inon 1 of COLaAL Patient 5: e 812G=2A (p.G271D)
in COL6AZ Patem 6: cO90IGST  (pG3OIC) m
COLaA2. All patients had SSCD. (D of collagen VI
compound  heterozygous  mumtion: ¢ 569%del G
(VRO8[) and ¢ 8237delG (pA291565) in COLAAT

immunocytochemical Detection and Quantitative Assay
for Binding of Mutated Collagen VI. Fibioblasts from
six SSCD patients, one CI patient, and one control
were cultured as previously reported ® C2C12 cells
were cultured in growth medium consisting of Dul-
becen's modified Fagle medium (DMEM) with 20%
fetal bovine serum for 3 days and were differentiated
to myotubes in DMEM with 5% horse serum for 3
days. For immunocytochemical observation the cul-
ture media from patients' fibroblasis, which had
been adjusted to contain relatively the same concen-
tration of collagen V1, were added to the myotubes.
For quantitative assay. 2.5 times serial dilution of the
media was added. Myotubes were cultured further
for 5 days and processed [or measurement

Cell fixation and blocking procedures were sumilar
to published protocol® For immunocytochemical
staining. simples were incubated for 1T in mixtures of
rabbit polvelonal antibocly against collagen V1 (Abcam,
(ambndge, UK: abfd88) and st polyclonal antibocy
against laminin a2 (Alexis, Laufelingen, Switzerland)
followed by appropriate fluorescent secondary anti-
budies. For quantitative assay, samples were incubated
with anticollagen VI antibody followed by horseracish
peroxidage—labeled secondary antibodies and fluores
cent horseradish peroxidase detection system,

Western Blot Analysis.  Analysis of collagen VI in the
cultured media of Gbroblasis was performed accord
ing to owr recent report.®

RESULTS

Collagen VI in the Cultured Media from UCMD Patients’
Fibroblasts. Westemn blor analsis of cultired me
dia of fibroblasts from patients 1-6 with S5CD
showed thar collagen V1 was similarly secreted (Fig
1A). Collagen VI was not secreted in euliive medinm
ol CD fibroblasts (dat not shown)

Binding of Collagen VI to ECM Surrounding Myocytes.
By adding collagen Vicontining cultured media ol
patients 1=6 fibroblasts o C20C12 myvombes, we ex-
amined the hul(“llg o muaed Il‘”.l!;“l' n VI o the
mvotubes, By immunocstochemistnn. normal colla-
gen VT in conol medium bound vo ECM sarranned
g nvotibes showed cosaining with aminin a2
(Fig, 18) The numaned collagen VT in medinm from

Callagen VI Binding in UCMD

SSC.D Ip.lliull\ 1-13) showed marked veducton of
binding to ECM (Fig 1C: p.GZ3R in COLAAL 1D
p.GZ71D in COL6AZ). Myotubes without addition of
culiure medinm showerd no smaining of collagen V1
surtounding the myotubes (Fig. 1E). Quantirative
hinding assay  demonstrated normal  collagen V1
bound 10 nvocvie cnliires with dose<dependence
There was remarkable veduction of binding of mu-
tited collagen V1 from SSCD patient cells with tha
from the CD patient as a negative control (Fig. 1))

DISCUSSION

Our previous results indicated that many UCMD
patients with SSCID hive heteroavgous mutations in
THD of COLA genes.!! Moreover, we hive demaon-
strated that collagen VI with p.G28IR muation is
secreted into the extracellular space,® but the pro-
duced microfilaments show weak binding to the sub-
strate and remarkably reduced cell adhesion of f-
hrublasts.®

i this study we tried o expand the collagen VI
interction into  myocyte cultures. because in
SSCD, collagen VI is specifically deficient in the
sarcolemmi. Using cultured myotubes we demaon
strated that normal collagen VI can bind to the
ECM surrounding myocytes and that mutations in
THD of COL6 genes may cause reduced binding of
collagen VI to ECM. This phenomenon may ex-
plain the lack of collagen VI in the sarcolemma in
SSCD. Despite the relative homogenous pheno
type among the mutant cells. however, in vitro
binding assavs revealed some variation. This sug-
gests that collugen VI binding may not totally ex-
plain the pathomechanism in this disease, and
other unknown Factors may play a role. For exam
ple, @ recem study suggesied that in UCMD the
biogenesis and secretion of mutated collagen VI
oligomers from Abroblasts in skeletal muscle can
be affected ' This discrepancy requires carelul
interprétation of the results and should be ad
dressed in future stdies,

