clinical characteristics of which are similar to FCMD, is
described with an initial phase of necrosis and regeneration
m the carly steps of the disease (0). Although aberrant NMmJ
is also seen in MDCIA (27), the muscle fragility due to
defeet i the component of basement membrane mainly
aflects the phenotype and causes necrosis and regeneration,

A considerable body of evidence indicates that muscle
differentiation ceases al NMJ formation in FCMD, st
mmmature type 2C fibers  are predominant  in FOCMD
{Table 1. At the mitation of musele differentiation. satellite

those of
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cells proliferate to become myoblasts, fuse to organize myo-
tubes. These carly myotubes contain type 2C fibers. Following
NMJ formation, immature fibers are induced to differentiate
further into mature muscle fibers such as type 1, 2A and 2B.
Second, down-regulated expression of matured MYHs in
FCMD also suggests arvest at this stage. Following completion
of NMJ formation, embryonic, neonatal-type MYHSs in imima-
ture myofibers are replaced by adult-type, slow MY Hs, which
are induced by extracellular matrix (ECM) components,
growth factors or programmed cell differentiation (28).

Third, MRF4, which is postulated to be induced by AChR
clustering in NMJ formation, is down-regulated in FCMD.
Nomally, during the early phase of muscle development, a
series of myogenic regulatory genes such as s, MyoD
and myagenin are sequentially expressed, followed by MRI4
up-regulation just after NMJ formation. AChRs bind 1o Myo-
tubes, associate with specific factors and trigger a si anal to
induce expression of myogenic factors including MRF4,
which is suggested to play a crucial role in muscle terminal
maturation and maintenance (20,21,29). Therefore, MRT4 ig
distinet from MyoD, myogenin and myf5 in that it is expressed
mainly in matured myotubes and myofibers. MRF4 has been
reported to co-localize with AChR in NMJs and to function
in terminal muscle maturation and fiber maintenance 30, It
is reasonable to assume that MRF4 function is required at
the time and place of NMJ development during skeletal
muscle differentiation (23). These results prompt the hypo-
thesis that the differentiation process of muscle fibers arrests
at this point in FCMD and myd.

Fourth, the fact that hi gh CHRNG and low CHRNE
expression in FCMD muscle relative to that in age-matched
normal control or DMD muscle is striking, although the age
of the DMD patient was slightly higher than that of the
FCMD patients. [t clearly indicates that most of the AChR
in FCMD muscle is fetal fype. It also supports our hypothesis
that skeletal muscele in secondary w-DGpathy is immature and
that delay of differentiation mi ght be involved with maturation
defect of Niis,

What causes aberrant NMJg in secondary «-DGpathics?
Normally, NMIJs are built by a dense tangle of sarcoplasmic
membrane and neural endings through a layer of basement
membrane. 1t is possible that conections between the neural
terminal and glycosylated «-DG, made through a Tayer of
basement membrane and mediated by molecules such as
laminin or agrin, are important to normal NMJI formation
and subsequent muscle differentiation (31.32). MDCI A, clini-
cal characteristics of which are similar to FCMD (6), also
shows aberrant NMJs with fewer synaptic Tolds (27). In con-
frast, Musk or rapsyn deficiency does not resemble severe
muscular dystrophy in spite of the abnormal NMI fonmation.
The interaction of laminin and a-DG s thought to play an
essential role in the transition of ACHR microaggregates into
macroaggregates at the developing NMJ, followed by the con-
centration of «-DG on NMJg (32.33). These tacts lend support
to our hypothesis that the laminin/a-1¢ interaction fulfills »
pivotal function in normal NMJ formation.

Alternatively, it is also possible (hat attachment of neura)
terminals to NMJs is affected pre-synaptically in seeondary
«-DGpathies. Abnormalitics in the pre-synaptic peripheral
nerve would afiect the neural endings of NMJs, leading 1o
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Figure 6. Aberrant NMUJs and lack af a-dystroplycan ag

- Agreen) svongly co-localizes with «-BTX in NMJs of normal skeletal mus
a-dystroglycan aggregation an aberani formed NMIs is seen despite positive staining on musele pe
co-localization signal i merged columng tarrowheads). (B) Green-stained pre-synaptic markers (f
vesicle marker) also show the aberrant staining patiern of NMJs, shown in merged staining with «-BTX (red) in mnd. (CY 1

maembrane on seeondary a-DGparhies. Although green-stained wraphin agg
plasimic membrane of FOMD muscle fibers (D) Confocal imaging of ut

deficient differentiation signal transduction to FCMD muscle
fibers and arrested post-synaptic muscle differentiation. It hag
been suggested that «-DG in the central or peripheral nervous
system is hypoglycosylated in secondary a-DGpathies (34).
O Mannose-type glycoprotein is suggested to contribute to
the stability and maintenance of muscle cell membrane,
synaptic forfnation and myelination of peripheral nerves,
although the precise mechanism of a-DG activity in peripheral
nerve tissue is unclear, The dystrophin - glycoprotein complex
on Schwann cells s also thought to be important in peripheral
myclinogenesis, regeneration, differentiation, apoptosis and
polarity of skeletal muscle celly (35), Although Ishii er «f.
(36) reported that electron microscopy of Schwann cells on
FOMD muscle revealed no pathologic findings, neural trans-
mission may be developmentally impaired and collapsed as
a result of hypoglycosylated «-DG.

Naturally. our data do nof rule out the other possibilitics for
mmaturity of the skeletal muscles of a-DGpathies. Although
the expression profile and histochemical data indicate that
skeletal museles are i a persistent undifterentiated state, i
is possikle that the regencration process fulfills a crucial func-
ton inthe phenomenon observed in skeletal museles of
c-DGpathics, It s also possible that most of the muscle

myd |

H
i

- myd wtmouse.

| IFCMD normal O

Scale bar; Spm

grepation in NMJs affect pre- and post-synaptic formation of NMJs in secondary «-DGpathy. (A) a-DG
cle, merged yellow (amows). However in secondary «-DGpathies, the fack of

ripheral membiane, as evidenced by the lack of
fasciculin, AChE marker; synaptophysin, pre-synapiic
trophin remains on sarcoplasmic

garegates exclusively on NMJs of normal muscle fibers, utrophin remains on sarco-
rophin and dystrophin on NMJs of secondary w-DGpathy, Merged column in norma
NMIs (arrow) shows (hal fine primary and secondary folds lined with utraphin are tangled with dystraphin st
membrane of muscle fibers. Note that in secondary «-DGpalhies, secondary folds are s
markedly decreased staining of dystrophin an NMJs are seen iy both FOMD and myvd. Seale bars

aining on NMJs. which also line the peripheral
verely lacking {arrowheads), Thin, scatiered arophin staining and
w8 pm.

fibers are under denervation status, because motor neurong
are unable to maintain strong - attachments to myofibers.
leading to a constant stimulation of denervation signal path-
ways. Although we demonstrated substantial evidences for
the aberrant NMJ, the pathogenesis of skeletal muscles in
a-DGpathies is Tikely to be a combination of these problems
and of multifactorial origin,

Taken together, these findings show that muscle fbers in
secondary - DGpathies are developmentally arrested more
to “dystrophic’, perhaps because hypoglycosylated «-DG pre-
cludes proper aggregation on NMls, preventing AChR cluster-
ing. These defects may disrupt terminal muscle maturation,
which is induced after innervation of neurons on the muscle
peripheral membrane vig a basement membrane layer. Dys-
trophic changes traditionally thought to underlic “muscular
dystrophy” are caused by attenuated physical connections
between «-DG oand the muscle basement membrane. We
propose that the muscle lesion in secondary «-DGpathies is
caused by complex pathogencsis. not only by dystrophic
change but more importantly, maturational arrest resulting
from chronically delayed terminal muscle fber maturation
and NMJ deficieney, "' date, no clinical approaches to see-

ondary «-DGpathies exist These findings open a pussible



avenue for reating muscle tissues in these congenital muscu-

lar dystrophies, via targeted induction of NMJ maturation in
muscle fibers,

MATERIALS AND METHODS
Samples ‘

All clinical materials were collected for diagnostic purposes,
Four muscle specimens (biceps branchii) from FCMD patients
(ages: 20 days, 7 months, l-year 4 months, and 1-year 6
months) were used in the analysis, Genetic sereening ident-
ified a homozygous retrotransposal nsertion into the 3/
untranslated region of fukuiin in all FCMD patients (3). For
the non-dystrophic muscle controls, muscle RNAs from two
children (ages: | ycar) was used. These patients were selected
based on normal laboratory findings, normal plasma CK Jevels
and no histopathological evidence for muscular dystrophy.

