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Fig. 1. Cardiac and skeletal muscle phenotypes of zac mutants. Embryos from the wild~
type (A, C, E, G, 1, K) and zac mutants (B. D, F. H, ] L}. (A, B} Ventricular enlargement in
zac mutants. Frontal views at stage 28. Dorsal is to the top. Blood cell accumulation in
the ventricle (B, arrowhead} and cardiac edema (B, arrows) are visible. a; atrium, v;
ventricie {C, D} Hematoxylin and eosin staining of a sagittal section of heart at stage
27. Rostral is to the left. Only the myocardial wall has a rupture (D, asterisk}. Scale
bar: 20 um in “C." (E, F} Whole view from the lateral side at stage 32. zac mutants
show bedy curvature. (G-J) Birefringence of skeletal muscle at stage 32 (G, H) and
stage 34 (I, ]). Rostral is to the left. zac mutant shows patchy birefringence at stage
32 and overall reduction in birefringence at stage 34. (K, L) Masson trichrome staining
of horizontal sections at stage 32, Rostral is to the right. Striated patterns of sarcomeres
can be seen in many muscie cells, but some myofibers have severely degenerated in the
zac mutants. Scale bar in “K”: 20 pm.

After hatching, zac mutants were not able to swim normally, and they
died around 14 days post-fertilization. These phenotypes indicate
that the zac mutation affected both cardiac and skeletal muscles.

Nensense mutation in flnc in zac mutants

We performed positional cloning to identify the responsible gene
in zac mutants. By using sequence-tagged site (STS) markers (Kimura
et al., 2004), we mapped the zac gene to the marker MFO155A047D04
on the medaka linkage group 6 (Fig. 2A). We searched the expressed
sequence tag (EST) markers around the MFO1S5A047D04, and found
zero and 2 independent recombinants by using AU171271 and
O1b2110h, respectively. Therefore, the zac gene was placed in the vi-
cinity of AU171271 between MFO1SSA047D04 and O[b2110h
(Fig. 2A). We further performed fine mapping by utilizing an addi-
tional marker, histidine ammeonia-lyase {(HAL), which gave 1 recom-
binant and narrowed down the zac locus. We also found zero
recombinants by using another marker, the potassium voltage-gated
channel, Shal-related subfamily, member 2 {KCND2). Though the ge-
nomic sequence encompassing the zac locus contained several open
reading frames (ORFs), one of them encoded a protein highly homol-
ogous to human filamin C, a cardiac and skeletal muscle-specific iso-
form of the filamin family.
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Fig. 2. Positional cloning of zac gene (A} Map of the genomic region containing the zac
gene. The zac locus is mapped on the medaka linkage group (LG) 6 by using M-
markers, and fInc is located in the candidate region. HAL, histidine ammonia-lyase
and KCND2, potassium voltage-gated channel, Shal-related subfamily, member 2. Re-

combination frequencies for the respective markers are shown below. (B} Schematic
drawings of filamin C protein in wild-type and zac mutant, The actin-binding domain
(ABD} is located at N-terminal followed by 24 repeats of filamin domains. The red re-
gion between the 2nd and 3rd repeats indicates the unique splicing variation in meda-
ka fish. The green hox between the repeats 19th and 20th is a unique sequence in
filamin C members. There is only one hinge sequence between the repeat 23rd and
24th in the medaka filamin C. (C) Chromatogram of the cDNA sequence confaining a
nonsense mutation from A to T in a coding region of flnc {arrow). (D) Linkage of zac
mutation with flnc as shown by ailele-specific genotyping PCR. WT indicates phenotyp-
ically wild-type embryos, so some are genotypicaily heterozygotes revealing both WT
and zac alleles’ PCR products and others are genotypically wild-type having WT allele's
PCR product only. All zac mutants are genotypically homozygotes, which show the zac
allele’s PCR products only.

The sequence analysis revealed that the medaka flnc had a high
degree of homology (approximately 77% amino acid identity) to the
human FLNC {Supplementary Fig. 1). The overall structure of medaka
filamin C consisted of the actin-binding domain (ABD) and 24
immunoglobulin-like repeats with a hinge region between the 23rd
and the 24th repeats (Fig. 2B). Although there was no spacer region be-
tween the 15th and the 16th repeats, as found in chicken Flnc/cgABP260
(Ohashi et al, 2005} and in some human FLNCs (Supplementary Fig. 1),
the medaka flic had a C-isotype-specific insertion sequence between
the 19th and the 20th repeats {green box in Fig. 2B; blue underline in
Supplementary Fig. 1}, which is also seen in mouse Finc (Dalkilic et al,
2006). We also found a novel splicing variation of an additional 39
amino acids between the 2nd and 3rd repeats {red box in Fig. 2B}.

We sequenced the entire coding sequence of medaka flnc from the
zac mutant and the wild-type sibling alleles and found that the zac mu-
tant had a nucleotide substitution from A to T at the first base of codon
1680 {Fig. 2C; AAA to TAA). As a result, this mutation changed the ly-
sine residue fo a stop codon {K1680X), causing premature termination
in the 15th immunoglobulin-like repeat. This mutation was detected
with 100% identity by PCR using allele-specific primers (Fig. 2D).

in the medaka genome database from Ensembl, there is one more
filamin C ortholog, which is notated as FLNC (2 of 2). This predicted
gene is located mostly in the ultracontig278 and partiaily in the scaf-
f0ld698_contig104802. To find the possibility of functional contribu-
tion, we examined the sequence similarity of this gene compared to
the human filamin C and the medaka filamin C investigated in this
study {Supplementary Fig. 2). FLNC (2 of 2} is described as "ol filamin
¢ #3” in this figure. The FLNC (2 of 2) contains 16 filamin-repeats
from 9th to 24th repeat of the regular filamin C, and has one hinge re-
gion between 23rd and 24th repeat. About three fourth of filamin C-
specific region (UR) is pulled out and N-terminal domains of the
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actin binding domain and 1-8th repeats are missing. Although the
entire sequence is well conserved and the feature of having single
hinge represents filamin C, the lack of N-terminal domains is critical.
This gene might be termed as “ol flnc 9-24" {Stossel et al., 2001) and
functional redundancy would not be expected as for filamin C.

mRNA expression of finc is markedly reduced in zac mutants

The pattern of flnc expression was analyzed by whole-mount RNA
in situ hybridization. flnc expression was first evident in somites and
at the rostral tip of notochord at the onset of somitogenesis. Subse-
quently, by the 6-somite stage, the expression of flnc was detected
in the cardiac precursor cells in the anterior lateral-plate mesoderm
(Fig. 3A). After migration of the myocardial precursor cells towards
the midline, the expression of flnc was detected in both the atrium
and ventricle (Fig. 3C). These expressions of flnc in the somites, the
rostral tip of the notochord, and the cardiac muscles continued in
subsequent stages (Fig. 3E). At later stages, additional expression
was seen in the muscles of the pectoral fin joint and head (data not
shown). Aithough the pattern of expression of finc did not differ be-
tween the wild-type and zac mutants, the level of expression was re-
duced in the latter (Figs. 3B, D, F).

To further identify whether this lower expression of flnc in zac
mutants was caused by the transcriptional down-regulation or nof,

Fig. 3. Expressions of medaka flnc in notochord and cardiac and skeletal muscles. Wild-
type (A, C, E, G} and zac mutant embryos (B, D, F. H}. (A-F} Whole-mount RNA in situ
hybridization analysis of flnc expression at stage 22 (A, B} and stage 27 {C-F). Dorsal
views {A-D) and lateral views (E, F). Rostrai is to the left. flnc expression is seen in bi-
lateral cardiac precursor cells (h), somites (s}, and the anterior tip of the notochord
{arrow). Both atrium (a) and ventricle {v) express flnc. Note that flnc mRNA expression
is reduced in zac embryos (B, D, F). (G, H) flnc expression visualized in the flnc promot-
er transgenic medaka at stage 26. Dorsal views of the trunk. Rostral is to the feft. The
level of EGFP expression is not decreased in zac mutants, demonstrating that the de-
crease in the flac mRNAs may be due to instability of mutated flnc mRNAs, Yellow
and red brackets indicate somites and notochord, respectively. {1, ]} Phenocopy by in-
jection of MO. Stage 28, Head frontal views. Dorsal is to the top. Embryos injected
with the control MO show the normal appearance {1}, However, embryos injected
with finc-MO show the cardiac rupture in the ventricle (}: arrowhead) and edema {f:
arrows). Scale bars: 100 pm in “A”, 50 um in “C" and 200 ym in *1",

we generated a transgenic medaka line expressing EGFP under the
regulation of a 3 kb-flnc promoter. Both in the wild-type and zac mu-
tants, the EGFP transgene was expressed at a similar level (Figs. 3G,
H), demonstrating that the transcription of the flic gene was not af-
fected by the zac mutation. Moreover, the reduced mRNA expression
of flnc in zac mutants was detected before the appearance of abnor-
mal cardiac and muscular phenotypes (Figs. 3A, B), suggesting that
the reduction was not caused by any morphological effect in the zac
mutants. Taken together, these results suggest that the apparently
lower expression of finc in zac mutants may have been due to the in-
stability of the mutated mRNAs, as often observed in other cases
(Baker and Parker, 2004).