Both gheine substitution and deletion of the A
werminal region of THD by ontiations in COL6 genes
showed the reduction in binding to FCM siivounding
mvocvies. suggesting that this region may have impor-
tant roles for hinding o the ECM. Colligen VI micior
fibrils have been shown o bind o several cellsurface

receptors and ECM molecules, " bt the physio-

logical binding partners that intevacr with the TTTD

vemeiin amclear. The assocition with these binding
[ETNCNS Y bt essenial in the anchosge of colligen

V1 onelibrals on bl Bumina
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Abstract

Lysosomes are membrane-bound acidic organelles that contain hydrolases used for intracellular digestion of various macromolecules
in a process generally referred to as autophagy. In normal skeletal and cardiac muscles, lysosomes usually appear morphologically unre-
markable and thus are not readily visible on light microscopy. In distinct neuromuscular disorders, however, lysosomes have been shown
to be structurally abnormal and functionally impaired, leading to the accumulation of autophagic vacuoles in myofibers. More specif-
ically, there are myopathies in which buildup of these autophagic vacuoles seem to predominate the pathological picture. In such con-
ditions, autophagy is considered not merely a secondary event, but a phenomenon that actually contributes to disease pathomechanism
and/or progression. At present, there are two disorders in the muscle which are associated with primary defect in lysosomal proteins,
namely Danon disease and Pompe disease. Other myopathies which have prominent autophagy in the skeletal muscle include X-linked
myopathy with excessive autophagy (XMEA). In this review, these disorders are briefly characterized, and the role of autophagy in the

context of the pathomechanism of these disorders is highlighted.
@ 2008 Elsevier B.V. All rights reserved.

Keywords: Acid malt LAMP-2 myopathy

Autophagy; L

1. Introduction

Lysosomes are organelles found in plant and animal
cells containing hydrolytic enzymes that digest macromol-
ecules. These membrane-bound structures represent the
final destination for many endocytic (phagic), autophagic
and secretory molecules targeted for destruction or recy-
cling [1]. Accordingly, numerous cellular processes are
thought to depend on lysosomal function, including the
turnover of cellular proteins, inactivation and downregula-
tion of surface receptors, supply of endocytosed nutrients,
inactivation of pathogenic organisms, repair of plasma
membrane, and loading of processed antigens. Acidity in
the lumen of lysosomes is maintained by vacuolar ATPases

* Corresponding suthor Tel.: +81 423461712: fax: +81 423461742,
E-mail address: nizhinow ponp go jp (L Nishino),

0960-8964/8 - see [ront matter © 2008 Elsevier B.V, All rights reserved
doi:10.1016/).nmd . 2008.04.010

to achieve effective digestion by acid hydrolases. Lyso-
somes bud from the Golgi apparatus. When lysosomes fuse
with phagosomes, the vesicles produced by endocytosis,
they become phagolysosomes. Alternatively when they fuse
with autophagosomes, which are the vesicles produced by
autophagy, they are called autophagolysosomes. In this
essence, lysosomes are dynamically maintained fusing with
endosomes in cells.