We also obtained myodystrophy (Large™) mice and
control littermates (Large™ ¥+ of Large™™), aged 3 and 6
months, by mating heterozygous pairs provided by Jackson
Laboratories,

RNA isolation and expression profiling

Generation of ¢cDNA microarrays containing skeletal muscle
transcripts has been reported previously (19). Using similar
mcthods, we constructed a new cDNA chip containing 5600
genes expressed in skeletal muscle. RNA isolation, hybridiz-
ation and detection methods also have been reported pre-
\;iously. Microarray experiments were carried out using a
competitive hybridization method with two labeled targets:
one for muscle RNAs from FOMD patients or normal chil-
dren, and another for pooled muscle RNAs (Origene), which
served as a template. control for per-chip normalization,
Each analysis was conducted at least twice. The hybridization
mtensities of each spot and the background intensities were
calculated using a ScanArray 5000 microarray scanner with
Quant Array software (Perkin-Elmer Life Science).

Microarray data analysis -

Analysis of microarray data was performed using Genespring
version 6.1 (Silicon Genetics) software, Data used for further
analysis Wwere caleulated using a previously reported method
(19). To avoid ‘false-positive’ signals, we excluded gencs
from the analysis for which average normal expression level
constraints are under 500, We sorted 1790 genes from a
total of 3600 for further analysis.

Quantitative real-time PCR

Two patients with FOMD (ages: 10 months and | year), two
patients with DMD (ages: | and 7 years) and two normal chjl-

dren (ages: 1 and 2 years) were used for quantitative RT - PCR’

using skeletal musele RNAs, Single-strand ¢DNA was pro-
duced with random primers, and quantitative real-time RT -
PCR using SYBR-green was performed using the ABI Prism
7900 sequence detection system (Applicd  Biosynthesis)
Dalit analysds wag

performed in duplicate experiments,
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Stalistical significance was evaluated using Student’s /-test,
and P << 0.05 was considered significant. The primers vsed
for the experiments are shown in Supplementary Material,
Table S1. Gapdh was used as an internal control,

Imaging analysis -

HE staining and AT Pase staining were performed on cryosec-
tions. ATPase staining was performed at pH 9.4--10.6 and
4.2-4.6. For ATPase staining, average data from 10 DMD
patients (ages: 3-9) and 10 normal control cases (ages:
around 1 year) were selected, Scion Image Beta 3b (Scion Cor-
poration) was used for estimating the content of type 2C fibers,
muscle fibers, adipose tissues and interstitial tissues (Table 1),
Statistical analysis was performed using Student’s r-test,

Immunoehistachemistry

All muscle specimens were processed for cryosectioning
(8-pm thick) and fixed in 50% ethanol and 50% acctic
acid for 1 min. Anti-core a-dystroglycan [GT20ADG, gift
from Dr Kevin Campbell ()], rhodamine-conjugated
a-bungarotoxin (BTX, Molecular Probes), anti-synaptophysin
(NCL-SYNAPp, Novocastra), Alexa-fluord88 labeled anti-
fasciculin2 (F4293, Sigma), anti-MRT4 (C-19, Cruz Biotech-
nology). anti-utrophin (UT2, gift from Dr Michihiro
limamura), anti-human dystrophin {NCL-DYS2, Novocastra),
anti-numan dystrophin (MANDRA-1. S; gma) and anti-myosin
heavy chain for developmental, neonatal, fast and slow types
(NCL-MHCd, MHCn, MHCY and MHCs, respectively,
Novocastra) were used to stain NMJs.

Electron microscopy

Muscle specimens were obtained from four patients diagnosed
as FCMD (ages: 6 months to 4 years old) and from two normal
children (ages; | year), Five NMIs were found in three FCMD
patients’ skeletal muscle and four normal NMJs were exam-
ined in two normal children, Tntercostal muscles and soleus
muscles were dissected  from myodystrophy and  contro]
mice, and cut into |-mm thick cubes. Four NMJs were exam-
ined in myd and normal controls, respectively. Samples were
fixed in 2% glutaraldehyde and embedded N epoxy resin
as described previously (36). Ultrathin (50-90-nm thick)

sections were cut on an Ultracut § ultramicrotome (Reichert),

Electrophysiologic examination

Diaphragms with its motor nerve were dissected and used for
the conventional intracellular microelectrode study  (37).
MEPPs. IPPs and resting membrane potentials (RMPs) were
recorded. For EPP recording, the phrenic nerve was stimulated
using a suction electrode at 0.5 Hz, d-Tubocurarine chloride
(Curaren, Sigma) was used af & concentration sufficient to
inhibit muscle contraction. The potentials were corrected for
non-lincar summation and the last 64 Fesponses i g train of
H4 were saved for later analysis. The quantal content
was caleulated by the variance method. MEPP and EPP ampli-
fudes were corrected 1o a standard RMP of - S0mV. To
correct MEPP amplitude by the fiber diamerer, (he geometric
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mean of the shortest and Jongest diameters of muscle fbers
was determined in 30 randomly sclected muscle fibers in
cryostat sections.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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Central core disease is due to RYRI mutations in
more than 90% of patients
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Ryanodine receptor | (RYRI) gene mutations are associated with central core disease (CCD), multiminicore
disease (MmD) and malignant hyperthermia (MH), and have been reported to be responsible for 47-67% of
patients with CCD and rare cases with MmbD. However, to date, the true frequency and distribution of the
. Mmutations along the RYRI gene have not been determined yet, since mutation screening has been limited to
three ‘hot spots’, with particular attention to the C-terminal region. In this study, 27 unrelated Japanese CCD
patients were included. Clinical histories and muscle biopsies were carefully reviewed. We sequenced all the
106 exons encoding RYR! with their flanking exon-intron boundaries, and identified 20 novel and 3 previously
reported heterozygous missense mutations in 25 of the 27 CCD patients (93%), which is a much higher mutation
detection rate than that perceived previously. Among them, six were located outside the known ‘hot spots’.
Sixteen of 27 (59%) CCD patients had mutations in the C-terminal ‘hot spot’. Three CCD patients had a
probable autosomal recessive disease with two heterozygous mutations. Patients with C-terminal mutations

fibres. We also sequenced two genes encoding RYRI-associated proteins as candidate causative genes for CCD:
the 12 kD FK506-binding protein (FKBP12) and the al subunit of L-type voltage-dependent calcium channel
or dihydropyridine receptor (CACNAIS). However, no mutation was found, suggesting that these genes may

not, or only rarely, be responsible for CCD. Our results indicate that CCD may be caused by RYRI mutations
in the majority of patients.