To confirm whether the defect in flnc was sufficient to cause the
zac phenotype, we used morpholino antisense oligonucleotides
{MO) targeting the translation of flnc. When the MO was injected at
a dose of 400 1M, 13% of the injected embryos displayed a zac-like
cardiac phenotype including the myocardial ruptures (n=94;
Figs. 31, J). In contrast to the heart phenotype, we did not observe
an abnormal phenotype in the skeletal muscles of the MO-injected
embryos. It appears that the MO may have required a longer time be-
fore producing the skeletal muscle phenotype, but the effect of MO
might not have been strong enough to affect the skeletal muscles.
We tested higher concentrations of MO (500-1000 pM); however,
the overall shape of the injected embryos was severely deformed.

zac mutation affects the maintenance of the muscle structure rather than
its formation

Since the expression of flnc in medaka embryos was detected in
the early stage of development {see Fig. 3), we investigated whether
the zac mutation affected the differentiation of cardiac or skeletal
muscle cells by examining the expression of various differentiation
marker genes. The expression patterns and levels of cardiac differen-
tiation markers, such as nkx 2.5, thx5a, des, cmlc2, and vmhc, were not
changed in zac hearts at stage 27 (Figs. 4A, B: cmic2, C, D: des, the data
for nkx 2.5, thx5a, and vimhc are not shown). The expressions of mus-
cle differentiation markers such as myoD, myf5, and des were also nor-
mal in the trunk and tail up to stage 30 (Figs. 4E~H). These results
suggest that the early differentiation of cardiac and skeletal muscle
cells was not affected in the zac mutants.

Fig. 4. Expressions of differentiation marker genes in cardiac and skeletal muscle devel-
opment (A-D}. Whole-mount RNA in situ hybridization for the expression of cardio-
myocyte markers, e, cnile2 (A B} and des (€, D) at stage 27. Wild-type (A, €) and
zac oustants (B, D). Dorsal view (A, B} and ventral view {C, D) are shown. Rostral is
to the top. Differentiation of cardiomyocytes looks normal. A rupture of the myocardi-
um in the zac ventricle is indicated by the asterisk, a: atrium and v; ventricle {E-H)
Whole-mount RNA in situ hybridization for the expression of muscle markers my/5
{E, F) and myoD (G, H) at stage 27. Wild-type (E. G) and zac mutants {F. H). Lateral
views. Head is to the left. Both genes show normal expression patterns in the zac mu-
tant. Scale bars: 20 pm in “A” and 200 um in “E".
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It has been demonstrated that filamin C protein is localized at the
myotendinous junction, Z-disks, and sarcolemma in skeletal muscle
fibers, and in the intercalated disks of cardiomyocytes in
mammalian and avian hearts (Ohashi et al., 2005; Thompson et al,,
2000; van der Ven et al. 20002). To determine the subceliular
localization of filamin C protein in medaka, we performed
immunoestaining with a filamin C-specific antibody. In the medaka
heart, filamin C was localized at cell-cell contact sites between the
cardiomyocytes (Fig. 5A}). In skeletal muscle, the most abundant
expression of filamin € was detected at the junction area where the
ends of the muscle fibers attached to the myosepta (Fig. 5B}, corre-
sponding to the myotendinous junction (MT]) in mammals (Summers
and Koob, 2002). Filamin C was also localized at the sarcolemma
(Figs. 5C-E} and Z-disks (Figs. 5F-H). These results suggest that the
localization of filamin C protein is conserved among fish, avians, and
mammals.

To examine the effect of filamin C-deficiency on muscle cells, we
analyzed zac mutants by using a scanning electron microscope
(SEM). At stage 27, cardiomyocytes in the zac mutant ventricle were
not well-ordered ones and had a rougher surface with a number of
lamellipodia- and filopodia-like structures (Figs. 6B, D) compared
with those in the wild-type heart (Figs. 6A, C), although there was
no significant difference in the atrium. These changes were more ev-
ident after the onset of blood circulation. Transmission electron mi-
croscopic {TEM) analysis of the wild-type heart revealed that
organized myofibrils ran along the inner surface side of the cardio-
myocytes with the nuclei being located at the outer surface side
(Fig. 6E). In contrast, the cytoplasmic structure and subcellular local-
ization of nuclei were severely disorganized in the zac mutant
(Fig. 6F). Although myofibrils were present even after the rupture of
the heart, which is consistent with the fact that the zac heart was
able to contract, it is also important to note that fewer sarcomere

vinculin

Fig. 5. Subceliular localization of filamin C protein in heart and skeletal muscies. Immu-
nofluorescence staining of filamin C protein in the wild-type embryos. Filamin Cis lo-
calized at cell-celi contact sites in the heart at stage 32 (A}, in the junctional area
where the ends of muscle fibers attach to the myosepta (corresponding to myotendi-
nous junction) at stage 32 (B}, and in the sarcolemma (C. arrows and merge in "E"},
and Z-disks (F and merge in “H") at stage 40. {C-E} Double staining of filamin C ((),
vinculin (D), and their merged image (E). (F-H} Double staining of filamin C (F}. -
actinin {G), and their merged image (H). {B-H) Rostral is to the left, Lateral view,
Scale bar: 20 um in “A” and “B”, 2w in “C” and 4 ym in “F",

Fig. 6. Ultrastructure of cardiomyocytes. Embryos from the wild-type (A, C, E, G) and
zac mutants (B, D, F, H). (A-D) Scanning electron microscopic analysis of heart tube
at stage 27. Ventral views. Rostral is to the right. “C" and “D" are high magnifications
of the boxed area in “A” and “B". respectively. Cardiomyocytes around the rupture (as-
terisk) in the zac heart show a rough and irregular cell surface. a; atrium and v; ventri-
cle. (E-H} Transmission electron microscopic analysis of cardiomyocytes at stage 27.
(E, F) Outer surface of the heart tube is to the top. Cardiomyocytes in zac mutants
show an abnormal subcellular organization. {G, H} Ultrastructure of intercalated
disks at stage 29. Fewer sarcomere bundles are connected to the intercalated disks in
zac mutants {H, arrowhead) compared with their number in the wild-type (G) at
stage 29. Large vacuoles are frequently observed in the zac mutants (H. arrow). Scale
bar: 20 gm in “A”, 10 um in “C", 2 pm in “E” and 1 ym in “G™.

bundles were attached to the intercalated disks in the zac mutants
(Figs. 6G, H). Large vacuoles, which contained no sarcoplasmic or
membranous materials, were observed in zac cardiomyocytes
(Fig, 6H). The muscle sarcomere is the important structure for estab-
lishing cell-cell adhesion at the intercalated disk between the myo-
cardial cells. Our observations suggest that the zac mutation may
have interfered with the formation and/or maintenance of the sarco-
mere structures in the myocardium and that weakened cell-cell ad-
hesion might have resulted in the rupture frequently seen in the
ventricle, which is supposed to resist high contraction pressure.
Skeletal muscle was also analyzed by TEM. Although flnc was
expressed from the onset of somitogenesis, the sarcomere structures
in the zac mutants were normally formed in most of the skeletal mus-
cle fibers and maintained even at stage 30 (Figs. 7A, B). Only in some
somites of zac mutants had myofibrils degenerated at MT]s at stage
32 (Figs. 7C-F). In addition, focal disorganization of the sarcomere
structure was observed in zac mutants. In the disorganized area, Z-
disks were {aint or totally missing {Figs. 7G, H). Many large vacuoles
were also observed in zac skeletal muscle (Figs. 71, ). The
sarcolemma was frequently detached from the myofibrils, and
dilated sarcoplasmic reticula occupied the space between them, in
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the zac muscle at stage 36 (Figs. 7K, L). These results suggest that
filamin C may have contributed to the stabilization of myofibrils at
the MT], maintenance of the Z-disk structures, and attachment of
myofibrils fo sarcolemma rather than be involved in myofibril
formation.