Autophagy is a highly regulated process in an organized
system that can either be involved in the turnover of long-
lived proteins and whole organelles (mitochondria and
endoplasmic reticulum) or can specifically target distinct
organelles, thereby eliminating supernumerary or damaged
organelles [2]. In general, autophagy is involved in the bulk
degradation of cytoplasmic components within lysosomes.
It is a process by which cells adapt their metabolism to star-
vation, which can be imposed by decreased extracellular
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nutrients or by decreased intracellular metabolites that
result from the loss of growth factor signals, including insu-
lin [3]. By the catabolism of macromolecules and bulk deg-
radation of organelles, autophagy generales metabolic
substrates and thereby allows for adaptive protein synthe-
sis. Although it has been established that autophagy is reg-
ulated by various factors, recent works have demonstrated
that autophagy could also occur as a non-regulated spon-
taneous process for renewal of the molecules and organ-
elles [4]

Skeletal muscles and neuronal tissues are the primary
organs where autophagy is physiologically enhanced [5].
In several neuromuscular disorders, the accumulation of
autophagic vacuoles is seen in skeletal myofibers [6-11]
Based on this pathological finding, these diseases are called
autophagic vacuolar myopathies (AVM). Two disorders
belonging to this group have been associated with primary
lysosomal protein defects, namely, Danon disease and
Pompe disease [12]. Despite the observation that genera-
tion of autophagic vacuoles can be remarkable in the skel-
etal and/or cardiac muscles, their precise relevance in each
disorder and the mechanism by which they are formed
remain to be clarified. Among AVM, in addition, a select
group of myopathies has a peculiar pathological character-
istic, called autophagic vacuoles with sarcolemmal features
(AVSFs), because on light microscopy the autophagic vac-
uoles are lined by sarcolemmal proteins [13]). This latter
group includes Danon disease and X-linked myopathy with
excessive autophagy (XMEA). In this review, we will focus
on these primary lysosomal protein deficiencies and related
myopathies, highlighting the role of autophagy in the
pathomechanism of the diseases.

2. Danon disease
2.1. Clinical and genetic features of Danon disease

Danon discase was originally reported as “lysosomal
glycogen storage disease with normal acid maltase”
because pathologic features apparently resemble those of
acid maltase deficiency [14]. Historically, it has been
referred to as “‘glycogen storage disease IIb (GSDIIb) by
some authors. However, Danon disease is not a glycogen
storage disease as the disease is caused by the primary defi-
ciency of a lysosomal membrane protein, lysosome-associ-
ated membrane protein-2 (LAMP-2), instead of a
glycolytic enzyme [15]. Glycogen accumulation, in fact, is
not a constant feature, and detailed pathological features
are different from those of acid maltase deficiency. There-
fore, the disease is aptly called Danon disease, while the
use of its original name, GSDIIb, should be discouraged.
Danon disease is characterized by an X-linked dominant
inheritance pattern, as a result of which males are more
severely affected than females, although females develop
symptoms at a later onset [I6].

The typical clinical picture is characterized by a triad of
hypertrophic cardiomyopathy, myopathy, and mental

retardation [14]. Myopathy is usually mild and is evident
in most male patients (90%), whereas it is seen only in
one third of female patients. Weakness and atrophy pre-
dominantly affect neck and shoulder-girdle muscles, but
distal muscles can also be involved. All male patients have
elevated serum creatine kinase (CK) levels, even those with-
out apparent muscle symptoms. In contrast, serum CK is
elevated in only 63% of female patients. Mental impair-
ment is variable, but is usually mild in men while it is often
not seen in women. Other organs like the liver [17.18] and
retina [19.20] can also be involved.

The causative protein, LAMP-2 is a single spanned
membranous protein with molecular mass of 95-120 kDa.
The large luminal-ectodomain is highly glycosylated with
some O-glycans and a large number of N-glycans, consti-
tuting about 60% of the total mass of these proteins and
divided into two homologous domains by a hinge region
[21]. The transmembrane region is followed by a short C-
terminal cytoplasmic tail. This cytoplasmic region has a
well-conserved tyrosine residue, which is thought to pro-
vide a crucial signal for trafficking of LAMP-2 molecules
to lysosomes. LAMP-2 has three isoforms, LAMP-2a,
LAMP-2b, and LAMP-2c. LAMP-2a was reported to
function as a receptor for chaperon mediated autophagy,
in which the certain cytosolic proteins with a consensus
sequence containing a sequence motif related to the penta-
peptide KFERQ, such as ribonuclease A and glyceralde-
hyde-phosphate dehydrogenase, are selectively taken up
and degraded in the lysosome [22.23]. LAMP-2b and
LAMP-2¢ result from alternative splicing of exon 9.