Keywords: central core disease; genotype—phenotype correlation; muscular dystrophy; myopathy;
ryanodine receptor | mutations

Abbreviations: CACNAIS = al subunit of L-type voltage-dependent calcium channel; CCD = central core disease; CICR =
calcium-induced calcium release; EC = excitation—contraction; FKBP/2 = FK506-binding protein, 12 kD; mGT = modified
Gomori~Trichrome; MmD = multiminicore disease; MH = malignant hyperthermia; RYR/ = ryanodine receptor |:

SERCA = sarco-endoplasmic reticulum Ca?* ATPase; SR = sarcoplasmic reticulum
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tntroduction

Central core discase (CCD) was the Arst described congenital  Jungbluth et al, 2002). The clinical features are quite variable
myopathy in humans (Shy and Magee, 1956), usually inhe-  (Quinlivan et al, 2003), ranging from lack of visible weakness
rited in an autosomal dominant pattern, except for few  or abnormality 1o lack of mdependent ambulation. Most
reports on autosomal recessive cases (Manzur et al, 1998;  of the patients, in classical descriptions, have a slowly or

' The Author (2006). Published by Oxford University Press on behalf of the Guarantors of Brain. Al rights reserved. For Permissions, please emm‘l:journols.permissions@oxfordjoumals.org
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non-progressive proximal muscle weakness and hypotonia
during infancy that can persist throughout adolescence/
adulthood, and have associated delayed motor development
and reduced muscle bulk. In addition, musculoskeletal altera-
tions including congenital hip dislocation, kyphoscoliosis and
joint contractures are also common findin gs in CCD patients
{Lorenzon ¢t al, 2000; Quinlivan et al, 2003). The diagnosis
is commonly made from muscle biopsy by the presence of
cores in lype 1 fibres, which are typically well demarcated and
located centrally in the fibres. A few cores, however, can be
located in the subsarcolemmal regions of individual type 1
muscle fibres. Longitudinal sections show that the core runs
the whole length of the fibre.

Recent reports have documented that the phenotypic pre-
sentation varies considerably from no visible disability to lack
of independent ambulation. While the overall incidence of
CCL is rare, the absence of symptoms in a significant number
of patients may suggest that the actual incidence of CCD
may be considerably higher than that perceived currently.

CCD has been linked to the gene encoding the skeletal
muscle ryanodine receptor, RYRI, and is considered to be
an allelic disease of malignant hyperthermia (MH) suscept-
ibility. This is a pharmacogenetic disorder with autosomal
dominant inheritance in  which susceptible individuals
develop generalized muscle contracture followed by a hyper-
metabolic state due to massive calcium release from the sar-
coplasmic reticulum (SR), when they are exposed to inhaled
general anaesthetics or to the depolarizing muscle relaxant
succinylcholine. CCD patients have higher probability to be
susceptible to MI. The RYRI mutations linked to MH and
CCD are clustered in three relatively restricted regions of
the protein or ‘hot spots’: N-terminal (residues p.-MI1-R614),
central  (p.R2163-p.R2458) and C-terminal (p.R4136-
p.P4973). They are also. called domains 1-3, respectively
(Treves et al, 2005). The first two domains are located in
the soluble cytoplasmic regions of the protein. Most of the
CCL mutations are clustered in domain 3, which is located
in the C-terminus and comprises the transmembrane/luminal
and pore-forming region of the channel (McCarthy et al,
2000; Monnier et al, 2001; Davis er al, 2003). IHence,
mutations in this region of the protein may directly alter
the permeation/selectivity/gating properties of the channel
(Balshaw et al., 1999).

The RYRIis one of the largest described genes in humans,
spanning >159 kb in size on chromosome 19.q13.1. A 15117-
nucleotide-long open reading frame encoded in 106 exons
(two of which are alternatively spliced) produces a 563 kD
protein. Inaddition, it forms a homotetrameric structure that
functions as an SR calcium-release channel regulating Ca®*
content in skeletal muscle during excitation—contraction
(EC) coupling. Because of the size of the RYR] gene, efficient
routine screening for mutations has been difficult. Most of
the RYRI mutation screenings in CCD patients have been
limited to the above-mentioned three ‘hot spots’ or even to
the C-terminal region alone, and 47-67% patients were found
cavrying RYRI mutations (Monnier et al., 2001; Davis ¢t af
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2003; Shepherd et al, 2004), which suggested that CCD is a
genetically heterogeneous discase. Here, we screened all the
exons and {lanking exon—intron boundaries of RYRJ in order
to determine the frequency and distribution of mutations,
and describe the genotype—phenotype correlation in Japanese
patients with CCD,

Although no mutation in other genes has been associaled
with CCD, many studies have shown that mutants of the
RYRI-associated proteins FKBPI2 and CACNAIS cause
EC uncoupling in vitro just as some RYRI mutants do
(Avila er al, 2003b; Lyfenko et al, 2004; Weiss et al.,
2004), raising a possibility that FKBPI2 and/or CACNA 1S
mutations may also be responsible for CCD. In addition,
the mutations in the RYRI -binding domain of CACNAIS
are thought to account for 1% of MH patients (Stewart
et al, 2001). We therefore sequenced the entire open reading
frame of FKBPI2 and the part of CACNAIS that encodes the
RYRI-binding region.

Methods
Subjects

Unrelated Japanese CCD patients were selected for the study from
the National Center of Neurology and Psychiatry (NCNP) database
from 1982 10 2004. CCD diagnosis was established on the basis of
characteristic muscle pathology findings of cores almost exclusively
in type 1 fibres. We excluded multiminicore disease (MmD) cases,
which had muliple cores in >70% of type 1 fibres in our series.
Available blood samples from the patients’ relatives were also
included in the analysis. In addition, DNA samples from 150 subjects
without any known muscle disease were studied. Informed consent
was obtained from the patients or their parents, as well as from
control subjects.

The patients’ clinical features were assessed by careful review
of their medical records. Pathological features of all patients were
independently evaluated by four authors (S.W,, M.C.V.M,, LN. and
LN.). All patients have undergone a battery of histochemical stains,
including baematoxylin and eosin, modified Gomori-trichrome
(mGT), NADH-tetrazolium reductase (NADH-TR) and myosin
ATPase.

In order to evaluate the genotype-phenotype correlation in CCD
patients, the patients were divided into four groups, respectively,
provided that they had one heterozygous C-terminal mutation,
one heterozygous non-C-terminal mutation, two heterozygous
mutations or no mutation.

Data were entered in Statistics Software for Social Sciences
{SPSS version 11.0). Demographic characteristics were analysed
by computation of the frequency, the mean = standard deviation
(SD), or the mean = standard error ol means (SEM), whichever was
appropriate. The data then were subjected to a univariate analysis
(Fisher’s exact test). For comparing age and type 2 fibre deficiency,
Mann-Whitney test was employed.

Mutational analysis

Genomic DNA was extracted from either muscle biopsy sumples or
peripheral blood lymphocytes according to standard protocols
(Sambrook er al, 2001). PCR primers were designed to amplify
all 106 exons of RYRI, all five exons of FKBPI2 and the seven
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exons of CACNAIS (exon 14=17 and 25-27) that encode the
RYRJ-interacting region (Peng et al, 1998). Amplified fragments
were directly sequenced using BigDye Terminator® v3.) Cycle
Sequencing kits on ABI3100 automated Genetic Analyzer {(Applied
Biosystems™, USA). DNA sequences were analysed with the
SeqScape program and compared with the reference genomic
sequence  oft RYRI (Genbank ]05200), EKRBPJ2 (Genbank
M92423) and CACNA IS (Genbank 1.33798).