Reduction in amount of y-actin at MTJs

Filamins crosslink actin filaments, and link them to cellular mem-
brane by binding to the transmembrane proteins (Stossel et al.,
2001). Filamin C interacts with {31-integrin (Gontier et al., 2005; Loo
et al, 1998} and &/y-sarcoglycans {Thompson et al,, 2000), the com-
ponents of the DGC. Both complexes are concentrated at MTJs, and
have an important role to link subsarcolemmal vy-actin filaments to
the ECM in mammals. Since muscle fibers at the MTjs were affected
in zac mutants, we evaluated the effect of the zac mutation on the lo-
calization of the proteins involved in this linkage system. Since we did
not find any antibodies crossreactive with medaka &/v-sarcoglycans,
we assessed the sarcoglycan complex by using antibodies against (3-
sarcoglycan {3-SG). It is known that the entire sarcoglycan complex,
containing a-, (>, <y-, and &-sarcoglycans, becomes destabilized,
resulting in decreased localization at the sarcolemma, when any one
of its components is disrupted in mammals or zebrafish (Guyon et
al., 2005; Mizuno et al., 1994). Similar to the filamin C, integrin p1D,
3-sarcoglycan (P-SG), and v-actin were accumulated at the MT] in
the wild-type medaka (Fig. 8, upper panels). Although the expres-
sions of integrin 31D and B-sarcoglycan were not altered in the zac
mutants, y-actin was markedly reduced at their MT]s (Fig. 8, lower
panels}. We also analyzed {>-dystroglycan and dystrophin (other
components of the DGC) and the phosphorylated forms of FAK and
paxiliin (downstream molecules of integrin signaling). The results
revealed that these molecules were also accumulated at MTJs with
no obvious difference in signals between the wild-type and zac mu-
tants (data not shown). Since the filamin C is also localized at Z-
disks (see Figs. 5F-H), we examined whether the filamin C mutation
primarily affected the formation of Z-disks. Double immunostaining
of y-actin and «-actinin revealed that at stage 32 when +y-actin was
already altered (Supplementary Fig. 3, upper panels), o-actinin-
stained Z-disks were detected normally in zac myotome muscle
(Supplementary Fig. 3, lower panels), indicating that the primary
consequence of the deficiency of filamin C is the defect in the
linkage system, not in the Z-disk. These results suggest that filamin
C functions to maintain the structural integrity at the MT]Js via y-actin.

zac mutant is more susceptible to mechanical stress by muscle
contraction

The observations by electron microscopy and immunochistochem-
istry demonstrated that muscle degeneration occurred not equally
but stochastically in the zac mutants. In addition, muscle damage
was frequently observed at MT]s, where myofibrils are exposed to
strong mechanical stress from muscle contraction. These cbservations
led us to investigate whether muscle degeneration was related to
muscle contraction. So we incubated medaka embryos in a solution
of tricaine methanesulfonate, which is a common reagent for anes-
thetizing fish by blocking the action potential. We found that a
0.0015% solution of tricaine methanesulfonate could suppress muscle
contraction in medaka embryos without blocking heart beats at stage
27. Under this condition, all embryos survived from stages 27 to 32.
So we incubated embryos in this anesthetic and evaluated muscie

Fig. 7. Ultrastructure of longitudinal section of skeletal muscle. Embryos of wild-type
{A, C.E,G. LK} and zac mutant (B. D, F. H. J, L). (A, B) Sarcomere structures are normally
formed in zac mutants ai stage 30. {C-F) Myofibrils have degenerated at myotendinous
Junctions {asterisk} at stage 32. “E” and "F" are high magnifications of the boxed area in
“C™ and “D", respectively, (G, H} Focal disorganization of the sarcomere structure at
stage 32. Z-disks are not observed in some myofibrile in zac mutants (H, arrowheads).
{1, ]} Large vacuoles (], arrowheads) are frequently observed in zac mutants at stage
32, They are single-membrane vacuoles, and ne sarcomeric or membranous material
is seen inside. (K. L} Detachment of sarcolemma from myofibrils in zac mutants at
stage 36. Even though sarcomere structures are well-preserved, the sarcolemma
{arrowheads) has become detached, and dilated sarcoplasmic reticula (L, arrow) occupy
the space in zac mutants, Scale bar: 1 pm in “A” and “G”, 5 pm in “C” and “1” and 2 um in
“E” and "K".
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Fig. 8. Immunoflucrescence analysis of MT]. Immunofluorescence siainings of filamin €, y-actin, integrin 1D and (3-sarcoglycan {{3-SG}. Each of these proteins accumulates prom-
inently at the MTJ in the wild-type. Only y-actin protein expression is reduced in the zac mutants, whereas other proteins are retained. Rostral is to the left. Stage 32. Scale bar:
20 pm.
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degenerarion. Anesthetized wild-type embryos appeared to be a bit
smaller and skinnier compared with non-treated wild-type embryos,
but did not show any perturbed birefringence. As expected, inhibition
of locomotion restored muscle birefringence in the zac mutants
(Fig. 9A). This finding was further confirmed by immunostaining of
the slow muscle myosin heavy chain, which staining revealed a de-
creased level of myofiber disorganization in the anesthetized zac mu-
tants (Figs. 9B, C). The myofibers in anesthetized wild-type embryos
were thinner than those in the non-treated wild-type embryos, but
never had degenerated or become disorganized. Loss of accumulation
of y-actin at the MT]s was not recovered under the tricaine treated
condition in the zac mutants {data not shown), suggesting that the
defect of y-actin is not contraction-dependent. This is rather support-
ing the idea that y-actin is linked to the MT]s by filamin C to reinforce
the muscle structure. These results suggest the protective role of fila-
min C against the mechanical stress to myofibrils caused by muscle
contraction.

Discussion
Function of filamin C in the heart

Mutations in human FLNC cause a myopathy with altered myofi-
bril organization (Kley et al,, 2007; Luan et al., 2010; Shatunov et al,,
2009; Vorgerd et al., 2005). These patients frequently show a cardio-
myopathy, but the mechanisms causing the cardiac symptom elicited
by the each mutation in filamin C have remained unclear. We found
that the loss of filamin C in medaka led to cardiac rupture in the ven-
tricular myocardium. Unlike other fish mutants of muscle sarcomere
proteins, for example, pik/tina and sili/tnnt2 (Sehnert et al, 2002;
Xu et al., 2002}, in which heart beating is severely damaged, the zac
mutant heart started beating normally, and this beating continued.
On the other hand, once the heart beating started, a limited region
of the ventricle ruptured, though flnc was expressed in all myocardial
cells. One reason for this tendency for a limited rupture region is that
the ventricle was expesed to higher mechanical stress caused by con-
traction than was the atrium. Thus, this zac mutant phenotype indi-
cates that the loss of filamin C may have weakened the mechanical
strength of the heart. In accordance with this notion, we observed
that the zac cardiomyocytes had an abnormally ruffled cell membrane
surface, which is prebably a consequence of failure of proper celi-cell
adhesion, as previously described in the case of in vitro cultured cells
(Borm et al., 2005). Moreover, TEM analysis revealed that fewer sar-
comere bundles were attached to the intercalated disks, where the
muscle sarcomeres are involved in establishing celi-cell adhesion.
Based on all of our data taken together, we propose that the function
of filamin C in the heart may be required for the integrity and stability
of the cardiomyocytes.