LAMP-2 is mainly localized in the limiting membranes
of lysosomes and late endosomes and is also found in small
amounts in early endosomal membranes and the plasma
membrane. LAMP-2 is also present on the limiting mem-
brane of late autophagic vacuoles. In addition to the local-
ization in the lysosomal limiting membrane, LAMP-2 is
also detected in the lysosomal/endosomal lumen. It has
been suggested that the luminal LAMP molecules are solu-
ble, but it is also possible that these are associated with the
internal membranes of lysosomes or endosomes [21].

For the transport of lysosomal membrane proteins, the
function of adaptor protein complex 3 (AP-3) has been
implicated, although the exact transport step mediated by
AP-3 has been controversial. AP-3 is one of the four
known heterotetrameric adaptor complexes, all of which
play a role in the selection of cargo molecules and vesicle
budding, and each of which mediates a distinct membrane
trafficking step. Loss of functional AP-3 complex leads to
defects in the function of lysosomes and lysosome-related
organelles. Recent studies [24] demonstrated that after syn-
thesis, lysosomal proteins reach the early endosomes either
directly from the trans-Golgi network or indirectly from a
pathway via the plasma membrane. These proteins will
then enter the tubular extensions that emerge from the
endosomal vacuoles. The default pathway from the tubular
endosomes is to the plasma membrane (cycling pathway),
but there is also a specific path mediated by AP-3. In this
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exit, AP-3 containing membranes selectively concentrate
lysosomal membrane proteins; hence in other words, this
AP-3 pathway mediate transport of lysosomal membrane
proteins to late endosomes/lysosomes [24].

2.2. LAMP-2 and autophagy

It has been demonstrated that LAMP-2 is required for
the conversion of early autophagic vacuoles to vacuoles,
indicating its involvement in the fusion of autophagic vac-
uoles with endosomes and lysosomes. LAMP-2-deficient
mice have been generated by Saftig’s group [I18]. These
mice exhibit elevated mortality after 20 days of age, and
show accumulation of autophagic vacuoles in liver, kidney,
pancreas, and cardiac and skeletal muscles. Evidence show-
ing the failure in the normal progression of autophagic pro-
cess in the absence of LAMP-2 have been presented by
using cultured hepatocytes, and include: accumulation of
early autophagic vacuoles; intracellular mistargeting of
lysosomal enzymes and LAMP-1, instead of the elevation
of lysosomal enzyme secretion; improper cathepsin D pro-
cessing; abnormal retention of mannose-6-phosphate
receptors in autophagic vacuoles; reduction of degradation
of long-lived proteins; and non-significant induction of
autophagic protein degradation after starvation.

Quantitative electron microscopy also indicated that the
half life of autophagic vacuoles was prolonged suggesting
that retarded consumption rather than increased formation
of autophagic vacuoles was the cause of their accumulation
[25). From these findings, the group discussed that the accu-
mulation of early autophagic vacuoles in LAMP-2-deficient
hepatocytes is due to a defect in their maturation to late auto-
phagic vacuoles that actively degrade their content.

Skeletal muscles from the patients with Danon disease
show scattered small basophilic granules in myofibers, in
addition to mild to moderate variation in fiber size without
necrotic or regenerating process (Fig. 1, first column) [13].
Lysosomal acid phosphatase activity is enriched in these
granules, showing accumulation of lysosomal organelles
in myofibers. Autophagy-related proteins were also accu-
mulated together with lysosomal proteins (Fiz. 2).