Results
Patients

A total of 27 unrelated Japanese CCD patients were selected
for the study, consisting of 7 males and 20 females (Table 1)
ranging in age from 2 to 63 years (29 * 19 years (mean *
SD)] at the time of muscle biopsy. DNA from the parents
of two patients (Patients 23 and 25) were also studied,

Patients 1-8 underwent muscle biopsy because they
had pertinent family history of MH and were considered
to be MH susceptible. In Japan, the diagnosis of MH suscept-
ibility is achieved by detecting enhancement in the rate of
calcium-induced calcium release (CICR) from the sarcoplas-
mic reticulum in chemically skinned muscle fibres (Ibarra
et al, 2005), reflecting the underlying pathomechanism of
this disorder, that is, a lower activation threshold of the SR
calcium-release channel. Cores were incidentally found in the
muscle biopsies of Patients 1-8; thus a working diagnosis of
CCD was made despite the absence of any muscle symptoms
in most of these patients. CICR rate was enhanced in all eight
patients. There was no description about the MH suscept-
ibility status on the medical records of other subjects
(Patients 9-27).

Nemaline bodies were identified in Patients 11, 12 and 23
on mGT stain; hence they were labelled as having core/rod
disease (CRD).

Mutations

A total of 23 different missense mutations affecting 19 resj-
dues in RYRI were identified, consisting of 3 previously
reported and 20 newly identified missense mutations
in 93% of CCD patients (Tables | and 2). Two palients
did not have any mutalion in RYR/. All mulations
were helerozygous single nucleotide changes, except for
the substitution of two consecutive nucleotides (c.14761
147621TT>AC) in Patient 21, which was predicted to result
n a single amino acid change (p.F4921T). There were
two common heterozygous RYRI mutations in this cohort:
CHSSICST (p.R486IC) and ¢.7522C>G {p.R2508C), iden-
tified in 4 out of 25 (16%) and in 3 out of 25 (12%) patients,
respectively. No mutations were found in cither EKBP)2
or CACNAIS.

Twenty-two of 25 (88%) had only one heterozygous
mutation: 14 (56%) with a heterozygous  C-terminal
mutation and 8 (32%) with a heterozygous non-C-terminal
mutation. The remaining three (12%) patients had two
heterozygous mutations (Patients 23, 24 and 25). Only

S. Wu et al,

the parents of Patients 23 and 25 were screened for the
respective pair of mutations, as samples were not available
from the parents of Patient 24. [n Patient 23, the mutation
P-D60N was identified in exon 3 of her maternal allele while
p-L3606P was found in exon 73 of her paternal allele, In
Patient 25, p.ES12K in exon 14 was inherited from her
mother while p.R4893P in exon 102 was acquired from
her father. No muscle samples were available for histological
studies from the parents of these two patients. RYRJ muta-
tions were found in patients with CRD (Patients | 1, 12 and
23) (Table 1, Fig. 1). None of the newly identified missense
mutations were found in 300 control chromosomes, Eighteen
of 19 amino acids predicted to be changed were highly
conserved through RYRI evolution and most of them were
also conserved across the RYR species, RYR1, RYR2 and RYR3
(Table 2).

The mutations found in this cohort of CCD patients are
shown in Fig. 2 at their respective location in the RYRI, along
with those reported previously. In this study, 6 mutations
were located outside the mutational ‘hot spots’, 4 in
N-terminal ‘hot spot’ and 13 in the C-terminal region,
These mutations were carried by 8 out of 25 (32%), 4 out
of 25 (16%) and 16 out of 25 (59%) patients, respectively. We
did not find any mutation in the central ‘hot spot” or domain
2 in our cohort.

Genotype-phenotype correlation

Among eight patients with a heterozygous non-C-terminal
mulation, two showed mild limb muscle weakness while the
others were asymptomatic. The exact age of onset was dif-
ficult to ascertain because of the paucity of symptoms,
Significant clinical findings during pregnancy and birth
were not reported in this group. On muscle histochemistry,
type 2 fibre deficiency was seen in only one patient, as he had
<1% of type 2 Aibres, while these were >12% in others (37 =
4% (mean * SD)]. Minimal endomysial fibrosis was found
in three patients (37%), while the others had no increase in
the interstitial fibrous tssue.

In contrast, imb muscle weakness was present in all
patients with C-terminal mutations, and significant symp-
toms were manifested during the perinatal period
(Table 1). There was statistically significant association
between the presence of mutation in the C-terminal domain
and clinical phenotypic characteristic in the following cate-
gories: limb muscle weakness, poor foetal movement during
pregnancy, presence of joint dislocation and delayed motor
milestone (Fig. 3A). Endomysial fibrosis and type 2 fibre
deficiency were observed in most, if not all, patients with
C-terminal mutations (Fig. 3B).

[n terms of core structure, most patients had single cores
(95% of fibres), but multiple cores were also seen especially
in patients with heterozygous non-C-terminal mutations,
In mutations outside domain 3, most cores were located
in the periphery or subsarcolemmal areas (719%). In patients

with  C-lerminal mutations, cores were noted Lo be
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Table 2 Comparison of amino acid in the affected residues with that from mouse, pig, rabbit and other human RYR
proteins, RYR2 and RYR3

Residue 60 427 474 512 2508 2545 3367 3606 4568 4631 4634 4638 4858 4861 4893 4898 4899 4920 4921
Predicted change N* L* % K#* G/H/CF D* R* p prie NE ek g DF¥  H/IC p* T E* N# - §/T#
RyR1 .
Human D s Q E R E K L L Y E G N R R | G T F
Mouse D s Q E R £ K L L Y E G N R R I G T F
Pig D S Q E R E K L L Y E G N R R ! G T F
Rabbit D S Q E R E K - L Y E G N R R | G T F
RyR2
Human D K Q E R D K L L Y E G N R R | G T F
RyR3
Human D - Q M R E K \% L Y Q G N R R | G T F

*Novel mutations.
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Fig. I Muscle biopsy. (A-C) A [0-year-old patient with a double mutation, (A) Minimal fibrosis is observed in mGT section. (B)Y NADH
shows cores in type | fibres. (C) ATPase staining at pH 4.6 shows type 2 fibre deficiency, (D-F) A 3-year-old with nemaline bodies in
muscle fibres. (C) Nemaline bodies and moderate fibrosis are depicted in mGT section. (D) Fibres with nemaline bodies have high
enzymatic activity; typical central cores are noted. (E) ATPase staining with pH 4.3 pre-incubation demonstrates type 2 fibre deficiency.
Bar denotes 50 microns.
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Fig. 2 RYRI mutation map for CCD. The three mutational hot spot areas are shaded: CCD domain |- 1-17; CCD domain 2: 39-46: CCD
domain 3: 90~104, Missense mutations (closed circle) found in this study are shown at the top; previously reported mutations are indicated
at the bottomn. Open circle: recessive mutation; triangle: deletions; asterisk: mutations identified in this study but were also included in
previous reports.

