Solubility and Immunoblot Assay

To examine solubility of mutant myotilin, we used frozen
biopsied muscles from human control subjects and from
the two myotilinopathy patients, as well as TA muscles of
six mice each from the wtMYOT-, mMYOT S60C-, and
mMYOT R405K-expressing groups, at 14 days after elec-
troporation. The 1.25-mm?® specimens of muscle were
lysed and homogenized in 150 plL of radicimmunopre-
cipitation assay buffer containing 50 mmol/L Tris-HCI (pH
7.5), 150 mmol/L NaCl, 1 mmol/L EDTA (pH 8.0), 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
and Roche complete protease inhibitor cocktail (Roche
Diagnostics). The lysates were incubated at 4°C for 20
minutes with gentle rotation, and then centrifuged at
15,000 X g at 4°C for 20 minutes. The supernatants and
precipitates were coliected, and the protein concentra-
tions of the supernatants were determined using a protein
assay kit (Bio-Rad Laboratories, Hercules, CA). Immuno-
blotting of the supernatant (detergent-soluble) and pre-
cipitate (detergent-insoluble) fractions was performed, as
described previously.2® Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal stan-
dard. Immunoreactive complexes on the membranes
were detected using enhanced chemiluminescence ECL
Plus detection reagent (GE Healthcare, Chalfont St Giles,
UK). Insolubility index was calculated as the ratio of the
quantity of insoluble protein to the total quantity of pro-
teins (the sum of soluble and insoluble proteins).

Immunoprecipitation

The 5-mm® specimens of frozen electroporated mouse
muscles isolated at 14 days after electroporation were
lysed and homogenized in 0.6 mL of radicimmunopre-
cipitation assay buffer. The lysates were incubated at 4°C
for 20 minutes with gentle rotation, and then centrifuged
at 15,000 X g at 4°C for 20 minutes. The supernatants
were collected, and their protein concentrations were
adjusted using a protein assay kit (Bio-Rad Laboratories).
Immunoprecipitation was performed as described previ-
ously,?® with agarose-conjugated anti-Myc antibody
(Santa Cruz Biotechnology).

Statistical Analysis

Differences between wtMYOT-, mMYOT S60C-, and
mMYOT R405K-expressing mice were analyzed with
GraphPad Prism version 5 (GraphPad Software, La Jolla,
CA). Comparisons among groups were performed by
one-way analysis of variance with post hoc Tukey's anal-
ysis. Data are expressed as means x SD.

Results

Mutation Screening and Histochemical Analyses
of Muscles from Patients

We performed MYOT mutation screening in MFM patients
and identified two patients with mutations. Patient 1, har-
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boring a MYOT ¢.179C—G (p.S60C) mutation in exon 2,
was a 63-year-old woman with a 6-year-long history of
slowly progressive limb muscle weakness. Her mother
(deceased) had had muscle weakness. The patient had
difficulty in climbing stairs without support, and could
not walk for long distances. Her serum creatine kinase
level was elevated to 734 |U/L (reference, <200 IU/L).
A biopsied specimen from the rectus femoris muscle
showed marked variation in fiber size, with some ne-
crotic fibers. Clusters of degenerated fibers with ab-
normal cytoplasmic inclusions were observed; some
fibers with rimmed vacuoles were also seen (Figure
1B). Intermyofibrillar networks were markedly disorga-
nized (Figure 1D). Under electron microscopy, elec-
tron-dense materials and cytoplasmic amorphous in-
clusions of various sizes were seen in some fibers (see
Supplemental Figure S1 at http://ajp.amjpathol.org).
Patient 2 was a 57-year-old woman harboring a MYOT
c.1214G—A (p.R405K) mutation in exon 9. Detailed
clinical symptoms have been described previously.?®
In brief, this patient had a 16-year-long history of slowly
progressive proximal limb muscle weakness. Her se-
rum creatine kinase level was mildly elevated (385
IU/1). A specimen from the vastus lateralis muscle
showed marked variation in fiber size, scattered fibers
with internal nuclei, and small angular fibers. Some
fibers with rimmed vacuoles were seen (Figure 1C),
and intermyofibrillar networks were disorganized (Fig-
ure 1E). Immunohistochemical analysis of muscle
specimens from both patients revealed scattered fi-
bers with strong immunoreactive accumulations of
myotilin (Figure 1, F and G), which costained with
polyubiquitin (Figure 1, H and ), a-B crystallin, BAG3,
actin, desmin, and filamin C (see Supplemental Figure
S2 at http://ajp.amjpathol.org).

Mutant Myotilin Does Not Aggregate in Cultured
Cells

To examine the aggregation of mutant myotilins in cul-
tured cells, C2C12 murine myoblasts were transfected
with Myc-tagged wtMYOT (Myc-wtMYOT) or Myc-tagged
mMYOT (Myc-mMYQOT S60C or R405K). After 48 hours,
immunostaining with anti-Myc antibody and rhodamine-
labeled phalloidin revealed that the expressed Myc-wt-
MYOT, Myc-mMYOT S60C, and Myc-mMYOT R405K did
not form abnormal protein aggregations, and they local-
ized at actin stress fibers (Figure 2). Expression of
mMYOT did not affect differentiation of C2C12 cells (data
not shown).

Accumulation of Myotilin after Electroporation

To investigate the roles of mutant myotilin, we performed
in vivo electroporation to express Myc-wtMYOT or Myc-
mMYOT (S60C or R405K) in mouse TA muscles. At 7 and
14 days after electroporation, Myc-positive granules with
diameters >1 pm were observed in Myc-tagged myotilin-
expressing myofibers (Figure 3A). Compared with wt-
MYOT-expressing myofibers, mMYOT-expressing myofi-
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Figure 2. Expression of mutant myotilin in cultured cells. Immunofluorescence staining of transfected Myc-wtMYOT (4), Myc-mMYOT S60C (B), and
Myc-mMYOT R405K (C) in C2C12 murine myoblasts. Merged images of Myc-tagged myotilin-expressing cells (green) costained for actin stress fibers (red), and
nuclear staining with DAPI (blue). C2C12 myoblasts expressing mMYOT S60C (B) or R405K (C) did not exhibit protein aggregates, and the mutant myotilin

colocalized with actin stress fibers similar to wtMYOT (A). Scale bar = 20 um.

bers contained more granular aggregates that were
larger in size. At 7 days after electroporation, Myc-posi-
tive aggregates of wtMYOT, mMYOT S60C, and mMYOT
R405K were observed in 14 = 5%, 44 = 7%, and 21 =
4% of muscle fibers, respectively (Figure 3B). At 14 days
after electroporation, the number of the fibers with aggre-
gates increased to 22 = 4% in wiMYOT, 50 £ 2% in
mMYOT S60C, and 37 = 3% in mMYOT R405K (Figure
3C). The number and size of Myc-positive aggregates
in 30 randomly selected Myc-positive muscle fibers
were much higher in mMYOT S60C and slightly higher
in mMYOT R405K at 14 days after electroporation than
at 7 days (see Supplemental Figure S3 at hitp://ajp.
amjpathol.org). These data indicate that the expressed
mutant myotilins, and mMYOT S60C in particular, are
prone to aggregate in skeletal muscles. The amounts
of expressed Myc-tagged myotilin proteins were ap-
proximately equal, as measured by immunoblotting
(Figure 3D).