Compared with the medaka zac mutant, the heart phenotype has
not been highlighted in the mouse filamin C-deficient model (Dalkilic
et al, 2006). This mouse is designed to generate a partial-loss-of-
function model, which lacks only the repeats 20th-24th. The expres-
sion of a truncated filamin C was detected in this mouse model, espe-
cially at a higher level in heart than in skeletal muscle. Similar
truncation mutations in FLNA have caused total- or partial-loss-of-
function phenotypes in human patients (Feng and Waish, 2004).
Like FLNA and FLNB mutations (Krakow et al., 2004; Robertson et al.,
2003), the position of the mutation may be responsible for variation
in the phenotypes in FLNC. Recently, Duff et al. reported that muta-
tions in the actin-binding domain of filamin C cause a distal myopa-
thy, in which muscle pathology is totally different from the previous
cases having myofibrillar myopathy, which is caused by mutations
in either the rod or the dimerization domain of filamin C (Duff et
al, 2011). In zac mutants, a nonsense mutation in the 15th repeat
caused a marked reduction in the level of flnc mRNA, such that it
was barely detectable in the heart {(see Fig. 3F). In addition,

translational knockdown by injecting MO revealed a cardiac pheno-
type similar to that of the zac mutant. Taken together, our present
findings indicate that the zac mutation may represent complete dis-
ruption of the filamin C function, leading to severer phenotypes
than those seen in the mouse model.

Function of filamin C in skeletal muscle

Since the expression of filamin C started at the onset of somitogen-
esis, we examined the effect of the zac mutation on muscle differentia-
tion. The expressions of muscle differentiation markers were normal,
and most of the muscle fibers showed a completely normal structure,
based on the electron microscopic observations made at the early
stage. However, muscle degeneration started in focal areas, and pro-
gressed, with the result being that a larger area became affected by
the hatching stage. This progressive muscle phensotype reminded us of
its similarity to the one in filamin C-deficient mice, where most fibers
exhibited a normal sarcomeric structure, and only some fibers showed
Z-disk abnormality. These results suggest that filamin C plays a role in
the maintenance of the muscle structure rather than one in
myofibrillogenesis in medaka as well as in mammals.

We observed the accumulation of y-actin at MT]Js in wild-type meda-
ka embryos (see Fig. 8). In mammalian muscle fibers, y-actin exclusively
constitutes the subsarcolemmal actin-based cytoskeleton (Rybakova et
al., 2000). The y-actin filaments provide a structural support to muscle
fibers by interacting with DGC and the integrin complex. In medaka em-
bryos, DGC and integrin as well as filamin C were concentrated at the
MT]Js (Fig. 8). Filamin C interacts with both DGC and integrin (Gontier
et al,, 2005; Loo et al, 1998; Thompson et al, 2000). It was reported
that filamin A, the homologue of filamin C, protects cells from mechan-
ical stress by increasing the rigidity of the cortical actin cytoskeleton in
non-muscle cells (D'Addario et al.,, 2001; D'Addario et al., 2003; Shifrin
et al,, 2009). Thus, it is most likely that filamin C is involved in the link-
age system through its interaction with the actin cytoskeleton, DGC, and
integrin at the MTJs. Actually, the v-actin content was reduced and
myofibrils were severely affected at the MT] in zac mutants (Figs. 7D,
F and 8). Moreover, sarcomere structures in zac mutants were more
fragile to mechanical stress caused by muscle contraction (Fig. 9).
From these results, we suggest that filamin C participates in the linkage
system at the MTJs through the stabilization of y-actin filaments, pro-
tecting sarcomere structures from mechanical stress. In addition, y-
actin is also localized at Z-disks (Nakata et al,, 2001), as was filamin C
observed presently. Our TEM observation revealed that Z-disks were
absent in some myofibrils in the zac mutants in late stages and that
the sarcolemma had detached from the myofibrils, suggesting another
role for filamin C in the lateral connections between myofibrils or
between myofibrils and the sarcolemma. Unlike the skeletal muscle,
cardiac muscle did not show expression of y-actin in medaka (data
not shown}, which is consistent with that y-actin is expressed mainly
in smooth muscle actin (Herman, 1993). Different mechanism and
interacting partners with filamin C might be involved to retain the me-
chanical stability at the intercalated disk in cardiomyocytes.

Patients with mutations in either the rod or the dimerization do-
main of filamin C show large protein aggregates containing the filamin
C itself and its interacting proteins, myotilin and Xin, as well as Z-disk-
associated proteins, desmin and aB-crystallin, in the cytoplasm of their
muscle fibers (Kley et al,, 2007; Luan et al., 2010; Shatunov et al., 2009).
Ectopic expression of DGC components in the cytoplasm is also ob-
served. Also, it was demonstrated that the W2710X mutation disturbs
the structural stability of filamin C protein, leading to perturbed dimer-
ization {Lowe et al,, 2007). As a consequence, it has been suggested that
mutant filamin C becomes prone to form aggregates, recruiting its inter-
acting proteins into these aggregates. On the other hand, we did not
observe any protein aggregates or cytoplasmic expressions of DGC com-
ponents in the zac mutant. Since the expression of mutant filamin C was
remarkably decreased in zac mutants, it may have not affected the
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Jocalization of the interacting proteins. Instead of aggregates, large vac-
uoles and dilated sarcoplasmic reticulum were observed electron mi-
croscopically in cardiac and skeletal musdle fibers in the zac mutants
(see Figs. 6H and 7}). These vacuoles, which consisted of a single mem-
brane, did not contain any sarcomeric or membranous materials. These
features are totally different from the rimmed vacuoles often seen in pa-
tients with the W2710X mutation. Non-rimmed vacuoles with strong
PAS-positivity were also reported in these patients, but no accumula-
tion of glycogen was seen in the vacuoles in the zac mutants. These vac-
uoles were not described in the mouse model of filamin C-deficiency,
either. Although the presence of vacuoles and dilated sarcoplasmic reti-
cula were described in a report on mechanically induced cell death
(Kainulainen et al, 2002) or on animal models of collagen Vi-
deficiency myopathy, in which apoptosis is enhanced in the skeletal
muscle (Irwin et al, 2003; Telfer et al.,, 2010}, the level of apoptosis, as
assessed by the TUNEL assay, was not altered in the zac mutants (data
not shown). Furthermore, no nuclei showing features of apoptosis,
such as chromatin condensation, were observed in them. Further stud-
ies are required to explain the mechanism of vacuole formation and sar-
coplasmic reticulum dilatation.

In light of all of our data taken together, we propose a working hy-
pothesis in which filamin C plays an essential role in maintaining the
skeletal and cardiac muscle cell alignment and structure, which hy-
pothesis would explain how these muscles can resist mechanical
forces to retain the integrity and stability of their adhesion machiner-
ies. Filaminopathy patients frequently develop cardiomyopathy, but
the cellular basis for the occurrence of these symptoms has been ob-
scure. Therefore, our analysis using the medaka zac mutant offers a
useful animal model for understanding the function of filamin C in
the maintenance of the structural integrity of muscle cells. Moreover,
it has not been proved yet that the function of filamin C is linked to
the severe heart phenotype such as the rupture of heart chambers
seen in humans. It is possible that filamin C may be associated with
idiopathic cardiomyopathy. Further functional analyses may provide
us a better understanding of the molecular mechanism of filamin C
by which muscular tissues are maintained against mechanical stress.

Finally, regarding the medaka filamin C ortholog: FLNC (2 of 2), to
find whether it is involved in Filamin C function in medaka, the further
development of medaka genome research is required to confirm the
whole genome structure of FLNC (2 of 2).

Supplementary materials related to this article can be found online
at doi:10.1016/5.ydbio.2011.10.008.
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Case report
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Abstract

Muscle glycogen storage disease 0 (GSDO) is caused by glycogen depletion in skeletal and cardiac muscles due to deficiency of
glycogen synthase 1 (GYSI), which is encoded by the GYS/ gene. Only two families with this disease have been identified. We report
a new muscle GSDO patient, a Japanese girl, who had been suffering from recurrent attacks of exertional syncope accompanied by muscle
weakness and pain since age 5 years until she died of cardiac arrest at age 12. Muscle biopsy at age 11 years showed glycogen depletion in
all muscle fibers. Her loss of consciousness was gradual and lasted for hours. suggesting that the syncope may not be simply caused by

cardiac event but probably also contributed by metabolic distress.

© 2011 Elsevier B.V. All rights reserved.

Keywords: Glycogen storage disease; Glycogen synthase: Glvcogen; Syncope; Sudden death

1. Introduction

Glycogen is a high molecular mass polysaccharide that
serves as a repository of glucose for use in times of meta-
bolic need. It is stored in liver, cardiac and skeletal muscles,
and broken down to glucose to produce ATP as energy as
needed. For the synthesis of glycogen, at least two proteins,
glycogenin (GYG) and glycogen synthase (GYS), are
known to be essential. GYG is involved in the initiation
reactions of glycogen synthesis: the covalent attachment
of a glucose residue to GYG is followed by elongation to

* Corresponding author. Address: Department of Neuromuscular
Research, National Institute of Neuroscience, NCNP, 4-1-1, Ogawahig-
ashi-cho, Kodaira, Tokyo 187 8551. Japan. Tel.: +81 42 341271 1: fax: +81
42 3427521.