characteristic: these were ovoid in shape and with clearly  No correlation was seen between clinical severity and the
demarcated borders, and were predominantdy located in percenlage of cores in fibres,

the centre of the fibres [60 = 7% (mean + SEM)]; they Some fibres show ‘atypical’ cores, characlerized by indis-
also occurred singly (98 = 4%). In addition, most of the  tnct borders and whose shapes were inexplicitly ovoid
cores (72 2 5%) in this group appeared o be ‘rimmed’ (Fig. 4E). These were seen more in non-C-terminal mutations
(Fig. 4B), which may connote high enzymatic activities  but no statistical significance was observed as compared with
around the cores on NADH-TR stain. More cores in type 1 C-terminal mutations (Fig. 3B). Like in typical core struc-
fibres were also noted (90 = 4%), but in general the  tures, these were also noted 1o be either in the centre of the
percentage of the fibres with cores varied from 3 to 100%, fibre or in the subsarcolemmal areas.
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Fig. 3 (A) Genotype~phenotype correlation {clinical). Comparison of the clinical features between the patients with a heterozygous
C-terminal mutation and those with a heterozygous non-C-terminal mutation. PFM = poor foetal movement; Rl = respiratory insufficiency;
FI = floppy infant; DMM = delayed motor milestone; JD = joint dislocation; |C = joint contracture; § = scoliosis; L = lordosis; LMW = limb
muscle weakness. *P < 0.05, Fisher's exact test. (B) Genotype~phenotype correlation {pathological). Comparison of the pathological
features between the patients with a heterozygous C-terminal mutation and those with a heterozygous non-C-terminal mutation. Note the
characteristic endomysial fibrosis and fibre type 2 deficiency in patients with C-terminal mutations {upper panel). P/S = peripheral or
subsarcolemmal. *P < 0.05, Fisher's exact test. *P < 0.05, Mann—Whitney test; SEM, standard error of means.
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Fig. 4 Muscle biopsy, (A-C) A 9-year-old patient with a mutation in C-terminal region. (A) Minimal fibrosis is seen in mGT. {B) NADH-TR
stain reveals the ‘central core’ in almost all fibres; note the ‘rimming’ of some cores (arrow). (C) Myosin ATPase staining, pH 4.4, clearly
demonstrates type 2 fibre deficiency; type 2 fibre is marked with asterisk, (D-F) A 63-year-old patient with non-C-terminal mutation,

(D) Minimal fibrosis is observed in mGT. {E) NADH shows cores but not on all type | fibres; note atypical cores (red arrow) and multiple

cores in fibres (yellow arrow). (F) ATPase at pH 4.5 shows type 2 fibres in higher frequency compared with patient with C-terminal
mutation. Bar denotes 50 microns,
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Fig. 5 Sections from patients in whom murations were not found.
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(A-C) Sections from a 36-year-old female. (A) Moderate endomysial

fibrosis is observed in mGT. (B) Cores.are seen in almost all fibres; note that cores occupy the whole diameter of fibres, and the

subsarcolemmal area surrounding the cores has high oxidative enzyme activity. (C) Type 2 fibre (asterisk) deficiency is seen in ATPase with
pH 4.4 pre-incubation. (A-C) Biopsy findings from a 35-year-old female. (D) No endomysial fibrosis is noted in mGT. (E) Cores were seen
but only in few type | fibres. (F) No fibre type 2 deficiency is observed {type 2 fibres comprised 72%). (C) Scale bar denotes 50 microns.

[n Patients 1-8, from whom muscle biopsy was performed
for CICR and cores were incidentally identified, all had non-
C-terminal heterozygous mutations.

The clinical features of patients with (wo heterozygous
mutations were more similar to those of the group with
one heterozygous C-terminal mutation. In terms of muscle
pathology, type 2 fibre deficiency was likewise seen (Table 2),
similar to mutations involving the C-terminal region. This
idea may also be buttressed by the fact that among a total of
three patients with CRD, two carried a single C-terminal
mutation, while the other had a compound heterozygous
mutation. [n terms of core pathology, however, they resemble
that of non-C-terminal mutations: the cores were seen i 14
and 49% of type | fibres in Patients 24 and 25, respectively;
and the characteristic ‘rimming’ of cores is less appreciated
(Fig. 1.

In two patients in whom no mutation was found, the cores
had peculiar features distinguishable from that seen in
patients with identifiable mutations. Particularly, in Patient
26, the cores, albeit located centrally, occupied almost the
whole diameter of the fibre, and, notably, the subsarcolemmal
arca around the cores had increased oxidative activity (Fig. 5).
‘The cares in Patient 27 were initially considered to be regular
cores but a closer look has shown that almost all the cores had
mdistinct borders; moreover, only <20% of type 1 fibres have
cores (Fig. 5). In such cases, the term ‘core-like’ may be more
appropriate to describe these structures.

Discussion

RYRI mutations in CCD

At least 44 reported RYRI mutations have been associaled
with CCD, including 39 missense mutations and 5 deletions

(Quane et al,, 1993; Zhang ct al,, 1993; Bletcher et al 1995;

.

Manning et al, 1998; Lynch er al, 1999; Monnier et al., 2000,
2001; Avila and Dirksen, 2001; Tilgen et al, 2001; Ferreiro
et al., 2002: Jungbluth et al, 2002; Robinson et al., 2002;
Sewry et al, 2002; Avila et al, 2003a; Quinlivan er al.,
2003; Zorzato et al, 2003; Shepherd et al,, 2004). All these
mutations are clustered in the three ‘hot spots’, except for
two (Fig. 2). RYRI mutations have been reported to be
responsible for 47-67% of patients suffering from CCD,
implying that the disease is genetically  heterogeneous
(Vainzof et al., 2000; Monnier et al, 2001). However, neither
the true frequency nor the distribution of CCD-causative
mutations has been accurately determined to date, since
mutation screening has been limited 1o the three ‘hot
spots’ of the RYRI, or even only to the C-terminal region,
According to in vitro studies, two RYR1-binding proteins,
FKBPI12 and CACNAIS, directly participate in or modulate
EC coupling, while EC uncoupling is thought 1o be the linch-
pin in the pathogenesis of CCD (Avila er al, 2001; Lyfenko
et al, 2004). In addition, mutations have been identified in
RYRI-binding region of CACNAIS in 1% of patients with
MH. We therefore regarded FKBPI2 and CA CNALS genes as
rational candidates for CCD.

We screened 27 Japanese patients with CCD, diagnosed on
the basis of histological findings, without putting much
emphasis on their clinical presentation as inclusjion criteria,
and found that RYRJ mutations occur n 93% (25 out of 27)
of CCD patients, which is a much higher rate than that
thought previously. The most common CCD mutation in
our cohort was ¢.14581C>T (p.R4861C). Interestingly, the
C.14582G>A (p.R48611I) mutation that affects the same
amino acid is the most common CCD mutation in European
countries, while it was identified in only one patient from
our series. Almost all reported patients bearing ¢.14582G>A
had a positive family history, but all patients carrying muta-
tion ¢.14581C>"T were sporadic in this study and also in the
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literature (Monnier et al,, 20015 Tilgen eral, 2001; Davis er al.,
2003), suggesting that the 14 581 nucleotide might be
susceplible to change.

To our knowledge, this is the first endeavour (o screen the
entire coding region of RYR] in a cohort of CCD patienits. By
screening the C-terminal region alone, we would have found
RYRI mutations only in 59% (16 out of 27) of CCD patients,
which is  consistent with detection rates in previous
reports, missing the two compound heterozygous mutations.
Even extending the mutation screening to the three ‘hot
spots’, we would have found RYR] mutations in only 67%
(18 out of 27), also missing one compound heterozygous
mutation. 1l thus becomes necessary to screen the entire
RYRI coding region in CCD palients, however impraclical
it may be owing Lo the size of the gene. Interestingly, most
of mutations outside the ‘hot spots’ were localized in
exons 47 and 48, which neighbour the central region ‘hot
spol’ (exons 39-46). Ience, mutation detection rate in
CCD patients could be increased up to 89% by including
exons 47 and 48, which may be a more practical alternative
than sequencing the entire RYR] gene. In addition, FKBPI2
and CACNAIS may not be causative genes for CCD or an
extremely rare, if they are, since there was no mutation
in FKBPI2 or in the RYRI-binding region of CACNAIS
genes.

We did not find any mutation in two patients in our
cohort, suggesting that CCD may still be genetically hetero-
geneous even though there still remains the possibility that
mutations may exist in unexamined regions, such as promo-
ter region and introns, or that we may have overlooked a
mutation. Notwithstanding this likelihood of other prob-
abilities, the pathological characteristics of these patients
arc clearly different from the rest. If these patients were
excluded from the analysis solely on the basis of the
‘uncharacteristic’ core-like structures, that is, if the inclusion
criteria used were more stringent, the detection rate of muta-
tions involving the RYRI gene will considerably and signifi-
cantly increase to 100%,

Probable autosomal recessive CCD
CCD was once thought to be inherited solely via an auto-
somal dominant mechanism, but actually rave instances of
recessive inheritance have also been identified (Manzur et al
1998; Ferreiro et al, 2002; Romero et al,, 2003).