Myofibril Disorganization and Z-Disk Streaming
in Muscles Expressing Mutant Myotilins

To investigate the ultrastructural characteristics of mutant
myotilin-electroporated muscles, we performed electron
microscopy at 7 and 14 days after electroporation. In
Toluidine Blue-stained longitudinal semithin sections,
partial disorganization of the Z-disk was observed in both
mMYOT SB0C-expressing and mMYOT R405K-express-
ing TA muscles, but not in control or wtMYQOT electropo-
rated muscles (data not shown). Electron microscopy
also revealed myofibril disorganization with disrupted Z-
disk, such as Z-disk streaming and broadening, in
mMYOT-expressing muscles (Figure 4, A and D). Vari-
able-sized (1 to 8 wm in diameter) electron-dense mate-
rial, with electron densities similar to that of the Z-disk,
were also seen in mMYOT-expressing mouse muscles
(Figure 4, B and E). The inclusions were occasionally
associated with autophagic vacuoles (Figure 4, C and F).
These ultrastructural findings were commonly observed
in both mMYOT SB0C- and mMYOT R405K-expressing
mouse muscles.

Mutant Myotilin Aggregates Colocalize with
Polyubiquitin and Other Z-Disk-Associated
Proteins

To compare the protein accumulations in human and
mouse muscles, we performed immunohistochemical
analysis. At 14 days after electroporation, some cyto-
plasmic inclusions were observed in mGT-stained sec-
tions of MMYOT-expressing muscles (Figure 5, A and B).
Immunostaining of serial sections revealed that the inclu-
sions were immunopositive for the Myc tag (Figure 5, A
and B). The aggregates of Myc-mMYOT (S60C and
R405K) strongly colocalized with polyubiguitin and «B-
crystallin. Accumulations of other Z-disk—associated pro-
teins were also observed, including BAGS, actin, desmin,
and filamin C (Figure 5). These findings are similar to the
observations made in the patients’ muscles (Figure 1, F-I;
see also Supplemental Figure S2 at hitp://ajp.
amjpathol.org). In the electroporated muscles, Myc-
witMYOT aggregates also colocalized with Z-disk—as-
sociated proteins, including aB-crystallin, BAG3, actin,
desmin, and filamin C (data not shown), whereas only
few wtMYOT aggregates were immunopositive for
polyubiquitin (Figure 6A).

Mutant Myotilin Proteins Display Marked
Detergent Insolubility with Polyubiquitinated
Proteins

In the muscle specimens of the two myotilinopathy pa-
tients, myotilin aggregates exhibited positive staining for
polyubiquitin (Figure 1; see also Supplemental Figure S3
at http://ajp.amjpathol.org). Similarly, in electroporated
mouse muscles, MMYOT aggregates were positive for
polyubiquitin, and polyubiquitin-positive aggregates
were more prominently observed in mMYOT S60C-ex-
pressing muscles at 14 days after electroporation. On
the other hand, only few aggregates of Myc-wtMYOT
were positive for polyubiquitin (Figure 6A). This result
suggests that mutant myotilin was ubiquitinated or that
the expressed mutant myotilin induced the deposition
of polyubiquitinated proteins in the muscles of patients
and electroporated mice. To characterize these aggre-
gates, we performed a solubility assay. The muscle

—155-



WT

7d

144

S60C

Characterization of Mutant Myotilins 1575
AJP April 2012, Vol. 180, No. 4

R405K

B * C *dkk D
S )
ﬁ 60 *kk *kk § 60 *kk *kk ¥
© | | ® | o 0 8 g
g g %0 25§ 2
g 40 8 40
£ £ IB: Myc
z 30 5 30 7d
5§ 20 g 20 IB: GAPDH
£ 2
S 10 S 10 ,
g g 14 IB: Myc
5 0.l 1. 5 o L1 .
* WT  860C R405K & WT  S60C  R405K IB: GAPDH

Figure 3. Enhanced aggregation of mutant myotilins in mouse skeletal muscle. A: Immunohistochemical staining of Myc-wtMYOT (WT)-electroporated or
Myc-mMYOT (S60C or R405K)-electroporated mouse TA muscles. At 7 and 14 days after electroporation, S60C and R405K formed many Myc-positive granular
aggregates (arrows) in myofibers, compared with WT. More prominent protein aggregates were observed in the S60C-electroporated muscle. At 14 days after
electroporation, S60C-expressing myofibers exhibited larger aggregates. Scale bars: 20 wm. B and C: The percentage of myofibers with Myc-positive aggregates
in the electroporated fibers of the WT, S60C, and R405K expression groups (# = 5 mice per group). *P < 0.05; **P < 0.001. D: Immunoblotting analysis of
transfected Myc-tagged myotilin in 15 serial sections taken after the sections used for immunohistochemistry. GAPDH was used as a loading control.

specimen with the SB0C mutation (patient 1) exhibited
increased amounts of myotilin in the detergent-insolu-
ble fraction, compared with the control specimens
(Figure 8, B and D). Increasing amounts of polyubig-
uitinated proteins and aB-crystallin were also detected
in the insoluble fraction. On the other hand, the solu-
bilities of myotilin and other proteins, including polyu-
biquitin, in the muscle specimen with the R405K muta-
tion (patient 2) were similar to those of controls (Figure
6B). Consistently, in the mouse muscles isolated at 14
days after electroporation, markedly increasing
amounts of insoluble mMYOT S60C were observed
(Figure 6C). In the PBS-injected control muscle, insol-
ubility of endogenous myotilin was 31 = 12%, whereas
in the wtMYOT-, mMYOT SB60C-, and mMYOT R405K-

injected muscles, the Myc-tagged myotilin amounts in the
insoluble fraction were 34 = 10%, 69 * 5%, and 48 =
9%, respectively (Figure 6E). Insolubility of Myc-wt-
MYOT was similar to that of endogenous myotilin, but
mMYOT, and S60C in particular, exhibited higher in-
solubility (Figure 6E).

These results are consistent with the number of intra-
cellular aggregates observed after electroporation. The
amount of polyubiquitinated proteins was markedly in-
creased in the insoluble fraction of mMMYOT S60C-elec-
troporated muscles, similar to that of the muscle with the
S60C mutation (patient 1) (Figure 6, B and C). A slight
increase in the amount of detergent-insoluble polyubig-
uitinated proteins was observed in mMYOT R405K-elec-
troporated muscles (Figure 6C). The amounts of other
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Figure 4. Electron microscopy of muscles expressing mutant myotilin. mMYOT S60C (A—C); mMYOT R405K (D-F). A and D: mMYOT-transfected muscle fibers
exhibited myofibril disorganization with disrupted Z-disk; note broadening of Z-disks (A, brackets) and Z-disk streaming (D, asterisk). B and E: Variable-sized
(1 to 8 um in diameter) electron-dense inclusions (arrowheads) were seen in mMYOT-expressing muscles. C and F: Inclusions were occasionally associated with
autophagic vacuoles (AV). B and C: Seven days after electroporation. A and D-F: Fourteen days after electroporation. Scale bars: 3.0 wm (B and E); 2.0 um (C);

1.7 um (A and D); 1.4 pm (F).

Z-disk—-associated proteins, including aB-crystallin, in the
insoluble fraction did not exhibit an increase, even in
mMYOT S60C-electroporated muscles (Figure 6C; see
also Supplemental Figure S4, A and B, at hitp://ajp.
amjpathol.org). We also performed an immunoprecipita-
tion assay to examine whether myotilin was polyubiquiti-
nated. Myc-tagged myotilin proteins were immunopre-
cipitated from the detergent-soluble fraction of the mouse
muscles isolated at 14 days after electroporation. Polyu-
biquitin immunoreactivity was not detected in the immu-
noprecipitated proteins (see Supplemental Figure S4C at
http.//ajp.amjpathol.org), indicating that neither the wt-
MYOT nor the mMYOT proteins in the soluble fraction
were polyubiquitinated.