Interestingly, sarcolemmal proteins (such as dystrophin
and its associated proteins, the extracellular matrix pro-
teins, acetylcholine esterase) are recruited into large vacuo-
lar structures surrounding those lysosomal granules,
forming AVSFs. On electron microscopy, these larger
AVSFs are lined with a layer of basal lamina and contain
small autophagic vacuoles, multilamellar bodies, and elec-
tron dense materials inside. Furthermore, vacuolar mem-
branes with sarcolemmal features formed a closed space
on serial sections [13], Therefore, the AVSF must be inde-
pendent from the sarcolemma and the inner portion of
AVSF should be topologically equivalent to the extracellu-
lar space. The mechanism by which this membrane is gen-
erated remains to be clarified; sarcolemmal membrane
indentation is unlikely, however, and rather de novo gener-
ation is most possible especially in cases by which mistrans-

port of sarcolemmal proteins to intracellular vacuoles
occur. Another feature of this AVSF is an increase in its
frequency with aging, and this is correlated with the pro-
gression of muscle weakness [13]. Thus, AVSF may be a
hallmark for progression of disease, at least in the skeletal
muscle of Danon disease patients.

In LAMP-2-deficient mice, lysosomal granules in myof-
ibers are very prominent and appear as small basophilic
granules (Fig. I, second column) [18]. In several fibers,
these granules are observed to be clustered, and can sur-
round some empty spaces (Fig. |, second column, double
arrows). Some fibers are positive for sarcolemmal proteins
(Fig. 2) and acetylcholine esterase activity as the muscle in
human patients, but the number of fibers with the AVSF is
lower even in the muscles of older LAMP-2-deficient mice,
which is probably consistent with their milder skeletal mus-
cle symptoms,

It has been shown that a significant number of patients
with hypertrophic cardiomyopathy are associated with
LAMP-2 mutation, emphasizing the importance of screen-
ing for mutations in this gene among patients with non-
established etiology of cardiomyopathy [7]. Expectedly,
all Danon disease patients present with severe cardiac
symptoms, which include cardiomyopathy with or without
dysrhythmia; this parameter this regarded as the most
important prognostic factor. All deceased patients suffered
from cardiac faiiure (ages at death: 19 + 6 years for male;
40 + 8 years for female). On histological observation,
cardiomyocytes show severe vacuolation and degeneration,
including myofibrillar  disruption and lipofuscin
accumulation.

In LAMP-2-deficient mice, the cardiac contractile func-
tion has been analyzed in detail [26]. The hearts of these
mice are enlarged to 50% of heart/body weight ratio, dem-
onstrating cardiomyopathy. These mice display reduced
¢jection fraction and reduced cardiac output in heart, infer-
ring poor cardiac function. In vitro force measurement of
isolated cardiac trabeculae in LAMP-2-deficient mice
showed significantly lower twitch force to half of those in
wild type. In pathological observation, variation in fiber
size and fibrosis are noted and become more remarkable
as the mice age, in addition to the presence of increased
lysosomal granules in most fibers. Grouped small baso-
philic granules surrounding empty spaces, like those seen
in the skeletal muscle, are noted with higher frequency.
On electron microscopy, large clusters of small autophagic
vacuoles are seen, and these contain cytosolic and poly-
morphic materials. In older mice (19 months), large auto-
phagic vacuoles are observed, which are assumed to be
formed by fusion of numerous small vacuoles.

The attempt to clarify the whole functions of LAMP-2
by using LAMP-2-deficient mice has some difficulties due
to the presence of LAMP-1 molecule. LAMP-1 is also lyso-
somal protein with high homology with LAMP-2. Both
proteins show 37% sequence homology in amino acid,
but the topology of the molecules, the positions of cysteine
residues and heavy glycosylation are conserved. It has been
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Fig 1. Routine histochemistry of skeletal muscles from 13-year-old boy with Danon disease (first column), 9 months old LAMP-2-deficient mouse
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Fibers with such vacuoles have high acid phosphatase activities. In mice, basophilic

d to Dunon patients. Bars represent 20 pm.

thought that these proteins have redundant function and
can compensate each other’s function. In fact, in LAMP-
| mice [27), upregulation of LAMP-2 protein was observed
in the kidney, spleen and heart, which suggests coupling in
the regulation between LAMP-1 and LAMP-2 levels. The
presence of two homologous proteins will conceal the exact
functions of each protein.