In this study, sequencing of the entire RYR] coding regions
led to the identification of three patients (Patients 23, 24
and 25) with two heterozygous mutations. Patients 24
and 25 needed respiratory mechanical assistance after deliv-
ery, while their parents were completely healthy and without
any skeletal abnormalities. In both patients, each of the two
heterozygous mutations was, respectively, found in each of
the parents, confirming that these patients had a compound
heterozygous mutation. In Patient 25, p.R4893P affected
the third residue of a very well conserved GVRAGGGIGD
luminal _molif (amino acids p.G4891-124900) that has

3]
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been proposed 1o be a pore-forming fragment responsible
for the clectrophysiological characteristics of the channel
(Zhao er al, 1999).

The parents of Patients 23 and 25 were asymplomatic,
while they had heterozygous mutation, suggesting the reces-
sive nature of these mutations. Since CCD patients could be
clinically asymptomatic, however, we may not be able to
completely exclude the possibility that their parents could
have CCD. Nevertheless, judging from the clinical features
and the mutadon data, autosomal recessive mode of inheri-
tance is most likely in these particular patients. Patient 24 also
carried two heterozygous mutations (p.S427L in exonl3,
p.G4899E in exon 102), but further analysis was inevitably
limited by the unavailability of samples from her parents,
hampering full evaluation if this was indeed an autosomal
recessive case. The p.G4899E mutation also affected the very
well conserved GVRAGGGIGD luminal motif (G4899 under-
lined). Interestingly, this mutation has been reported in (wo
papers as a causative heterozygous mutation (Monnier et al,
2001; Romero et al., 2003); however, since only the ‘hot spots’
were screened in these studies, the presence of another muta-
tion is still possible and hence it might be impetuous to
conclude that p.G4899E mutation is a causative dominant
mutation, ‘

Genotype-phenotype correlation

In general, CCD has a wide spectrum  of phenotypic
expression, ranging from the apparent absence of symptoms
to the presence of perinatal complications and generalized
muscle weakness. Mutations in the C-terminal region seem to
be associated with certain clinical and pathological features;
hypotonia during infancy, delayed motor development and
limb muscle weakness; type 2 fibre deficiency and interstitial
fibrosis; and characteristic cores with clearly demarcated
borders, which are observed in almost all type I muscle fibres.
In addition, ‘rimming’ on the borders of these cores is
observed in much higher (requency; similarly, this phenom-
enon was also noted in the biopsy specimens of three families
determined to have mutation m domain 3 (Sewry et al,
2002). These unique features therefore delineate C-terminal
mutations from other groups, at least in terms of muscle
pathology.

In contrast, most of CCD patients harbouring at least one
mutation outside the C-terminal region had only mild
musculoskeletal abnormalities such as joint contractures
and scoliosis. This phenomenon may be explained by the
leaky-channel model and EC uncoupling model. Some
non-C-terminal mutations in RYR] promote the leak of
Ca® ions from the SR that may or may not be compensated
by the activity of the sarco-endoplasmic reticulum Ca?*
ATPase (SERCA), resulting in an elevation of resting cytosolic
Ca** and a depletion of SR (a2 stores. On the other hand,
C-terminal mutations, especially those in the pore region of
RYRI, may directly affect the channel galing propertics,
resulling in an abolition of orthograde activation by the
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voltage-gated L-type Ca®* channel or, in other words, EC
uncoupling. However, there is no compensatory mechanism
to increase Ca®* release as SERCA pumps do in the leaky
model (Tong et al,, 1999; Avila er al., 2001, 20034, Lyfenko
ct al,, 2004). This may explain why C-terminal mutations are
associated with clinically evident muscle weakness,

Interestingly, all patients with enhanced CICR had a non-
C-terminal heterozygous mutation. Although we did not
measure CICR in patients with C-terminal mutations, our
results may suggest that majority of CCD patients with MH
susceptibility might have a non-C-terminal mutation, con-
sidering the facts that no patient with C-terminal mutation
had a family history of MH susceptibility, and that one
C-terminal mutation, p.14898T, has been associated with
normal halothane and caffeine sensitivities by an in vitro
study (Lynch et al, 1999). In a recent study made by
Monnier et al (2005), where individuals from TVCT-
confirmed MH-susceptible families have been screened for
RYRI mutations and CCD, some MH-normal patients had
cores in type 1 fibres albeit the absence of mutation. It would
thus be interesting to screen the whole RYR1 in these patients,
as only selected exons were included for genetic screening, In
our study, however, we definitely cannot assume that patients
with C-terminal mutations may have normal CICR test, as
further evaluations are necessary. Furthermore, in only such
patients, multiple cores were seen in additon to central cores,
Thus, non-C-terminal heterozygous mutations may be more
dssociated with multiple cores and MH susceptibility,
although the number of patients is too small to enable us
to draw a conclusion. Previous reports have asserted that
exclusive MI{ susceptible patients have mutations in the
C-terminal region, but there is only limited study on
the histopathological evaluation of these patients, revealing
the presence of cores; it is also important to  stress
that these cores are rather not characteristic of CCD
(Ibarra et al, 2006).

We have shown that the muscle pathology on the patients
may differ among those with: C-terminal mutations and those
with mutations outside this area. Cores, MOICOver, were not
only located in the centre of the muscle fibres but also in
subsarcolemmal or peripheral areas, and atypical cores can
also be seen in such cases, indicating that the possibility of
RYRI mutation cannot be excluded in patients with such
atypical cores. Here, atypical cores of CCD were sill di fferent
from the cores of MmD, for most of the cores were clearly
demarcated and only some fibres appeared to have more than
one core; nevertheless, histological, clinical, genetic features
and mode of inheritance overlap between CCD and MmD,
making the boundary of these two diseases blurred (Lyfenko
et al,, 2004; Mathews et al., 2004). Patients 24 and 25, who
possessed double mutations, had pathology akin to charac-
teristics of both C- and non-C-terminal mutations: lype 2
fibre deficiency is seen, and cores are rather atypical and are
only seen in moderate number on type 1 fibres. This may, in
part, be explained by the fact that these patients carry muta-
tions in and outside the C-terminal region,
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In the past, we may have been biased in interpreting the
phenotype-genotype correlation between CCD and RYRJ
mutations, since mutation screening had been limited to
the ‘hot spots’. Quane et al. (1993} claimed that various
phenotypes could be observed even among patients with
the same mutation. However, their patients may have had
a compound heterozygous mutation and one of the muta-
tions may have been overlooked. In fact, if we had just
screened the RYRI C-terminal region of patients with two
heterozygous mutations (Patients 24 and 25), we would have
found only one mutation, giving an impression of remarkable
phenotypic difference between the patients and their healthy
parents, regardless of the presence of the same ‘heterozygous’
mutation, ‘

In summary, our comprehensive mutation screening
revealed a surprisingly higher detection rate of RYRI muta-
tions in CCD patients than that revealed in previous reports,
which accounts for >909% of the cases. Qur results also suggest
the possibility that many RYRI mutations may have been
overlooked by the regularly used screening methods that
cover only three ‘hot spots’. At least, exons 47 and 48 sh ould
be included into the hot spot screening if a comprehensive
mutation analysis of RYRI is not feasible, In terms of muscle
pathology, patients with mutations involving the C-terminal
region have characteristic cores that can be easily distin-
guished from those with mutations outside this domain,
and also from those patients without mutation in the
RYRI. Needless to say, the pathomechanism of how these
cores develop still remains to be elucidated,
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Distal myopathy with rimmed vacuoles (DMRYV) or hereditary inclusion myopathy (h-IBM) is an early