Discussion

Patients with MFM, including myotilinopathy, exhibit vari-
able clinical features. Some patients exhibit progressive
weakness in proximal muscles, whereas others exhibit
distal dominant muscle involvement. Cardiomyopathy,
peripheral neuropathy, and respiratory insufficiency
may be observed.? The diagnosis of MFM is generi-
cally based on characteristic pathological findings in
biopsied muscles, namely, myofibrillar degradation
and protein aggregation.” Histochemicaily, the most re-
markable pathological changes were observed with mGT
staining (Figure 1). Abnormal protein aggregates were

observed, including amorphous, granular, or hyaline de-
posits of various sizes, shapes, and colors (dark blue,
blue red, or dark green). The presence of rimmed and
nonrimmed vacuoles was also a characteristic observa-
tion. Furthermore, NADH-TR staining revealed intermyo-
fibrillar network disorganization. Attenuation or absence
of NADH-TR activity in focal areas of myofibers is also
observed in MFM. 37

Here, we have presented findings for myotilinopathy
patients with similar clinical features but different patho-
logical changes. Fibers with cytoplasmic inclusions and
disorganized myofibrils were prominent in the patient with
S60C mutation, and these inclusions were strongly immu-
noreactive for myotilin (Figure 1).

Although transfected cultured cells did not show ag-
gregations, our in vivo expression studies in mice were
able to reproduce the pathological changes observed
in myotilinopathy patients. Mutant myotilin caused en-
hanced protein aggregation in TA muscles within 1to 2
weeks (Figure 3). The dark blue or dark green inclusions
stained by mGT in mutant-expressing fibers (Figure 4) were
similar to those observed in the myotilinopathy patients.
Furthermore, mMYQOT S60C-expressing myofibers ex-
hibited a greater number of aggregates, which is con-
sistent with the pathology of the patient with that mu-
tation (patient 1). Of note, the size of mMMYOT S60C
aggregates markedly increased over time, suggesting
that mutant myotilin may be resistant to protein degra-
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R405K
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Figure 5. Mutant myotilin aggregates colocalize with polyubiquitin and other Z-disk-associated proteins in electroporated mouse muscle. mGT and immuno-
histochemical staining of mouse muscle expressing Myc-mMYOT S60C (A) or mMYOT R405K (B) at 14 days after electroporation. On mGT-stained sections of
mMYOT-expressing muscles, cytoplasmic inclusions (arrows) were seen. The inclusions were immunopositive for the Myc tag in serial sections. The Myc-positive
aggregates of S60C and R405K strongly colocalized with polyubiquitin (poly-Ub) and aB-crystallin (eBC). The aggregates were also immunopositive for BAG3,

actin, desmin, and filamin C. Scale bars: 20 um (A and B).

dation, as described previously for MFM-associated
mutant desmin.32:3%

Focal disorganization of myofibrils, Z-disk streaming,
and accumulation of electron-dense material near the
Z-disk are characteristic electron microscopic findings in
the muscles of MFM patients.”"435 In the myotilinopathy
patient, Z-disk streaming, numerous autophagic vacu-
oles'” and cytoplasmic amorphous inclusions were ob-
served (see Supplemental Figure S2 at hitp://ajp.
amjpathol.org). In the present study, expression of
mMYOT by electroporation elicited myofibril disorganiza-
tion and accumulation of electron-dense material, which
are ultrastructural hallmarks of MFM (Figure 5). Au-

tophagic vacuoles associated with inclusions were also
observed in electroporated muscles. Disorganization of
myofibrils starting from the Z-disk and material appearing
to originate from the Z-disk are commonly observed in
MFM patients,>*3° and these features were also ob-
served in the mMYQOT-electroporated muscles. These
morphological findings imply that the presence of mutant
myotilin can induce characteristic pathological features
by affecting Z-disk structure.

Ectopic accumulations of multiple proteins, including
Z-disk—associated proteins, are typical pathological fea-
tures of MFM.3%37 This study and previous reports®>3®
showed that myaotilin-positive protein aggregates colocal-
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Figure 6. Mutant myotilin displays marked detergent insolubility, along with polyubiquitinated proteins. A: At 14 days after electroporation of Myc-
WIMYOT (WT) or Myc-mMYOT (S60C or R405K), Myc-mMYOT aggregates, particularly those of S60C, colocalized with polyubiquitin (polyUb) (arrows).
The WT aggregates rarely costained with polyubiquitin. B-E Solubilities of myotilin, polyubiquitinated proteins, and other sarcomeric proteins in muscles
from myotilinopathy patients (B and D) and from electroporated mice (C and E). GAPDH was used as a loading control. B: Immunoblotting of
detergent-soluble and detergent-insoluble fractions of muscles from control subjects (C1 and C2) or myotilinopathy patients [P1 (patient 1) and P2 (patient
2)]. In the muscles from P1 with S60C, markedly increasing amounts of myotilin, polyubiquitinated proteins, and aB-crystallin were detected in the insoluble
fraction, compared with muscles from control subjects. D: Quantification of myotilin insolubilities revealed highest insolubility in P1. C: Immunoblotting
of detergent-soluble and detergent-insoluble fractions of WT, S60C, or R405K-expressing muscles at 14 days after electroporation. Increasing amounts of
insoluble Myc-tagged myotilin proteins and polyubiquitinated proteins were observed in mMYOT-electroporated muscles, compared with WT. Particularly
in S60C-electroporated muscles, the amounts of insoluble proteins were notably increased. E: Quantification of the insolubilities of electroporated
Myc-tagged myotilin in the WT, S60C, and R405K expression groups (n = 6 mice per group). Insolubility of endogenous myotilin was measured using
PBS-treated mouse muscles. Compared with WT, insolubilities of electroporated Myc-tagged myotilin were significantly increased in S60C and R405K.

*P < 0.05; *P < 0.01; **P < 0.001. Scale bar = 20 pum.

ize with ubiquitin and Z-disk-associated proteins (ie, aB-
crystallin, BAG3, actin, desmin, and filamin C) in the
muscles of myotilinopathy patients (Figure 1; see also
Supplemental Figure S2 at http://ajp.amjpathol.org). It has
been reported that the myotilin T571 transgenic mice de-
velop progressive myofibrillar changes, including Z-disk
streaming and accumulation of mutant myotilin with ubig-
uitin and Z-disk-associated proteins, similar to those ob-
served in myotilinopathy patients.®® Expression of
mMYOT elicited similar cytoplasmic aggregations in
mouse skeletal muscle, and within 2 weeks the aggre-
gates colocalized with polyubiquitin and other Z-disk—
associated proteins. Our results indicate that mutant
myotilin is able to nucleate aggregations of Z-disk-asso-
ciated proteins in skeletal muscle.

MFM is a proteinopathy (ie, a protein accumulation
disease). In these diseases, protein aggregates are op-
erationally defined by poor solubility in aqueous or deter-
gent solvents.®®4° Such insoluble protein aggregations
are characteristic of many neurodegenerative dis-
eases.*’ In the present study, we discovered that the
mutant myotilin S60C protein, along with polyubiquiti-
nated proteins, exhibited marked detergent insolubility in
muscles from both the patient and electroporated mice.
Mutant myotilin R405K protein showed increased, but
lower, detergent insolubility in mice (Figure 6), which may
be consistent with the observation that the muscle from
the patient with the R405K mutation exhibited only mild

protein aggregation (Figure 1). The different detergent
insolubilities exhibited by the two MYOT mutations may
closely correlate with the amounts of protein aggregation.
Here, we confirmed the aggregation-prone property of
mutant myotilin, which participates in the pathogenesis of
myotilinopathy. Using an immunoprecipitation assay, we
also showed that electroporated mMYOT was not ubig-
uitinated in the detergent-soluble fraction (see Supple-
mental Figure S4 at http://ajp.amjpathol.org). A previous
study showed that transfected myotilin is degraded by
the proteasome system in cultured cells.*? Our present
findings show that ubiquitinated mutant myotilin can form
insoluble aggregates. It is also possible that aggregation
of insoluble ubiquitinated proteins is induced by the ex-
pression of mutant myaotilin.