E-mail address: nishinof@ncnp.go jp (1. Nishino).

0960-8966/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.nmd.2011.08.008

form an oligosaccharide chain [1]. GYS catalyzes the
addition of glucose monomers to the growing glycogen
molecule through the formation of alpha-1,4-glycoside
linkages [2].

Defect in either GYG or GYS can cause glycogen
depletion. Recently, muscle glycogen deficiency due to a
mutation in a gene encoding muscle GYG, GYGI, was
reported {3] and named as glycogen storage disease type
XV. In contrast. glycogen depletion caused by the GYS
gene mutation is called glycogen storage disease type 0
(GSDO0). GSDO0 was first reported in 1990 in patients with
type 2 diabetes who had a defect in glycogen synthesis in
liver, which was caused by a defect in liver GYS, GYS2,
and the disease was named as liver GSDO (or also called
GSD0a) [4,51.

The disease of muscle GYS, GYS1, was first described in
2007 in three siblings and named muscle GSDO, which is
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also called GSDOb [6]. One of the patients initially mani-
fested exercise intolerance. epilepsy and long QT syndrome
since the age of 4 years, then died of sudden cardiac arrest
after exertion when he was 10.5-year-old. The other two
siblings were then genetically confirmed as muscle GSDO
with mutations in GYS/ and cardiac involvement was also
found in both. The second muscle GSDO family was
reported in 2009 [7]. The 8-year-old boy had been healthy
before collapsing during a bout of exercise, resulting in
death. Post-mortem examinations and studies verified the
diagnosis of muscle GSDO0. He had a female sibling who
died at 6days of age of undetermined cause. Here we
report the first muscle GSDO patient in Asia with some dis-
tinct clinical manifestations from other reported cases.

2. Case report

An 11-year-old Japanese girl with repeated episodes of
post-exercise loss of consciousness, weakness, and myalgia
since age 5 years, was admitted to the hospital. She was the
first child of unrelated healthy parents. She was born
uneventfully and was normal in psychomotor development.
At age 2 years, she developed the first episode of generalized
tonic-clonic seizure while she was sleeping. At age 4 years,
she had the second episode of generalized tonic-clonic sei-
zure when she was under general anesthesia for tonsillec-
tomy, whose cause was thought to be hypoglycemia due to
prolonged fasting. In both episodes, seizure was followed
by strong limb pain. At age 5 years. she suffered from the first
episode of syncope while climbing up stairs. She recovered
after a few hours. One year later, she had the second synco-
pal attack after running 50 m, which was accompanied by
subsequent limb muscle weakness and myalgia. Since then,
similar episodes were repeated several times a year. For each
bout, she first developed leg muscle weakness immediately
after exercise, making her squat down, and gradually lost
the consciousness. She recovered her consciousness after a
few hours but always experienced strong myalgia in legs
which lasted for several hours. Blood glucose level was not
decreased during these attacks.

On admission, general physical examination revealed no
abnormal finding. On neurological examination, she had
mild proximal dominant muscle weakness and mildly limited
dorsiflexsion of both ankle joints. Tl-weighted images of
skeletal muscle MR1 showed high signal intensities in gluteal
and flexor muscles of the thigh, which were assessed to be
fatty degeneration (Fig. 1). Systemic investigations includ-
ing electrocardiography, echocardiography. stress cardiac
catheterization. stress myocardial scintigraphy. brain imag-
ing. electroencephalography, and screening tests for meta-
bolic diseases revealed no abnormality except for a mild
ischemic finding on exercise electrocardiography. Ischemic
and non-ischemic forearm exercise tests [8] showed the lack
of lactate elevation. raising a possibility of glycogen storage
disease. A few months later. resting electrocardiography, 24-
h holter monitoring and resting echocardiography were re-
evaluated and again revealed normal findings.

Fig. 1. Muscle MRIL. T2WI, axial. It shows high intensity in gluteus
maximus and biceps femoris muscles.

3. Histological analysis of skeletal muscle

Muscle biopsy was performed from biceps brachii.
Serial frozen sections were stained with hematoxylin and
eosin, modified Gomori trichrome, and a battery of histo-
chemical methods. The most striking finding was depletion
of glycogen in all muscle fibers but not in the interstitium
on periodic acid-schiff (PAS) staining (Fig. 2A). Phosphor-
ylase activity was also deficient in all fibers (Fig. 2B). Mito-
chondria especially at the periphery of muscle fibers were
prominent on modified Gomori trichrome (Fig. 2D). ATP-
ase staining revealed type 2 fiber atrophy. Electron micro-
scopic analysis showed mitochondrial proliferation at the
periphery of muscle fibers with no notable intramitochon-
drial inclusions (Fig. 2E).

4. Biochemical and molecular analysis

Both the activity of GYSI and the amount of glycogen
in the skeletal muscle were markedly reduced (Table 1). On
western blotting. GYS1 in the patient’s skeletal muscle was
undetectable (Fig. 2F). The GYSI gene sequence
analysis revealed compound heterozygous mutation of
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Fig. 2. Histological. genetic and protein analyses. Periodic acid-schiff (PAS) staining shows marked depletion of glycogen in muscle fibers but not in the
interstitium (A). Phosphorylase activity is also deficient in all fibers (B). Hematoxylin and eosin staining shows mild fiber size variation (C). On modified
Gomori trichrome. mitochondria are prominent especially at the margin of each muscle fiber (D). On electron microscopy (EM), mitochondria are
increased in number at the periphery of muscle fibers (E). Bars represent 100 pm for histochemistry and 7 um for EM. On western blotting using anti-
GYSI antibody (Abcam), GYSI protein is absent in skeletal muscle from the patient (F). Sequence analysis for the GYS/ gene reveals a compound
heterozygous mutation of ¢.1230-2A > G and ¢.1810-2A > G (G). cDNA analysis showed insertion of intron 9 between exon 9 and 10 and 36-bp deletion
from the beginning of exon 15 (H).

Table 1
Analyses of enzymatic activity and glycogen content. The activity of GYS and glycogen content in skeletal muscle were markedly reduced.
Glycogen synthase (mol/min/mg) UDPG-pyrophosphorylase (nmol/min/mg) Glycogen contents (% of wet weight)
Patient 0.9 30.5 0.03
Control 420+£11.2 31235 0.94 £ 0.55

Italicized values: lower than control range.

¢.1230-2A > G in intron 9 and ¢.1810-2A > G in intron 14 5. Clinical course after diagnosis

(Fig. 2G). cDNA analysis confirmed the insertion of the

full-length intron 9 between exons 9 and 10 and a 36-bp Upon the diagnosis of GSDO0, exercise was strictly lim-
deletion in the beginning of exon 15 (Fig. 2H). ited to avoid syncope resulted from glucose depletion. In
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addition, oral intake of cornstarch (2 g/kg, every 6 h) was
started to maintain blood sugar level. Her condition had
been stable for 1 year after diagnosis. However, at age
12 years, she was found lying unconsciously on the stairs
at her school. She had persistent asystole despite ambu-
Jance resuscitation. The blood glucose level in the emer-
gency room was above 100 mg/dl.

6. Discussion

We identified the first Asian patient with muscle GSDO,
who manifested recurrent episodes of syncope with subse-
quent muscle weakness and myalgia, and eventually devel-
oped cardiac arrest.

Findings in our patient seem to be similar to previous
reports, but some differences indicated the possibility of
another pathogenesis of the disease. Our patient repeatedly
suffered from episodes of syncope. In contrast to two ear-
lier reports, those patients never had syncope, although
the last attack led to sudden death [6,7]. In support of this
notion, most muscle glycogen synthase knock-out mice
died soon after birth due to impaired cardiac function [8].
However, the pattern of loss of consciousness in our
patient cannot be explained by simple cardiac dysfunction,
as she lost her consciousness gradually after exercise and
took hours to regain, which is different from typical cardiac
syncope, usually showing sudden loss of consciousness and
rapid recovery. Alternatively, defective glycogen synthesis
in brain may be related to syncope, as GYSI is also
expressed in brain, albeit not so much as in cardiac and
skeletal muscles. Another possibility may be intermittent
arrhythmia. However, electrocardiogram during the epi-
sode was never obtained. Further studies are necessary to
answer this question.