- adult-onset distal myopathy caused by mutations in the UDP-N-acetylglucosamine 2-epimerase/

N-acetylmannosamine kinase (GNE) gene which encodes for a bifunctional enzyme involved in sialic acid
biosynthesis. It is pathologically characterized by the presence of rimmed vacuoles especially in atrophic
fibers, which also occasionally contain congophilic materials that are immunoreactive to B-amyloid, lysoso-
mal proteins, ubiquitin and tau proteins. To elucidate the pathomechanism of this myopathy and to explore
the treatment options, we generated a mouse model of DMRV/h-IBM. We knocked out the Gne gene in the
mouse, but this resulted in embryonic lethality, We therefore generated a transgenic mouse that expressed
the human GNEV572L mutation, which is the most prevalent among Japanese DMRV patients, and crossed
this with Gne*’~) mouse to obtain Gne'~ “hGNEV572L-Tg. Interestingly, these mice exhibit marked hyposia-
lylation in serum, muscle and other organs. Reduction in motor performance in these mice can only be seen
from 30 weeks of age. A compelling finding is the development of g-amyloid deposition in myofibers by 32
weeks, which clearly precedes rimmed vacuole formation at 42 weeks. These results show that the Gnel~/~)
hGNEV572L-Tg mouse mimics the clinical, histopathological and biochemical features of DMRV/h-IBM,

pathomechanism of DMRV/h-IBM.

INTRODUCTION : DMRV/h-IBM is characterized by preferential involvement

of the distal muscles of lower extremities especially the tibialis
Distal myopathy with rimmed vacuoles (DMRV)isanautosomal  anterior muscles, with relative sparing of the quadriceps,
recessive myopathy which was originally reported by Nonaka hence the term ‘quadriceps-sparing’ rimmed vacuolar myopa-
et al., (1) thus it is also known as Nonaka myopathy. It is the  thy (2). Other muscles are involved as well, especially late in
same entity with hereditary inclusion body myopathy (h-IBM), the course of the disease (3). Serum creatine kinase (CK) level
which was initially reported among Iranian Jews (2). DMRV/ is normal or mildly elevated. The characteristic finding on
h-IBM usually starts affecting adults from ages 15 to 40 years muscle biopsy is the presence of rimmed vacuoles (RVs),
with an average onset of 26 years and with an initial symptom  which are actually empty spaces surrounded by aggregation
of altered gait (1). It is gradually progressive, and patients  of autophagic vacuoles, These RVs occasionally contain con-
become wheelchair-bound between 26 and 57 years of age, or  gophilic materials that are immunoreactive to various proteins,
about an average of 12 years after the onset of symptoms (3). including amyloid B, phosphorylated tau, ubiquitin and
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a-synuclein. Necrotic and regenerating fibers and areas of
inflammation are uncommon but can be seen. Ultrastructu-
rally, filamentous inclusions measuring 18-20 nm in diameter
are seen in both the cytoplasm and nucleus (3), in addition to
the presence of autophagy and various inclusions,
DMRV/h-IBM was mapped to chromosome 9 {4,5), and
was shown to be associated with mutations in the GNE gene
(6,7), which encodes for a bifunctional enzyme that catalyzes
the rate-limiting step in sialic acid biosynthesis (8). All
patients acquire the disease by autosomal recessive pattern,
and have at least one missense mutation in one allele, includ-
ing the most common mutations V5721 and M712T among
Japanese and Iranian Jews, respectively. No patient with
homozygous null mutation was identified. Genetically con-
firmed DMRV/h-IBM diseases, initially recognized among
Japanese and Iranian Jews (6,9-11), appear to afflict patients
with diverse nationalities and cultural backgrounds (12-16).
The mechanism by which mutations in the GNE lead to the
phenotype in DMRV/h-IBM has remained unclear. We pre-
viously demonstrated that mutations in the GNE led to the
reduction in either the UDP-GlcNAc 2-epimerase or
ManNAc kinase activity (17); moreover, we have shown
that myotubes from DMRYV patients are hyposialylated, and
this phenomenon can be corrected by the addition of free
sialic acid and/or its precursor. Other groups have shown

WT alleles, respectively,

similar results regarding GNE activity, but in contrast, they
suggested that only the cells derived from a patient carrying
a homozygous epimerase mutation had a significant reduction
in the overall membrane-bound sialic acid (18), and that GNE
mutations may not contribute to alteration in sialylation in
h-IBM myoblasts (19). To address these issues, we developed
a mouse model for the disease. In this article, we present the
first DMRV/h-IBM mouse model that expressed only the
mutated human GNE and show that this mouse evidently dis-
plays features of DMRV/h-IBM seen in human patients.

RESULTS
Production of Gne("/")hGNEVS72L-Tg

In Figure 1, the genomic configuration of the Gne gene (A)
and the targeting construct (B) are shown. The inserted Neo
cassette replaced the 1.4 kb upstream of exon 3, exon 3 and
1.4 kb downstream of exon 3. Only WT and Gne™™) mijce
were generated; no Gre'™"™) mouse was produced (data not
shown), in concurrence with a previous report (20). We then
proceeded to generate a transgenic mouse (hGNEV 572L-Tg)
that expressed the human mutated GNE with V5721, the
most common GNE mutation in Japan, the structure of
which is shown in Figure 1D. Of the resulting litters, nine
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Figure 2. Expression of hGNEV572L (closed bars) and endogenous Gre
(open bars) relative to Gapdh. Log-values were used for computation of
ratio. Highest expression of hGNEVST2L is seen in skeletal and cardiac
muscles, followed by heart, kidney, brain, liver and spleen.

mice were found to incorporate the hGNEV572L by PCR
analysis of genomic DNA isolated from tail snips, but only
four lines were able to generate offspring. Using quantitative
RT-PCR, we quantified mRNA expression of hGNEVS572L
and endogenous Grne in muscle and other organs of these
transgenic mice. Transgene expression was highest in the
skeletal muscle, followed by heart, kidney, brain, spleen and
liver (Fig. 2), while endogenous Gne expression was
barely detected. We also determined the copy number using
quantitative PCR by comparing the amplification of
hGNEVS72L with endogenous Gne.. We calculated the copy
numbers for lines 3, 6, 7 and 9 as 2, 4, 3 and 5, respectively.
Consequently, we used this transgenic line 9 for producing the
mode} mouse.

We crossed the hGNEV572L transgenic mouse with a
Gne™™) to obtain a Gue™’ _)hGNEV572L-Tg. Further, we
crossed this Gne™' ) hGNEVS572L-Tg with a Gre™ ™) to gen-
erate our model mouse, a transgenic mouse on a Gre knockout
background, Gne'™’ _)hGNEV572L-Tg. Analysis of 823
newbom mice from independent heterozygous crosses indi-
cated that the numbers of mice with the five genotypes,
Gne™ " WGNEVST2L-Tg (+), Gne™'hGNEVS72L-Tg(+),
Gne™' OhGNEV572L-Tg(-), Gne ™" hGNEVST2L-Tg(+)
and Gne"""PhGNEVST2L-Tg(-) were 72 (9%), 225 (28%),
193 (24%), 177 (22%) and 136 (17%), respectively, almost
approximating the expected ratio of Mendelian inheritance.
Mice of the latter four genotypes did not demonstrate
unusual phenotype, and thus were considered as contro] litter-
mates. Images for routine PCR for checking Gne genotype and
the incorporation of the human GNEV572L are shown in
Figure 1E, with the corresponding PCR fragments illustrated
in A, C and D. :

Hyposialylation is evident in the Gre(™’ _)hGNEV572L—Tg

Understandably, mutations in the GNE can affect sialylation of
glycoconjugates because of the gene’s role in sialic acid syn-
thesis. We therefore measured the sialic acid levels in the
Gne'™""hGNEVS 72L-Tg mice using HPLC with fluorometric
detection. In wild-type (WT) mice, sialic acid levels are
highest in the brain, followed by the liver, spleen and
kidney (Fig. 3B, open boxes). In both skeletal and cardiac
muscles, sialic acid levels are evidently lower than in other
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tissues, As we have expected, the total sialic acid in the
Gne(_l“)hGNEV572L~Tg mice is remarkably lower than
WT. This hyposialylation is most remarkable in the serum
(Fig. 3A). A significant reduction in total sialic acid level is
seen in various tissues examined (Fig. 3B, closed boxes).
We also measured sialic acid level in the hGNEVS572L-Tg
and noted that sialic acid levels are comparable with WT
mice (Fig. 3B, gray boxes), although the transgenic expression
was extremely higher than endogenous GNE.