Several causative genes have been identified for MFM,;
however, in previous studies no mutations were found in
nearly half of the MFM patients.? To identify the unknown
causative genes, easy methods are required for deter-
mining the pathogenicity of novel mutations. Some mu-
tant proteins exhibit protein aggregation*®4® or biologi-
cal dysfunction, including protein-protein interaction in
vitro 234648 However, we could not detect any protein
aggregation in mMYOT-expressing cultured cells (Figure
2). The difficulty of in vitro investigation may be respon-
sible for the inability to identify Z-disk-associated pro-
teins or mature Z-disk structures. Indeed, myotilin is ex-
pressed in later differentiated C2C12 myotubes with
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sarcomere-like structures.*® This suggests that mutant
myotilin requires mature Z-disk and/or other sarcomeric
proteins to cause aggregations. In such cases, in vivo
examination is important for evaluating the pathogenicity
of mutations. Because in vivo electroporation can repro-
duce the pathological changes observed in MFM pa-
tients within a short time, it is a useful and powerful tool for
evaluating the pathogenicity of mutations in MFM.
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Abstract

Diagnosis of adult-onset Pompe disease is sometimes challenging because of its clinical similarities to muscular dystrophy and the paucity
of disease-specific vacuolated fibers in the skeletal muscle pathology. We describe two patients with adult-onset Pompe disease whose muscle
pathology showed no typical vacuolated fibers but did show unique globular inclusions with acid phosphatase activity. The acid
phosphatase-positive globular inclusions may be a useful diagnostic marker for adult-onset Pompe disease even when typical vacuolated

fibers are absent.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Pompe disease (glycogen storage disease type 2; acid
maltase deficiency; OMIM #232300) is an autosomal
recessive disease caused by mutations in the gene encod-
ing acid a-glucosidase (GAA, OMIM #606800), a lyso-
somal enzyme involved in glycogen degradation [1].
Based on age of onset and clinical severity, which depends
on residual GAA activity, the disease can be classified
into infantile, childhood-onset, and adult-onset forms.
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National Center of Neurology and Psychiatry, 4-1-1 Ogawahigashi-cho,
Kodaira, Tokyo 187-8502, Japan. Tel.: +81 42 341 2711; fax: +81 42 346
1742.

E-mail address: nishino@ncnp.go.jp (I. Nishino).
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Most of the infantile and childhood-onset forms exhibit
disease-specific skeletal muscle pathology, which shows
fibers occupied by huge vacuoles that contain basophilic
amorphous materials. However, diagnosis of the adult-
onset form is sometimes challenging due to clinical similar-
ities to muscular dystrophy and the paucity of typical vacu-
olated myofibers. We diagnosed 37 patients with Pompe
disease including 11 infantile, 16 childhood-onset, and 10
adult-onset forms in the muscle repository of the National
Center of Neurology and Psychiatry (NCNP), Japan, based
on a deficiency of GAA enzyme activity assayed using biop-
sied muscles, as previously described [2]. Among these 37
patients, two unrelated Japanese patients did not have dis-
ease-specific vacuolated muscle fibers but did have unique
cytoplasmic inclusions. Here, we report the diagnostic util-
ity of acid phosphatase (ACP)-positive globular inclusions
for adult-onset Pompe disease.
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2. Case report
2.1. Clinical summary

Patient 1: A 44-year-old man had been well until the age
of 41 years when he started having difficulty in running.
He was admitted to the hospital because of progressive mus-
cle weakness. His parents were first cousins, but there was no
family history of neuromuscular disorders. He was clinically
suspected to suffer from muscular dystrophy because of
slowly progressive muscle weakness and elevated creatine
kinase levels of around 800 IU/L (normal, <171 IU/L). On
examination, he had grade 4-muscle weakness on medical
research council (MRC) scale and marked atrophy in his
thighs. He did not have apparent respiratory impairment.
Electromyography (EMG) showed myopathic changes with
fibrillation and increased polyphasic motor unit potentials
(MUPs).

Patient 2: A 62-year-old woman first noticed difficulty in
climbing stairs at the age of 35 years, and needed a stick to walk
at 45 years. Muscle weakness gradually worsened predomi-
nantly in her proximal limbs, and she became wheelchair-
bound at 55 years. A muscle biopsy was performed at the age
of 61 years. On examination, she had muscle weakness and
atrophy predominantly in the proximal upper and lower limbs
at the grade 3-4 on MRC scale. Serum CK level was 70 TU/L
(normal, <142 IU/L). An EMG showed myopathic changes
with increased polyphasic MUPs and myotonic-like repetitive
discharges. She had been on non-invasive positive-pressure
ventilation since the age of 62 years when the respiratory insuf-
ficiency appeared.

2.2. Skeletal muscle pathology

The skeletal muscle pathology from the vastus lateralis
of patient 1 and from the biceps brachi of patient 2 showed
nonspecific myopathic changes with moderate fiber size
variation, mild endomysial fibrosis, and some fiber splitting
(Fig. 1A). No necrotic or regenerating fibers were seen. No
vacuoles containing amorphous materials were observed.
Importantly, both muscles contained red—purple globular
inclusions on modified Gomori-trichrome (mGT) stain
(Fig. 1A and B). The average percentages of fibers with
globular inclusions in the whole mGT-stained section were
0.5% in patient 1 and 2% in patient 2. These inclusions were
invariably highlighted by ACP stain but not stained by
periodic acid Schiff (PAS) (Fig. 1C). Inclusions were
stained only faintly on menadione-linked a-glycerophos-
phate dehydrogenase (MAG) without substrate (Fig. 3A).
Fibers with ACP-positive globular inclusions were also
found in 15 of 16 childhood-onset and seven of eight
adult-onset patients with disease-specific pathology in
varying proportions (0.1-10%). The rate of fibers with
inclusions was not significantly different between the child-
hood-onset and adult-onset forms. Fibers carrying inclu-
sions did not have typical vacuoles with amorphous
materials inside. In the infantile cases, more than 90% of

the fibers were vacuolated, whereas non-vacuolated fibers
with inclusions were hardly recognizable.

Double immunostaining was performed using primary
antibodies against a lysosomal marker, lysosomal associ-
ated membrane protein-2 (LAMP-2; Developmental Stud-
ies Hybridoma Bank (DSHB), Iowa City, IA, USA) and an
autophagosomal marker, microtubule-associated protein 1
light chain 3 (LC3; Novus Biologicals, Littleton, CO,
USA). In fibers with ACP-positive inclusions, immunore-
activity for LAMP-2 and LC3 were accumulated focally
in inclusions and surrounding area (Fig. 1D). We also
examined another samples from adult-onset patients with
typical vacuoles. Fibers with typical vacuoles were entirely
positive for LAMP-2 and LC3 (data not shown).

On PAS staining, performed on epon-embedded sec-
tions (Epon-PAS) to detect glycogen more sensitively,
PAS was negative in globular inclusions but positive in
the surrounding area (Fig. 1E).