On muscle pathology and electron microscopy, we found
profound deficiency of glycogen in all muscle fibers accom-
panied by mitochondrial proliferation, which is similar to
previous reports. The mitochondrial proliferation may
reflect a compensatory mechanism for supplying ATP to gly-
cogen-depleted muscles. Interestingly, phosphorylase activ-
ity on histochemistry seemed deficient. This is consistent
with the fact that endogenous glycogen is used as a substrate
of phosphorylase on histochemistry. Previous reports
described the reduced number of type 2 fibers. In our patient,
type 2 fiber atrophy, but not type 2 fiber deficiency, was seen.
Although type 2 fiber atrophy is a nonspecific finding, this
picture might also reflect the dysfunction of glycogen-depen-
dent muscle fibers.

7. Conclusion

We identified the first Asian patient with muscle GSDO.
In our patient, recurrent episodes of syncope and eventual
sudden death may not be simply explained by cardiac dys-
function. Further studies are necessary to elucidate the
mechanism of syncope in muscle GSDO and to establish
appropriate guideline of management for these patients
to prevent sudden death.
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Background and purpose: Mutations in the valosin-containing protein (}'CP) gene are
known to cause inclusion body myopathy with Paget’s disease of bone and fronto-
temporal dementia (IBMPFD) and familial amyotrophic lateral sclerosis (ALS). De-
spite an increasing number of clinical reports. only one Astan family with IBMPFD
has been described.

Methods: To characterize patients with I'CP mutations. we screened a total of 152
unrelated Asian families who were suspected to have rimmed vacuolar myopathy.
Results: We identified V'CP mutations in seven patients from six unrelated Asian
families. Five different missense mutations were found. including a novel p.Ala439Pro
substitution. All patients had adult-onset progressive muscle wasting with variable
involvement of axial, proximal, and distal muscles. Two of seven patients were sug-
gested to have mild brain involvement including cerebellar ataxia. and only one
showed radiological findings indicating a change in bone. Findings from skeletal
muscle indicated mixed neurogenic and myogenic changes. fibers with rimmed vacu-
oles, and the presence of cytoplasmic and nuclear inclusions. These inclusions were
immunopositive for VCP, ubiquitin. transactivation response DNA-binding protein
43, and also histone deacetylase 6 (HDACG). of which function is regulated by VCP.
Evidence of carly nuclear and mitochondrial damage was also characteristic.
Conclusions: Valosin-containing protein mutations are not rare in Asian patients,
and gene analysis should be considered for patients with adult-onset rimmed vacuolar
myopathy with neurogenic changes. A wide variety of central and peripheral nervous
system symptoms coupled with rare bone abnormalities may complicate diagnosis.

rimmed vacuolar myopa-
thy, nuclear inclusion,
transactivation response
DNA-binding protein 43.
ubiquitin, valosin-con-
taining protein
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ally appears when patients are in their 40s. About 30%

Introduction of IBMPFD patients show only muscle symptoms.

Mutations in the valosin-containing protein (I'CP) gene
on chromosome 9pl3-pl2 are known to cause an
autosomal dominant multisystem disorder referred to
as inclusion body mvopathy with Paget’s disease of

- bone (PDB) and frontotemporal dementia (IBMPFD)

[1]. Myopathy is the most common clinical symptom
observed in 90% of affected individuals, and this usu-
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Characteristic pathology findings include the presence
of VCP- and ubiguitin-positive cyvtoplasmic and nuclear
inclusions together with rimmed vacuoles in skeletal
muscle. Accumulation of transactivation response
DNA-binding protein 43 (TDP-43). a VCP-interacting
protein. is also characteristic. PDB is observed in about
a half of the IBMPFD patients at approximately the
same age that the myopathy typically appears. whereas
frontotemporal dementia (FTD) is seen in 32% with an
age of onset that is nearly 10 years later than either the
myopathy or PDB [2]. Nuclear VCP- and ubiquitin-
positive inclusions are also seen in neurons [3].
Recently, I'CP mutations were identified in five families
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with amyotrophic lateral sclerosis (ALS) [4]. Although
nearly 50 families with FCP mutations have been
reported worldwide, only one such family has been
recently identified from an East Asian population [5].
Here, we identified seven Asian patients in six unrelated
families with mutations in FCP and performed detailed
clinical and pathological analyses.

Methods

All clinical materials used in this study were obtained
for diagnostic purposes with written informed consent.
All experiments performed in this study were approved
by the Ethical Committee of the Natjonal Center of
Neurology and Psychiatry.

Patients

The presence of rimmed vacuoles is a characteristic
pathological finding for IBMPFD. We performed V'CP
mutation screening in a total of 152 unrelated Asian
families who were suspected to have rimmed vacuolar
myopathy. Eighty-seven patients had distal myopathy
with rimmed vacuoles/hereditary inclusion body
myopathy (DMRV/hIBM) with no glucosamine (UDP-
N-acetyl)-2-epimerase/ N-acetylmannosamine kinase
(GNE) mutations. Twenty-five cases of limb-girdle
muscular dystrophy (LGMD) of unknown cause and
40 other undiagnosed myopathy cases were also
included in which patients” muscle contained rimmed
vacuoles.

Mutation analysis

Genomic DNA was isolated from peripheral lympho-
cytes or muscle specimens by using standard tech-
niques. All 17 exons and their flanking intronic regions
of ¥CP were sequenced directly using an ABI PRISM
3130 automated sequencer (PE Applied Biosystems,
CA, USA). Primer sequences are available on request.
For the identification of novel nucleotide changes, 100
control chromosomes were screened.

Muscle pathology

Biopsied skeletal muscles were frozen with isopentane
cooled in liquid nitrogen. Frozen serial sections of
10 um thickness were stained using various conven-
tional histochemical methods. including hematoxylin
and eosin, modified Gomori trichrome, and cytochrome
¢ oxidase (COX), which reflect a mitochondrial electron
transport enzyme activity. To know the fiber type dis-
tribution and their composition, ATPase stains under
different pH were performed.

Immunohistochemistry was performed using stan-
dard protocols. Antibodies using in this study were
listed in Table S1. The sections were observed with
epifluorescence using an Axiophoto2 microscope (Carl
Zeiss. Oberkochen, Germany). To detect apoptotic
nuclei, a fluorometric terminal dUTP nick-end labeling
(TUNEL) detection kit (Takara Bio Int.. Shiga, Japan)
was used according to the manufacturer’s instructions.

Electron microscopy

Biopsied specimens were fixed in 2.5% glutaraldehyde
and post-fixed with 2% osmium tetroxide. Semithin
sections stained with toluidine blue were examined by
light microscopy. Ultrastructural analysis was carried
out on ultrathin sections of muscles after staining with
uranyl acetate and lead citrate, using a transmission
electron microscope (JEM 1400; Jeol. Tokyo, Japan).

Results

Mutation analysis of VCP

We identified five different heterozygous missense
mutations in seven patients, including c.277C>T
(p.Arg93Cys) in Patient 1, ¢.463C>T (p.Argl55Cys) in
Patients 2 and 3 (unrelated), ¢.464G > A (p.Argl55His)
in Patient 4, ¢.572G > A (p.Argl91GIn) in Patient 5, and
¢.1315G > C (p.Ala439Pro) in Patients 6 and 7 (from the
same family). The novel ¢.1315G > C mutation was not
found in 100 Japanese control chromosomes, and
p.Ala439 is conserved among species (Fig. 1).

Clinical findings

Clinical information of each patient is summarized in
Table 1. All seven patients had adult-onset slowly
progressive muscle weakness and atrophy with variable
involvement of axial, proximal, and distal muscles. Two
patients (Patients 5 and 6) showed asymmetrical
involvement at the onset of the disease. Muscle pain,
cramps, and fasciculations were often observed. Serum
creatine kinase (CK) levels were normal to mildly
elevated. Electromyography (EMG) showed mixed
findings with neurogenic and myogenic changes, and
nerve conduction velocity was decreased in two patients
(Patients 3 and 4).

Only one patient (Patient 7) had an irregular sclerotic
region in the 5th lumbar vertebral body with normal
serum alkaline phosphatase level. Increased urine
deoxypyridinoline level, a specific marker for bone
resorption. was observed in Patient 2 with normal bone
images. The other patients showed no signs suggesting
bone involvement.