Gne('/")hGNEV572L-Tg has lower median of survival
than littermate

The Gne("/")hGNEV572L-Tg mice were indistinguishable
from their littermates at birth and seemed healthy (Fig. 4A
and B). After 30 weeks of age, these mice weighed less than
their littermates (Fig. 4). Significant difference.in weight is
more pronounced and earlier in female Gpel/™)
hGNEVST72L-Tg (Fig. 4C) mice when compared with male
(Fig. 4D). To investigate plausible explanations for this differ-
ence in weight, we performed gross inspection of the muscles,
and found out that some muscles, especially the gastro-
cnemius, were atrophic in the Gnel™’ ”)hGNEV572L-Tg
when compared with control (Fig. 4E and F), and this
finding was more remarkable among females (Fig. 4E).

Surprisingly, the median survival rate were lower in the
Gne'™’ _)hGNEV572L-Tg as seen in Figure 4B. The cause
of death could not be ascertained, but upon necropsy, no exter-
nal gross abnormalities were seen and the internal organs
appeared normal. On pathological examination, five out of
12 (41%) mice that died had RVs in the skeletal muscle;
among these five mice, only one was before 40 weeks of
age. Twenty five percent had fibrosis and a few RVs in the dia-
phragm. Thirty-three percent had fibrosis in the cardiac
muscles.

Gne'~"hGNEV5721-Tg shows clinical phenotype

Using a tool for assessing general muscle strength, these mice
notably performed worse than their littermates (Fig. 5A).
Interestingly, significant change in muscle power is noted
after 30 weeks of age. We then proceeded to measure serum
CK activity in the mice and found out that CK was signifi-
cantly elevated in the G}ze(_/")hGNEV572L-Tg mice when
compared with their littermates (Fig. 5B), albeit the obser-
vation that these values are much lower when compared
with muscular dystrophy models like Large™* and Sgeb=/7)
mice (data not shown). Because the appearance of phenotype
seemed to be related to age, we measured CK activity accord-
ing to different age groups. From Figure 5C, we note that

- elevation of CK activity starts at 30 weeks of age. Using gel

electrophoresis, we verified that CK-MM isozyme was primar-
ily increased (data not shown).

Gne™’ _)hGNEV5721-Tg shows characteristic pathological
features of DMRV

We checked if the Gne™’ “)hGNEV572L—Tg mice showed
muscle phenotype not only by the analysis of muscle power
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Figure 3. Measurement of total sialic acid in serum (A) and tissues (B) in Gne('/")hGNEV572L—Tg (closed bars), WT (open bars) and hGNEVS72L-Tg (gray
bars); bars represent mean total sialic acid level with SD. Breakdown of sialic acid contents according to standards used (NeuSAc and Neu5Gc) are shown below,
Sialic acid levels of WT and hGNEV 572L-Tg are comparable. Note the reduction of sialic acid levels in the serum and tissues of the Gne(™’ ~)hGNEV572L-Tg
mice. Single asterisk, P < 0.05; double asterisks, P < 0.005.

A '1300 but also by evaluating biopsy samples in five different age
. groups (10, 20, 30, 40 and 50 weeks). Morphometric analysis

et of the fibers in different age groups showed that the variation

5 .‘._.""\.\H in fiber size becomes more marked with age, preferentially

" affecting the gastrocnemius and quadriceps muscles (data

not shown); for this reason, we used the gastrocnemius

onthonevorang e m e e muscle in further experiments. We found that at young age,

Ag {(wawka)

) they developed neither clinical nor pathological phenotype,
Cc D as they were comparable with WT. Figure 6A, D and G
shows  representative  sections from the Gnet™/'™)
hGNEVST2L-Tg mice per age group. Histopathological analy-
sis revealed almost normal findings in the muscle sections
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i w0 before 30 weeks of age (data not shown). In general, necrotic
and regenerating processes are not observed in the young

[T e — T — mice, although a few necrotic fibers are observed as they
Fe riek) Aos burat) grow older. No endomysial or perimysial inflammation is

seen,

Scattered small angular fibers are noted by 30 weeks of
age (Fig. 6A), which is not seen in the littermates (Fig. 6B
and C). The variation in fiber size becomes more noticeable
as the mice grow older. In addition, fibers appear atrophic by
40 weeks of age, in support with the observation that the gas-
trocnemius muscle is relatively atrophic by gross inspection.
Remarkably after 40 weeks, RVs are seen in scattered fibers
(arrows in Fig. 6D and G). Occasionally, inclusion bodies are

found in the fibers with or without RVs (arr i
Figure . Overall phenotype of the Grie‘™'~hGNEVS72L-Tg mice. (4) Picture Fig. 7A and B). Like in I r without RVs (arrowhead in
of WT (up) and Gre'™"hGNEV572L-Tg (down) at 16 weeks of age, (B) Sur-  T1& and B). Like in lumans, these RVs are Intensely
vival curve of mice: WT (open squares, n = 71 for males and females), Gne"/~)  stained with acid phosphatase, giving the impression that

hGNEVST72L-Tg mice (closed squares, # = 71 for males and females). Gre(=/~) autophagic process is activated (Fig. 7C). We confirmed

hGNEV572L-Tg mice have significantly reduced life spans when compared with this by checking the expression of lysosorna]-associ ated pro-
WT mice (log-rank test: P = 0.001). (C) Growth curves of female: WT (open

. o .
squares, »n =10 per age group), Gne(_l")hGNEV572L-Tg mice (closed tellr.ls (LAMPS) I and 2, and LCJ. mn 4n1L1501.e sections, _all of
squares, 1= 10 per age group) (D) Growth curves of male mice: WT (open w.nc.h are uplbe.gullated. LAMP-1 is predominantly expressed
squares, # =10 per age group), Gne(—/_)hGNEV572L-Tg (closed squares, Within the vicinity of RVs (Flg. 7E). LAMP—Z, on the

#n=10 per age group). Gne'™ " hGNEVS72L-Tg mice have lower body  other hand, noticeably is also expressed in the subsarcolem-
weight after 30 weeks of age, and this is more pronounced in females; asterisk

denotes P < 0.05, Mann~Whitney U test. Gastrocnemius muscles of female (E) nr]ﬁl alsgs aig% ﬁ.0m its .local.lz.atlon. n lthe aleg Olf 3VS
and male (F) mice: Gne('/")hGNEV572L-Tg (left) and littermate (right). (Fig. )- lmmunoleac_twny 15 aAmosF §1m1 al_ to
Atrophy is noted on gross inspection of hGNEVS72L-Tg gastrocnemins LAMP-2, except that the perinuclear region 1s also high-
muscles; bar represents 5 mm. lighted (Fig. 7QG).