Electron micrography was performed as previously described
using a Tecnai spirit transmission electron microscope (FEL Hills-
boro, OR, USA) [3]. The inclusions consisted of homogeneous
electron-dense globules surrounded by increased glycogen parti-
cles and autophagic vacuoles (Fig. 1F). The globules contained
neither dotted glycogen particles nor a filamentous structure.

2.3. GAA enzymatic analysis and genetic analysis

Presence of globular inclusions led us to suspect Pompe
disease, and GAA enzymatic activity analyses revealed
7.5% of normal control activity in patient 1 and 12.3% in
patient 2.

Genomic DNA was extracted from peripheral lympho-
cytes or biopsied muscle using a standard protocol for
mutational analysis of GAA. All exons and their flanking
intronic regions of GAA were amplified by PCR and
directly sequenced with an ABI PRISM 3100 Automated
Sequencer (Applied Biosystems, Foster City, CA, USA).
Both patients carried the homozygous GA4 mutation at
the last codon of exon 2 (c. 546G > T). RT-PCR and direct
sequencing were performed using RNA extracted from
biopsied muscles. This novel mutation causes aberrant
splicing by skipping exon 2 (Fig. 2). This homozygous c.
546G > T mutation was also found in another patient with
the adult-onset form, whose muscle pathology showed typ-
ical skeletal muscle pathology with vacuolated fibers.

3. Discussion

ACP-positive globular inclusions were a good diagnostic
marker for the two patients with adult-onset Pompe disease
lacking typical vacuolated fibers. Among 12,103 muscle
biopsies in the NCNP repository from 1979 to 2010,
ACP-positive globular inclusions were not reported, except
for Pompe disease.

The globular inclusions are most likely the same as “reduc-
ing body-like globular inclusions in late-onset Pompe disease”
reported by Sharma et al., as the pathological features are
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Fig. 1. Acid phosphatase-positive globular inclusions in patient 2. (A and B) Biopsied skeletal muscle showed nonspecific myopathic changes with
scattered red—purple colored globular inclusions on modified Gomori-trichrome stain. (C) The inclusions have intense activity on acid phosphatase stain.
Bar = 20 um. (D) Double immunostaining for LAMP-2 (green) and LC3 (red) demonstrates colocalization of positive immunoreactions in the inclusions
and surrounding area (B-D; serial sections). (E) On epon-embedded section, periodic acid Schiff stain is negative in inclusions (arrows). Bar = 5 ym. (F)
On electron microscopy, globular inclusions (asterisks) lack Z-line structure, which differs from cytoplasmic bodies. Autophagic vacuoles (arrows) and
glycogen particles (arrow heads) are seen in the vicinity of globular inclusions (12000x).
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Fig. 2. Mutational analysis of G44. Both patient have a homozygous c. 546G > T mutation at the last codon of exon2 (A upper: control, lower: patient),

which creates mRNA with skipping exon 2 (B).

e .

Fig. 3. Inclusions on menadione-linked a-glycerophosphate dehydrogenase (MAG) without substrate. Globular inclusions in Pompe disease (A) are only
faintly stained comparing reducing bodies in reducing body myopathy with FHLI mutation (B). Bar = 20 pm.

rather similar [4]. However, globular inclusions showed much
fainter staining on MAG without substrate than genuine
reducing bodies seen in reducing body myopathy with FHLI
mutations (Fig. 3). More importantly, ACP positivity has
not been clearly described previously.

These globular inclusions are reminiscent of cytoplasmic
bodies, which are nonspecific findings reflecting degenera-
tion of the Z-disk in various neuromuscular diseases, par-
ticularly myofibrillar myopathies. However, the nature of
the globular inclusions differs essentially from cytoplasmic
bodies because of positive ACP staining and the lack of

-associated Z-disk components. Although it remains unclear
how the ACP-positive globular inclusions are formed, the
absence of glycogens in the globular inclusions suggest that
they differ from glycogen accumulations in lysosomes.
Fibers with typical vacuoles were diffusely positive for both
lysosomal and autophagosomal markers as shown previ-
ously [5,6]. On the other hand, immunoreactivities of these
markers accumulated more focally in fibers with inclusions.
Further study should be needed to clarify what causes these
pathological differences.

In conclusion, ACP-positive globular inclusions may be a
hallmark of Pompe disease and a useful diagnostic marker

for adult-onset Pompe disease lacking typical vacuolated
fibers. Since enzyme replacement therapy is effective, albeit
not fully, in adult-onset patients, early diagnosis is necessary
for a better prognosis.
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Objective: To characterize the clinical course of my-
opathy associated with antibodies to signal recognition
particle (SRP), or anti-SRP myopathy.

Desigm: Case series.
Setting: Keio University Hospitals and National Insti-
tute of Neuroscience, National Center of Neurology and

Psychiatry, Tokyo, Japan.

Patients: We reviewed clinical features of 27 patients
with anti-SRP myopathy and analyzed disease progres-

rum were detected by RNA immunoprecipitation assay
using extracts of K562 cells.

Results: Of the 27 patients, 5 (19%) showed chronic pro-
gressive muscle weakness as well as atrophy of limbs and
trunk muscles from a younger age with more severe neu-
rological outcomes compared with the other 22 patients
(81%) with the subacute form.

Conclusion: A subset of patients with anti-SRP myopa-
thy can show a chronic progressive form associated with
severe clinical deficits.

sion and neurological outcome.

Main Oufcome Measures: Anti-SRP antibodies in se-

Arch Neurol. 2012;69(6):728-732. Published online
February 13, 2012. doi:10.1001/archneurol.2011.1728
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UTOANTIBODIES AGAINST
signal recognition par-
ticle (SRP) were first found
in the serum of a patient
with polymyositis and
were listed as myositis-specific antibod-
ies.! Myopathy associated with antibodies
to SRP (anti-SRP myopathy) has recently
been regarded as an immune-mediated
necrotizing myopathy based on histo-
logical findings and has been clinically
characterized by severe muscle weak-
ness, marked elevation of serum creatine
kinase (CK) levels, and poor response to
corticosteroid therapy.?” These observa-
tions were gathered mainly from patients
with a clinical diagnosis of inflammatory
myopathies. However, the clinical spec-
trum of anti-SRP myopathy may be
broader.
The rapid progression of weakness is
a characteristic clinical feature of anti-
SRP myopathy.*” The mean interval from
its onset to diagnosis is 3 to 4 months, and
clinical symptoms are usually progres-
sive for 5 to 6 months.>> In contrast, Dimi-
tri et al® first described a 31-year-old man
in whom weakness progressed for more
than 3 years. Before the anti-SRP anti-

body was detected, he was diagnosed as
having limb-girdle muscular atrophy. We
also described a 32-year-old man with
childhood-onset myopathy whose diag-
nosis alternated between inflammatory
myopathy and muscular dystrophy for 21
years.” These results suggested that pa-
tients with anti-SRP myopathy can show
chronic progression indistinguishable from
muscular dystrophy. Herein, we ana-
lyzed the disease course and neurologi-
cal outcomes in patients with anti-SRP
myopathy.