Further attempts to analyze the whole function of
LAMPs were done by using LAMP-1 and LAMP-2 dou-
ble-deficient cells from double gene-knocked out embryos

AITOWS) o«

[28]. After amino acid starvation, these double-deficient
cells accumulate abnormally high amounts of autophagic
vacuoles which are positively stained with LC3-II, other-
wise known as microtubule-associated protein light chain
3 [29]). Lysosomal vesicles were larger and more peripher-
ally distributed when compared with control cells. How-
ever, the lysosomal enzyme activities, cathepsin D
processing, and mannose-6-phosphate receptor expression
levels were not affected. Surprisingly, LAMP-1 and
LAMP-2-deficiencies also did not affect long-lived protein
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Fig. 2. Autophagic vacuoles with sarcolemmal features (AVSF). Cryosections from Danon patient and LAMP-2-deficient mouse skeletal muscle, and
LAMP-2-deficient cardiac muscle are stained with dystrophin (green) and LC3-11 antibodies, showing AVSF (arrows). Bars represent 20 um (skeletal

muscles) and 10 pm (cardiac muscles)

degradation rates, including proteolysis, due to chaperone-
mediated autophagy. The double-deficient cells and, to a
lesser extent, LAMP-2 single-deficient cells, showed an
accumulation of unesterified cholesterol in endo/lysosomal
compartments as well as reduced amounts of lipid droplets.
The cholesterol accumulation in LAMP-1 and LAMP-2
double-deficient cells could be rescued by overexpression
of murine LAMP-2a, but not by LAMP-1. Recently
Huynh et al. reported that LAMP proteins are required
for the maturation of phagosome. In LAMP-1 and
LAMP-2 double-deficient cells, the recruitment of RAB7
to phagosomes [30] is delayed. RAB7 has been localized
to late endosomes and shown to be important in the late
endocytic pathway. Thus, delay in RAB7 recruitment indi-
cates that the progression of autophagic process does not
occur smoothly, In addition, the interaction between phag-
osome and lysosome, and the motility of lysosome and
phagosome along microtubules were also affected in these
LAMP-1 and LAMP-2 double-deficient cells.

By gathering the information on pathological features of
Danon disease, LAMP-2-deficient and double knock-out
mice, and by considering the supposed roles of LAMPs, it
becomes more difficult to attribute the pathomechanism of
this disease on the failure of lysosomal degradation systems.
Rather, the structures created during the autophagic process

or the autophagic vacuole formation may play a more
important contribution to the cardiac dysfunction and mus-
cle pathology in Danon disease. This notion can be sup-
ported by the fact that there are more autophagic vacuoles
in the cardiac muscles compared to skeletal myofibers in
the LAMP-2-deficient mice, whose cardiac symptoms are
more severe than the muscle weakness. Moreover, not only
the numerous numbers of autophagic vacuoles but also the
surrounding AVSFs which occupy the center of myofibers
may disturb the function of muscles and could lead to the
ultimate destruction of myofibrillar structures

3. X-linked myopathy with excessive autophagy (XMEA)

XMEA is a rare X-linked recessive AVM originally
identified in a Finnish family characterized by a slowly pro-
gressive weakness and atrophy of the proximal muscles

I .. Most patients maintain independent ambulation even
beyond 60 years of age. In electromyography, myotonic
discharges without clinical myotonia are seen

1.1. Pathologic and genetic features of XMEA

Muscle pathology is similar to the findings seen in
Danon disease, whereby AVSFs are characteristic. Never-
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theless, there are some features that are different from
Danon disease, indicating that XMEA is a distinct myopa-
thy: other characteristic features include deposition of com-
plement C5b-9 and calcium [32] on sarcolemma; electron
microscopy (Fig. 3C) shows that the basal lamina appears
multi-layered [33] and that numerous exocytosed materials
are within the basal lamina [10.31].

Up to this time the causative gene in XMEA has not
been identified but mapped to the telomeric region of the
long arm of chromosome X (Xq28). Because of the similar-
ity in pathology with Danon, however, it has been hypoth-
esized that the responsible gene probably encodes a
lysosomal protein.