@ 2011 The Author(s)
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ces cerevisiae.

Two of seven patients (Patients 2 and 7) showed mild
cognitive impairment. Importantly. Patient 2, whose
deceased brother had a diagnosis of spinocerebellar
degeneration, showed signs of cerebellar involvement
prior to impairment of frontal function. including dys-
arthria, symimetrical muscle hypotonia, and mild ataxia.

Muscle pathology

Skeletal muscle tissues from all seven patients with VCP
mutations (Patients 2-7) showed mixed changes indi-
cating myopathy and neuropathy. Scattered fibers with
rimmed vacuoles were commonly seen (Fig. 2a and b).
Cytoplasmic bodies were also seen in some fibers. with
or without rimmed vacuoles (Fig. 2b). In addition,
small angular fibers. groups of atrophic fibers. and fiber
type grouping were seen. An increased number of type
2C fibers suggested presence of immature fibers or ac-
tive fiber type conversion (Fig. 2a and c). Some fibers
showed deficiency of COX stain, which reflect a mito-
chondrial electron transport enzyme activity (Fig. 2d).
Succinate dehydrogenase (SDH) is a mitochondrial
enzvine complex which demonstrates the relative pro-
portions of mitochondria in muscle fibers. SDH stain-
ing of these COX-deficient fibers was variable from
irregularly intense to negative (data not shown).
Immunohistochemical analysis was performed in
muscle tissue from four patients with 'CP mutations
(Patients 2, 3, 4 and 6). together with samples from 10
DMRYV. and eight sporadic inciusion body myositis
(sIBM) patients. In normal skeletal muscle, TDP-43 is

@ 2011 The Author(s)
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clearly detected in the nuclei (Fig. 3a). Nuclei in
DMRV/hIBM and sIBM muscles were also strongly
stained with TDP-43 (Figs 3¢ and d). In contrast, sam-
ples taken from patients with I'CP mutations showed
many nuclei with a deficiency of TDP-43 staining
(Figs 3b, 4a and d). Besides, some TDP-43-positive
nuclei were enlarged and costained with ubiquitin
(Fig. 4a—d). These findings were commonly seen in all
four patients with 'CP mutations. Some ubiquitin- and
TDP-43-positive myvonuclei were also seen in DMRV/
hIBM and sIBM muscles (data not shown).

The presence of nuclear inclusions stained with VCP
is a characteristic finding of muscle from patients with
I'CP mutations. These VCP-positive nuclei were ob-
served in all four patients with FCP mutations from 1.0
to 6.6% of myonuclei and costained with ubiquitin
(Figs 3f and 4e-h). Some nuclei were also positive for
histone deacetylase 6 (HDACG) (Fig. 45-k). The VCP-
positive nuclei were not seen in muscle from patients
with DMRV/hIBM or sIBM. Only a few nuclei were
positive for TUNEL in all of the diseased muscle
specimens examined (data not shown).

On the other hand, ubiquitin-positive cvtoplasmic
inclusions were observed in muscles from all patients
with I'C'P mutations we examined varying from 6 to
25% of the muscle fibers (Fig. 4b). These cytoplasmic
inclusions were ofien seen beside the nucleus and
costained with TDP-43 (Fig. 4a—d), VCP (Fig. 4i),
HDACGO (Fig. 4j-1y, p62. and SMI-31 (data not shown).
In muscle tissue from patients with DMRV/hIBM
or sIBM, scattered ubiquitin-positive, and a few

European Journal of Neurciogy @ 2011 EFNS Ewropean Journal of Neurology
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Table 1 Clinical summary of the patients

Age al

Sex/age  onset Clinical Alffected relatives CK rep Bone Brain
Pt No.  (years) (years)  diagnosis (diagnosis) Initial symptom Muscle weakness (Iy/L)y  EMG Muscle biopsy mutation  Involve Involve
1 M/70 58 DMRYV Brother (DMRYV) Dragging gait Four limbs 286 Myo/ ND R93C No No
(P> D.L=1U), Neuro
neck flexion
2 Fi57 47 DMRYV/ Brother (SCD) Weakness of Paraspinal. four 82 Neuro RVs, neurogenic  R1355C pPDT Mental
IBMPFD Jower limbs limbs (D > P. changes disorder.
L>U cerebellar
signs
3 /47 45 Myopathy Brother (muscle Fall down Four limbs (P > D. 94 Myo/ RVs, neurogenic R155C No No
weakness) frequently. L = U): neck Neuro changes
weakness of arms flexion
4 M/s1 38 LGMD Father (muscle Back pain Paraspinal, four 490 Myo/ RVs, neurogenic  RI55H No No
wasting. cramps) limbs (P > D, Neuro changes
L>U
5 M/44 32 DMRV Father (SMA) Numbness of left Generalized. SW 44 Neuro RVs, neurogenic  R191Q No No
arm changes
6 M/43 39 DMRV Father (MND) Atrophy of left Four limbs (D = P, 215 Myo/ RVs. neurogenic  A439pP* No No
Sister (P7) shoulder girdle o> U). SW Neuro changes
muscles
7 49 46 Myopathy Father (MND) Weakness of Generalized 88 Neuro RVs, neurogenic  Ad39P* Osleo- Mental:
lower limbs changes sclerosis borderline

Brother (P6O)

F. female: M. male; D, distal; P, proximal: U. upper limb; L. lower i
deoxypyridinolineg; VCP, valosin-containing protein; ND, not done: IBMPFD, inc
dystrophy: DMRV, distal myopathy with rimmed vacuoles/hereditary inclusion body myopathy. “Novel mutation,

imb; SW, scapular winging; Myo. myogenic changes: Neuro, vacuo
lusion body myopathy with Paget’s disease of bone an

Jes: CK. creatine kinase: EMG. clectromyogram; DPD.
d frontotemporal dementia: LGMD: limb-givdle muscular

y0<
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Figare 2 Histological analyses of muscle. {(a—d: control. e~h: Patients 2 or 3. a and e: Hematoxyvlin and eosin (HE). b and {: modified
Gomori trichrome (mGt). ¢ and g ATPase (pH 10.6). d and h: cytochrome ¢ oxidase (COX). (¢} HE staining of Patient 2 showed a group
of atrophic fibers together with rimmed vacuoles (arrowheads) and a cyvtoplasmic inclusion {arrow). (f) A mGt stain of Patient 3 revealed
rimmed vacuoles (arrowheads) and cytoplasmic bodies (arrow). {¢) An ATPase stain of Patient 2 revealed grouped atrophy of darkly
stained tyvpe 2 fibers and a large group of brightly stained type 1 fibers. Presence of scattered intermediate-colored type 2C fibers suggests
immature fibers or fiber type conversion. (d) COX staining. which reflects mitochondrial electron transport enzyme activity, of Patient 3
showed some COX-deficient fibers {*). Bar = 30 pm.

' b

X

Figure 3 Immunostaining of transactivation response DNA-binding protein 43 (TDP-43) and valosin-containing protein (VCP). (a-d:
TDP-43, e-h; VCP) In control muscle. clear nuclear staining of TDP-43 is seen (a). whereas VCP staining is barely detectable (¢). In
Patient 4, many nuclei show deficient TDP-43 staining. but scattered. strongly stained nuclei (arrow) and cytoplasmic aggregate
{arrowhead) can be seen (b). VCP staining is seen in an enlarged nucleus (arrow) and subsarcolemma (). In DMRV/hIBM (c) and
sporadic inclusion body myositis {(sIBM) (d) muscles, a smaller number of nuclei showing reduced staining of TDP-43 associated with
cytoplasmic aggregations are seen. Some atrophic fibers show diffuse increased cytoplasmic staining of VCP in both distal myopathy with
rimmed vacuoles/hereditary inclusion body myopathy (DMRV/BIBM} (g) and IBM (h). Bar = 50 pm.

VCP-positive cytoplasmic inclusions were seen, whereas
no such inclusions were seen in control muscles (data
not shown). Fibers with diffuse cytoplasmic staining of
VCP were also seen in the patients with I'CP muta-
tions, DMRV/hIBM. or sIBM (Figs 3{-h and 4i).