- R

We chose 27 patients with myopathy with the
anti-SRP antibody, including 10 previously re-
ported cases.”! The diagnosis of anti-SRP my-
opathy was based on clinical, electrophysi-
ological, histopathological, and serological
findings. Muscle weakness was assessed by
manual muscle strength (Medical Research
Council scale grade), and severe weakness was
defined as grade 3 or lower. Muscle biopsy was
performed in all 27 patients and showed fiber
size variation as well as fiber necrosis and re-
generation with or without lymphocyte infil-
tration. No patients had taken statins.
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Anti-SRP antibodies were detected by RNA immunoprecipi-
tation assay using extracts of K562 cells as previously de-
scribed.!! Briefly, 10 pL of serum was mixed with 2 mg of Pro-
tein A Sepharose CL-4B (Pharmacia Biotech AB) in 500 pL of
immunoprecipitation buffer (10mM TRIS hydrochloride, pH 8.0,
500mM sodium chloride, 0.1% Nonidet P40) and incubated for
2 hours. After washing 3 times with immunoprecipitation buf-
fer, antigen-bound Sepharose beads were mixed with 100 uL of
K562 cell extract (6 X 10° cell equivalents per sample) for 2 hours,
and 30 pL of 3M sodium acetate, 30 pL of 10% sodium dodecyl
sulfate, and 300 pL of phenol:chloroform:isoamyl alcohol (50:
50:1, containing 0.1% 8-hydroxyquinoline) were added to ex-
tract bound RNA. After ethanol precipitation, the RNA was re-
solved by using a 7M urea—8% polyacrylamide gel, and the gel
was silver stained (Bio-Rad). Immunoprecipitated RNA located
in the 7SL-RNA lesion was regarded as anti-SRP antibody. Other
myositis-specific and myositis-associated autoantibodies were also
detected by the RNA immunoprecipitation assay.

Neurological outcomes were assessed using the modified
Rankin Scale (mRS)."? This scale was principally used for evalu-
ating function of patients with stroke; however, it was also ap-
plied to patients with myositis."> Neurological outcomes were
divided into 3 groups: recovered, mild deficit, and severe defi-
cit. Patients who responded optimally to the treatment and re-
turned to their jobs (mRS score of 0-1) were defined as recov-
ered. Patients who responded partially to treatment and resumed
most activities of daily living (mRS score of 2-3) were defined
as having a mild deficit. Patients who showed reworsening muscle
weakness or re-elevation of serum CK levels after the treatment
were also included in this group. Patients who responded mini-
mally to the treatment and required support in daily activities
(mRS score of 4) were defined as having a severe deficit.

This study was approved by the institutional review boards
at Keio University and the National Center of Neurology and
Psychiatry. Statistical analyses were performed using Stat-
View version 5.0 statistical software (SAS Institute, Inc).

-— R - -

Figure T shows the distribution of periods between dis-
ease onset and the first examination. We divided 27 pa-
tients with anti-SRP myopathy into 2 subtypes (sub-
acute and chronic forms) based on the clinical course.
Of the 27 patients with anti-SRP myopathy in our study,
5 (19%) were considered to have the chronic form. The
patients’ demographic and clinical features are com-
pared between those with the subacute and chronic forms
(Table 1). Disease onset occurred at a younger age in
those with the chronic form than in those with the sub-
acute form (mean age, 15.4 vs 52.4 years, respectively;
P <.001). No patients with the chronic form had a clear
clinical history of antecedent infection, whereas 3 pa-
tients (14%) with the subacute form had antecedent in-
fection. Despite a previous report,” seasonal occurrence
was not clear in our series. Disease progression of the sub-
acute form was usually rapid, and the mean duration be-
tween disease onset and the first examination was 3.1
months. In particular, 3 patients showed rapid disease
progression in 2 to 3 weeks. In contrast, patients with
the chronic form showed significantly slower progres-
sion, and the mean duration between disease onset and
the first examination was 10.2 months (P=.001).

In our series, asymmetrical muscle involvement was
seen in 2 patients, whereas the other 25 patients showed
proximal-dominant symmetrical limb muscle weak-

Subacute Chronic

Patients, No.

i1 2 3 4 5 6 7 8 9 10 11 12 13
Time Required for First Examination, mo

Figure 1. Period between disease onset and the first examination in 27
patients with anti~signal recognition particle myopathy. They were divided
into 22 patients with the subacute form and 5 patients with the chronic form
based on the clinical course.

ness. Lower limbs were more severely affected than up-
per limbs. All 5 patients with the chronic form and about
half of the patients with the subacute form showed se-
vere muscle weakness and atrophy at the first examina-
tion. Several reports emphasized that dysphagia, but not
dysarthria, was observed at a high frequency in 43% to
75% of patients with anti-SRP myopathy.*> In our se-
ries, 7 patients (26%) had dysphagia and 3 (11%) re-
ported it as the initial symptom. Previous reports also
showed a high frequency of cardiac involvement,*® while
only 1 patient in our series had arrhythmias, which did
not require treatment. Respiratory muscle involvement
was detected in 3 patients. Myalgia was noted in 9 pa-
tients (36%) and tended to precede muscle weakness. Ex-
tramuscular manifestations were observed only in pa-
tients with the subacute form. Skin rash and interstitial
lung disease, which were clinically suggestive of derma-
tomyositis, were observed in 2 and 4 patients, respec-
tively. Serum CK levels were markedly elevated to more
than 1000 IU/L (to convert to microkatals per liter, mul-
tiply by 0.0167) in all 27 patients; however, there was
no difference between the subacute and chronic forms.
Other autoantibodies were found in 6 patients with the
subacute form, including Ro/SSA (3 patients), Th/To (1
patient), ribosome (1 patient), and UIRNP (1 patient).

All 27 patients were treated with oral prednisolone (1
mg/kg/d). Half of the patients were treated with addi-
tional immunosuppressive agents, including methotrex-
ate (n = 5), azathioprine (n = 4), tacrolimus (n = 2), cy-
clophosphamide (n = 1), and cyclosporine (n = 1), or with
intravenous immunoglobulin (n = 6). Although some pa-
tients required 2 to 3 months to respond to treatment,
the patients with anti-SRP myopathy did not always re-
spond poorly. The combination of oral prednisolone and
intravenous immunoglobulin appears to be most effec-
tive for patients with the subacute form as the initial treat-
ment. The neurological outcomes showed that 10 pa-
tients (45%) with the subacute form recovered. In contrast,
all 5 patients with the chronic form had more severe neu-
rological outcomes compared with the 22 patients with
the subacute form (P = .008) (Figure 2).
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Table 1. C‘dijipér‘i:s:n):n\bff Clinical Features Bétweén,Suhacuté’aﬁd Chronic Forms of Anti- ,Si'gn‘a'ifRe:c'ngl’litiun Payrtit;lyé M‘yn’path'y o

Raynaud phenomenon o
Intersmral Iung dlsease L
Assocnated disorc

: S e  Patients, Nu (%)

Cr e Subacute ‘Chronic i
Clinical Feature =~ = n=22) (n=5 P Value
Age at onset, mean (range) Voo 52.4(14—82) L 154(5 32) <0ma
Female - ' 3(60) 780
‘Antecedent mfectlon ~ e S g3b
Time required forﬂrst exammatlon mean (range) , ,10.2,(8-13) Chne e .001a
Muscle weakness co : friiid s A
- Ams <legs )u 3(60) s ‘,,.98b~
_Ams > legs ) 240y o 9gb
;Severemvolvement ) (100) oo
~Latera 1(20) 800

P i % ~,_80b,

;k’ :’7.‘811’;_, -

IS0 e N N A \noo“

eibi (11’49’-15’5‘85) . 4190(2465-5725)

Sl conversion factor: To convert serum creatine kinase to microkatals per liter, mult:piy by 0.0167.

aStatistical analysis by ftest.
b Statistical analysis by x? test.

‘——P—:—'%ﬁ {1 Recovered
1004 Mild deficit
B Severe deficit
R
%)
€ 50
3
&
0 fhi -
Subacute Chronic
(n=22) (n=5)

Figure 2. Neurological outcomes were assessed using the modified Rankin
Scale' with some modifications and were compared between subacute and
chronic forms of anti—signal recognition particle myopathy. The neurological
outcomes were divided into recovered, mild deficit, and severe deficit.
Differences between the groups were analyzed with the Mann-Whitney test.
Five patients with the chronic form showed more severe outcomes than 22
patients with the subacute form (P =.008).

Detailed clinical features of 5 patients with the chronic
form are summarized in Teble 2. All patients had se-
vere muscle weakness and marked atrophy in all 4 limbs
and the trunk. Two patients (patients 2 and 5) noticed
arm muscle weakness as the initial symptom. Impor-
tantly, scapular winging was noted in 2 patients (pa-

tients 2 and 3) at the first examination and was sus-
pected to involve facioscapulohumeral muscular
dystrophy. The serum CK level was decreased after treat-
mentin patients with the chronic form, but muscle weak-
ness gradually progressed and recovery of muscle strength
was delayed. Three patients (patients 1, 2, and 3) be-
came unable to walk independently, and 1 (patient 3)
required mechanical ventilation. Because muscle biop-
sies were not suggestive of inflammatory myopathy, 1
patient (patient 3) was treated for only 3 months and 2
(patients 1 and 2) were treated after the detection of
anti-SRP antibody. Of these younger patients, 2 (patients
2 and 3) became severely disabled, whereas the other 2
(patients 4 and 5) were treated soon after the muscle
biopsy and responded partially to treatment.

— T

There are 2 methods for detecting anti-SRP antibodies:
the RNA immunoprecipitation assay we used and an
immunoassay using the signal peptide-binding 54-kDa
subunit of SRP (SRP54) as the antigen. Because SRP54 is
regarded as the main antibody target, the immunoassay
using SRP54 is easily conducted and the antibody level
is also available."*!* However, epitopes of anti-SRP anti-
bodies may also be located in other subunits of SRP
proteins or 7SL-RNA."" In contrast, RNA immunopre-
cipitation assay, the standard method for detection of
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- Serum creatrne kmase & 4629 2467 4180 -
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f ,"Scattered : .  Marked
: Moderate L ~Marked : _Marked
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_ Endc mysial trhrosrs f Minimal : !Mrld - o ,~Marked o
Age atanti-SRP. rydmo oo tOmeo 32y6mo
~antibody detection. - - o : :

: VAge attreatment start. 10y9mo 11 yﬁmo
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'PS,L (3 mo)
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Atrophy and edematous
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limbs and trunk

change in proxrmal '
limbs’ and trunk

 34y8mo

progressio for 3 y

‘ventilation; MMT

Abbreviations: AZA, azathioprine; IVCY, intravenous cyclophosphamide; [Vlg, intravenous immunoglobulin; L, lower; MMT, manual muscle strength; MPR, high-dose
methylprednisolone sodium succinate; MTX, methotrexate; PSL, prednisolone; SRP, signal recognition particle; U, upper.
Sl conversion factor: To convert serum creatine kinase to microkatals per liter, multiply by 0.0167.

aThese patients were previously described.®°

anti-SRP antibodies, has advantages in sensitivity and
specificity.!*+¢911 The RNA immunoprecipitation assay
can recognize the conformational epitopes of SRP, al-
though the titer of antibodies is not available. Many stud-
ies showed that anti-SRP antibodies were principally spe-
cific to myositis or necrotizing myopathy exceptin a few
patients with systemic sclerosis or rheumatoid arthri-
tis. 1489 In regard to myopathies, we demonstrated that
anti-SRP antibody was not detected in patients with vari-
ous types of muscular dystrophy, and it was useful for
the differential diagnosis of myopathies using RNA im-
munoprecipitation assay.’

Anti-SRP myopathy can show a wider variety of clini-
cal symptoms than was previously considered. When
weakness progresses rapidly, within 2 to 3 weeks, with
extremely high serum CK levels (>10000 IU/L), acute
rhabdomyolysis should be differentiated.®* When pa-
tients experience progressive weakness within 2 to 6
months®’ accompanied by interstitial lung disease, skin
rash, or associated rheumatic disorders, polymyositis or
dermatomyositis should be considered. Because skin rash
is observed in approximately 10% of cases of anti-SRP

myopathy in the present and previous studies,’ anti-
SRP antibodies may be also detected in patients clini-
cally diagnosed as having dermatomyositis. In fact, Hama-
guchi et al'® reported that anti-SRP antibodies were
detected in 7 of 376 patients (2%) with dermatomyosi-
tis using a similar detection method.

In our series, 5 of 27 patients with anti-SRP myopa-
thy (19%) showed chronic progressive muscle involve-
ment. The mean age at onset in these 5 patients was sig-
nificantly younger than that of the patients with the
subacute form, and patients with the chronic form showed
severe weakness and atrophy in limbs and trunk muscles
as well as poorer outcomes. It was speculated that the
poor outcome may be partially ascribed to the delay of
the first examination or anti-SRP antibodies detection.
Importantly, these clinical features may indicate the pos-
sibility of muscular dystrophy rather than inflamma-
tory myopathy,*'° although the disease progression was
faster than occurs in muscular dystrophy. In fact, fa-
cioscapulohumeral muscular dystrophy was initially sus-
pected in 2 patients owing to prominent shoulder-
girdle weakness.**0
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It is well known that anti-SRP myopathy is usually re-
sistant to treatment, resulting in severe disable-
ment.>*%" However, our observation suggested that pa-
tients with the subacute form had relatively good
neurological outcomes. Early diagnosis by screening for
anti-SRP antibodies is important for choosing intensive
immunotherapy, which might contribute to better out-
comes. In this regard, Hengstman et al® reported that the
response to treatment for patients with anti-SRP myopa-
thy did not differ significantly from that of myositis with-
out anti-SRP antibodies. They reported that 75% of pa-
tients with anti-SRP myopathy could walk without any
assistance after treatment. The severe outcomes of anti-
SRP myopathy described in the previous studies may be
attributable partly to results for patients with the chronic
form. Rituximab therapy is potentially effective for pa-
tients with the chronic form.” Based on these findings, it
may be useful to divide patients by disease progression
to predict the neurological outcome.

An apparent question about the relationship be-
tween anti-SRP antibodies and muscle involvement is
whether the anti-SRP antibodies themselves have any
pathogenic effect against muscle. This hypothesis may
be supported by several lines of data: (1) anti-SRP anti-
bodies purified from patients’ serum samples can in-
hibit the in vitro translocation of secretory proteins into
endoplasmic reticulum'; (2) the levels of anti-SRP54 au-
toantibodies are closely associated with the levels of my-
olysis'*; and (3) the removal of anti-SRP antibodies by
plasma exchange improves muscle strength.'*'® Never-
theless, the causal relationship between anti-SRP anti-
bodies and muscle involvement is still not established,
and further experiments such as passive transfer to ani-
mals are necessary to elucidate the pathogenesis of anti-
SRP antibodies.