Ultrastructural observations

Electron microscopic observations of muscles {rom
Patients 2 and 4 revealed many abnormally shaped
nuclei with condensed or scanty irregular heterochro-
matin, even in those muscle fibers with well-preserved
myofibril structures (Fig. 5a and c¢). Some degenerating

© 2011 The Author(s)

nuclei were surrounded by variable-sized membranous
structures (data not shown). Filamentous inclusions
that were 15-20 nm in diameter were also seen in both
nuclei (Fig. 5by and subsarcolemma (Fig. 3d and e).
Subsarcolemmal accumulations of mitochondria. the
presence of enlarged mitochondria. and paracrystalline
inclusions were prominent in some muscle fibers
(Fig. 31,

Discussion

The number of the clinical reports of IBMPFD ALS
patients with 1'CP mutations is increasing; however. a

European Journal of Neurclogy © 2011 EFNE Ewopean Journal of Neurclogy
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Figure 4 Immunohistochemical analvses of muscle. (a- -d: a: TDP-43.

b: ubiquitin. ¢ DAPL d: merge) In the muscle from Patient 3.

nucienr staining of transactivation response DNA-binding protein 43 (TDP-43) is barely detectabie in many nuclel. Some strong positive
signals of TDP-43 are seen in both nucleus (arrow) and cytoplasm (arrow heads). Most TDP-43-positive inclusions are costained with

ubiquitin. (e-h: e: VCP. F: ubiquitin. ¢

: DAPL h: merge) VCP-positive nuclei (arrows) are costained with ubiquitin. (i) A VCP-positive
muscle fiber with subsarcolemmal aggregation of VCP (arrowhead). (-1 §

: i HDACG. k: DAPL & merge with green-labeled ubiquitin)

HDACE is costained with ubiquitin in nucleus tarrow) and subsarcolemma (arrowhead) in the same fiber. Bar = 25 pan.

Figure 3 Ultrastructural analysis of nus-
cle. (a) Myonuclei contains irregular het-
erochromatin with inclusion (square) in a
well-preserved muscle fiber from Patient 2.
(b) Magnified image of the region covered
by the square in punel (2). A filamentous
nuclear inclusion is seen. (¢} A nucleus
with well-preserved myofibrils in normal
muscle. (d) A subsarcolemmal cytoplasmic
inclusion containing flamentous struc-
ture. (2) Magnified image of the region
covered by the square in panel (d). (D A
subsarcolemmal accumulaton of enlarged
mitochondria with paracrystaliine inclu-
sions (arrows) is seen in Patient 2.

Korean IBMPFD f{amily is the only one to have been
reported among Asian people [5]. Here. we show that
VCP-related myopathy is not rare in an East Asian

sample. Among 152 families with rimmed vacuolar
myopathy. six families (4%) carried a heterozygous

missense mutation including a novel p.Alad439Pro in
exon 11
patients with I'CP mutations have no rimmed vacuoles
in their muscle biopsy [6.7], the incidence of VCP-

Furopean Journal ot

From the previous results that 39 04% of

Bar = 1 um.

opathy could be greater in myopathy patients. VCP isa
member of ATPase associated with a variety of activ-
ities (AAA+) protein family and the alanine residue
at position 439, located in the DI ATPase domain. and
is highly conserved among species. Furthermore, the
p.Ala439Ser mutation was previcusly identified in a
patient with IBMPFD [6].

In previous reports. more than half of the patients
with I'CP mutations have been reported to have PDB

< 2011 The Author(s}
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[2]. Interestingly, only one of seven patients in our series
showed a bone sclerotic region that was suggestive of
PDB. PDB is reported to be rare in Asian populations
and its frequency in Japan is 2.8 per 1 000 000 indi-
viduals, an incidence that is nearly 10 000 times less
than that observed in Western countries [8]. The rare
mvolvement of bone disease in Asian patients with VCP
mutations might be related to ethnicity.
Frontotemporal dementia is another characteristic
clinical symptom associated with J'CP mutations and is
observed in one-third of patients [2]. In our series,
including elder affected relatives, mild mental disorder
was noticed in only two patients. The cerebellar signs
observed in Patient 2 are of note. Actually, the deceased
elder brother of this patient had spinocerebellar degen-
eration. Although no patients with ataxia have been
reported previously, we could not exclude the possibility
of cerebellar involvement in this multisystem disorder.
Most of our patients and their symptomatic family
members show isolated muscle involvement. Distribu-
tion of the affected muscles was variable, representing
limb-girdle type, distal dominant, or scapuloperoneal
type. Two patients showed asymmetrical involvement
at the onset of the disease, which was also previously
described in some IBMPFD patients [2,7,9]. Early
involvement of the tibialis anterior muscles accompa-
nied by rimmed vacuoles is indistinguishable from
patients with DMRV/hIBM caused by GNE mutations
[10]. Frequent involvement of the quadriceps femoris
observed in patients with FCP mutations is important
and helpful for differential diagnosis, because DMRV/
hiIBM is known as a quadriceps-sparing myopathy [11].
A combination of myogenic and neurogenic changes is
an important and characteristic finding of VCP-related
myopathy. Muscle cramps, pain, and fasciculation were
often seen in our patients, which are also common
findings in patients with motor neuron disease [12].
Pathological findings of grouped atrophy and fiber type
grouping strongly suggest involvement of motor neu-
rons and peripheral nerves. Electrophysiological results
can support these findings. Like previous reports [6.8],
the initial diagnosis of some affected family members in
our series was motor neuron disease. The presence of
these different diagnoses in the same family may be one
of the characteristics of VCP-opathy.
Valosin-containing protein is involved in protein
degradation by both the ubiquitin-proteasome system
and the autophagic degradation system [13]. VCP is
also reported to be involved in the maturation process
during autophagosome formation [14]. Rimmed vacu-
oles, a common pathological change of VCP-related
myopathy, are accumulations of membranous struc-
tures originating from autophagic vacuoles. Altered
degradation of ubiquitinated proteins and autophago-

© 2011 The Author(s)
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some maturation may be closely associated with
rimmed vacuolar formation. Consistent with this,
ubiquitinated cytoplasmic and nuclear aggregations are
another pathological hallmark of VCP-related myopa-
thy. In this study. we demonstrate cytoplasmic and
nuclear accumulations of ubiquitin, TDP-43, VCP, and
also HDAC6. Accumulation of TDP-43 in the ubiqui-
tinated inclusions is a characteristic pathological find-
ing in brain and muscle from patients with VCP
mutations as well as other neurodegenerative disorders
including {rontotemporal lobar degeneration with
ubiquitin-positive inclusions and ALS without VCP
mutations [15-17]. HDACS, a cytoplasmic deacetylase,
can transport ubiquitinated aggregates to the aggre-
some, the function of which is regulated by VCP [18].
HDACG is also known to involve maturation of auto-
phagosomes [19]. Mutant VCP may influence the
function of HDACSG, resulting in an accumulation of
ubiquitinated proteins and insufficient protein degra-
dation by autophagy.

Observations of electron microscopic images showed
many abnormal nuclei, with or without filamentous
inclusions that were seen in those muscle fibers with
well-organized myofibril structures. This result suggests
early nuclear damage as a key event of myopathy
associated with FCP mutations. VCP is known to be
involved in the maintenance and assembly of the
nuclear envelope [20,21] and has been reported to have
antiapoptotic effects [22]. Although the number of
TUNEL-positive myonuclei in our samples was rela-
tively small, mutant VCP can cause nuclear disorgani-
zation and dysfunction in skeletal muscle. Deficiency of
nuclear localization of TDP-43 may also be closely
associated with nuclear damage [23].

Prominent changes in mitochondria, including their
localization, shape, deficiency in COX activity, and the
presence of paracrystalline inclusions, strongly suggest
mitochondrial dysfunction in VCP-related myopathy.
Consistent with this, mutant VCP/cdc48 was reported
to cause mitochondrial enlargement and dysfunction in
yeast [24]. VCP has an important role in ubiquitin-
dependent mitochondrial protein degradation, together
with  VCP/cdc48-associated mitochondrial — stress-
responsive 1 (Vmsl) and Npl4 [25]. Further, abnormal
cytoplasmic aggregations of TDP-43 are also known to
cause mitochondrial damage and cell death [26,27].
Dysfunction of mitochondria in skeletal muscle could
account for the muscle wasting observed in these
patients.

Our study revealed clinical variability among Asian
patients with IYCP mutations. The rimmed vacuoles
and ubiquitinated cytoplasmic aggregations, mixed
myopathic and neuropathic changes, nuclear inclusions
stained with VCP and HDACS6, and early nuclear and
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