In conclusion, anti-SRP myopathy can show quite vari-
able disease progression and neurological outcomes.
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Mutations in the pore-forming subunit of the skeletal muscle sodium channel (SCN4A) are responsible for
hyperkalemic periodic paralysis, paramyotonia congenita and sodium channel myotonia. These disorders
are classified based on their cardinal symptoms, myotonia and/or paralysis. We report the case of a Japanese
boy with a novel mutation of SCN44, p.1693L, who exhibited severe episodic myotonia from infancy and later
onset mild paralytic attack. He started to have apneic episodes with generalized hypertonia at age of
11 months, then developed severe episodic myotonia since 2 years of age. He presented characteristic gener-

’éf,f,ﬁ,vﬁﬁjbamy alized features which resembled Schwarz-Jampel syndrome. After 7 years old, paralytic episodes occurred
Na channel several times a year. The compound muscle action potential did not change during short and long exercise
Skeletal muscle tests. Functional analysis of the mutant channel expressed in cultured cell revealed enhancement of the
Activation activation and disruption of the slow inactivation, which were consistent with myotonia and paralytic attack.

Slow inactivation
Schwarz-jampel syndrome
SCN4A

The severe clinical features in his infancy may correspond to myotonia permanence, however, he subse-
quently experienced paralytic attacks. This case provides an example of the complexity and overlap of the
clinical features of sodium channel myotonic disorders.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

To date, over 40 different mutations causing Na channelopathies
of the skeletal muscle have been reported in SCN4A gene, which en-
codes for the pore-forming alpha-subunit of skeletal muscle sodium
channel [1,2]. The Na channelopathies of the skeletal muscle are clin-
ically classified into hyperkalemic periodic paralysis, paramyotonia
congenita, or sodium channel myotonia on the basis of their clinical
phenotype. However, phenotypic variability and marked overlap in
symptoms have been reported [3-6]. The cases with severe pheno-
type in the neonatal period highlight the high clinical variability of so-
dium channelopathies [7,8]. The electrophysiological studies using
heterologously expressed channels have shown that the missense
mutations produces a gain-of-function defect of the fast gating such
as disrupted fast inactivation and enhanced activation, which should

* Corresponding author at: Shikatacho 2-5-1 Department of Child Neurology, Okayama
University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama
700-8558 Japan. Tel.: + 81 86 235 7372; fax: +81 86 235 7377.

E-mail address: magenta@md.okayama-u.ac.jp (H. Yoshinaga).

0022-510X/$ ~ see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j,jns.2011.12.015

result in increased excitability of the muscle membrane. It has been
revealed that not only the defect of fast gating but also that of slow in-
activation predisposes to paralytic attack, one of the clinical features
of Na channelopathies [9,10].

In this report, we present a Japanese boy with skeletal dysplasia
who exhibited very severe myotonia in infancy and mild paralytic at-
tack after seven years of age. We identified a novel mutation in the in-
tracellular loop linking segments 4~5 of domain II in SCN4 and found
that the heterologously expressed mutant channel showed enhance-
ment of the activation and disruption of the slow inactivation.

2. Case report
2.1. Clinical features

The patient was delivered naturally and without complications.
There is no family history of neuromuscular disease. Seven days
after birth, he experienced transient breath-holding episodes with
generalized muscle stiffness and facial pallor while crying. At
11 months of age, 30-second-long episodes of apnea arose with
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generalized hypertonia; these episodes were so severe that epileptic
seizures were once suspected, but ictal EEG recordings did not indi-
cate that this was the case. These episodes spontaneously disap-
peared, but at the age of two, the patient started to present daily
fluctuating myotonia. The patient presented with a mask-like face
with blepharospasm, grip myotonia, and dysarthria. These episodic
myotonic attacks persisted for several minutes, hours, or even days,
with fluctuation and created difficulties in standing, walking and
upper-limb mobility. The symptoms seemed to be aggravated by
cold (and were relieved during febrile illness) and fatigue, but not
by potassium intake or exercise. The CK value fluctuated between
200 and 1000+ and tended to be high during myotonic attacks.

Fig. 1 depicts a generalized inter-episode feature when he was
5 years and 8 months old. Parental consent to present the photograph
in Fig. 1 was obtained. He was of Herculean stature and exhibited
several characteristic features, such as low-set ears, epicanthic folds,
upturned nose, a long philtrum, puckered lips, short neck, hypertro-
pic thighs, atrophic shoulder girdle muscles, pigeon breast, and joint
contracture of the elbow. Accordingly, he was initially suspected as

Fig. 1. The patient at 5 years and 8 months of age. Note his Herculean stature and
hypertrophic thighs.

having a myogenic type of Schwarz-Jampel syndrome [4,11]. Howev-
er, immunofluorescence stain for perlecan was normal in biopsied
muscle and the histology revealed a nonspecific myopathic change
with increased fiber variability. Acetazolamide, mexiletine, and phe-
nytoin had some effect on his myotonic attacks. When these medica-
tions were discontinued on the day he underwent generalized
anesthesia for the muscle biopsy, he experienced a very severe
myotonic attack that involved the respiratory muscle.

After 7 years and 8 months of age, paralytic episodes appeared
that occurred several times a year thereafter, even in hot summer-
time temperatures. He complained of muscle weakness lasting from
hours to several days at a time. His mother observed that his thighs
become unusually soft during episodes. Neither exercise nor cooling
brought about his episodic weakness. )

2.2. Clinical electrophysiological analysis

Needle electromyography revealed diffuse continuous myotonic
discharges accentuated by needle displacement with dive bomber
sounds. Analysis of the compound muscle action potential (CMAP)
amplitude before and after short or long exercise revealed no signifi-
cant change [12]. Muscle cooling did not affect the CMAP either [13].

2.3. DNA analysis

Since there was no expansion of the repeat length at the DM1
locus with Southern blot, we analyzed the nucleotide sequence of
SCN4A and CLCN1 genes. Written informed consent was obtained
from the parents for the mutation screening. This study was approved
by the ethics committee of Kagoshima University Graduate School of
Medical and Dental Sciences. Nucleotide sequence analysis of the
patient's DNA showed a transition of A to C at the nucleotide in posi-
tion 2077 (c.2077A>C} in SCN4A resulting in the substitution of iso-
leucine to leucine at amino acid in position 693 (p.I693L) (Fig. 2A).
This mutation was not found in the DNA of the parents, both of
whom were clinically non-affected. No mutations of CLCN1 genes
were identified by sequencing analysis.

Furthermore, the possibility of Schwarz-Jampel syndrome was
excluded by re-sequencing all the exons and the flanking intronic
regions of HSPG2. We enriched exonic fragments using the SureSelect
Human All Exon v2 kit (Agilent, CA, USA), and read 50-bp fragments
with the ABI SOLID 4 sequencer (Applied Biosystems, CA, USA). We
mapped 56,007,335 tags (89% of total tags) to human genome
GRCh37.3/hg19 with BioScope 1.3.1 (Applied Biosystemns), and read
2338 Mbp. Detection of SNVs with Avadis NGS (Strand Life Sciences,
Bangalore, India) using default parameters revealed three homozygous
missense SNPs that were all registered in dbSNP134 without any refer-
ence to clinical relevance (W71S, rs2254357, global minor allelic
frequency (GMAF)=0475; G242V, 152254358, GMAF=0.476; and
N765S, 1s989994, GMAF = 0.068).

2.4. Sodium channel functional study

We cultured human embryonic kidney (HEK) cells and transfected
them with wild-type or mutant human sodium channel constructs as
previously described [14]. Na + currents were recorded by the con-
ventional whole-cell patch clamp technique. As shown in Fig. 3A,
the mutant channels were consistently activated at more hyperpolar-
ized voltages than the wild-type channels. To further investigate this
phenomenon, the normalized sodium conductance at each measured
peak current was calculated and plotted against the corresponding
voltage. There was a marked shift towards hyperpolarized voltages
in the activation curve of p.l693L mutant channels indicating an
enhancement of the activation (Fig. 3B. Table 1).
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