4. Pompe disease (acid maltase deficiency)

Pompe disease (or glycogen storage disease type II) is
the prototypic lysosomal storage disorder [34.35]. It is an
autosomal recessive disease due to primary deficiency of
acid a-1,4-glucosidase which is also called acid maltase.
Lysosomal acid a-glucosidase (GAA; EC 3.2.1.3) is an
exo-1,4- and -1 6-a-glucosidase that specifically hydrolyzes
glycogen to glucose. The cDNA for GAA encodes a pro-
tein of 952 amino acids with a predicted molecular mass
of 110 kDa; furthermore, the newly synthesized precursor
undergoes several steps of processing to give the 70- and
76-kDa mature forms. More than 50 mutations have been
reported in the gene encoding GAA, leading to a total or
partial deficiency of lysosomal GAA. As discussed later,

a5 o .

the level of residual enzymatic activity has been correlated
with location of mutations, age of disease onset, and sever-
ity of disease, although a definite genotype-phenotype cor-
relation cannot be made. Importantly, among all enzymes
responsible for glycogen storage disease, GAA is the only
enzyme that is localized in the lysosomes while all other
enzymes are present in the cytosol. Naturally, lysosomal
abnormalities are seen only in Pompe disease among all
glycogen storage diseases.

4.1. Clinieal, pathologic, and genetic features of Pompe
disease

The clinical spectrum of Pompe disecase varies greatly
[36]. Clinically this disease is classified into two forms:
infantile and late-onset [37]. The late-onset form is further
divided into childhood, juvenile, and adult types.

Nonsense mutations are more commonly seen in the
infantile-onset form of Pompe disease as they result in
nearly complete absence of GAA enzyme activity or total
inactivity of the enzyme. Missense and splicing mutations
may result in either complete or partial absence of GAA
enzyme activity and therefore may be seen in both infan-
tile-onset and late-onset Pompe disease [34].

Deficiency of GAA leads to accumulation of lysosomal
glycogen in virtually all cells of the body, but the effects are
most notable in cardiac and skeletal muscles. Abnormal
lysosomal glycogen accumulates in multiple cell types, par-
ticularly in the myocytes of skeletal, cardiac and smooth

-
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muscle, and has been detected in fetuses as early as 16-18
weeks of gestation.

In the most severe, infantile form of Pompe, disease may
be apparent in utero but usually presents in the neonatal per-
iod with macroglossia, cardiomyopathy, hypotonia and
respiratory insufficiency. In untreated infants, death occurs
at around the first year of life due to cardiorespiratory fail-
ure. In the late-onset disease, skeletal muscle weakness pre-
dominates, and usually no cardiac involvement is seen;
however, these patients often show respiratory insufficiency
even when they are still ambulant. There are, nonetheless,
adult patients who present with very mild symptoms thus
they are often misdiagnosed as limb-girdle muscular dystro-
phy. Overall, there is an inverse correlation between disease
severity and the level of residual enzyme activity, with the
most severely affected infants having no detectable enzyme
activity. Complete deficiency (activity <1% of normal con-
trols) is associated with classic infantile-onset Pompe dis-
ease. On the other hand, partial deficiency (activity that is
2-40% of normal controls) is associated with the non-classic
infantile-onset and the late-onset forms [38].

Intracytoplasmic vacuoles are prominent in the infantile
form of acid maltase deficiency more than in the adult
form, which can have a much milder picture in pathologi-
cal observation. Characteristically, these vacuoles are so
large that these occupy most of the space in many muscle
fibers, often resulting in a “lace-like” appearance (Fig. 4,
first column). Moreover, it has been observed that these
vacuoles contain amorphous materials and are strongly
stained with periodic acid Schiff staining, indicating that
these are glycogen containing.

The lysosomal nature of these vacuoles is demonstrated
by high acid phosphatase activity. The striking finding of

Acid

these prominent vacuoles on pathology makes it less diffi-
cult to make a histological diagnosis of infantile acid mal-
tase deficiency. On electron microscopy, the wvacuoles
contain cytoplasmic debris, electron dense bodies, and
myelin figures, in addition to glycogen particles. Glycogen
deposition is usually more prominent outside the vacuoles.
However, the pathological changes sometimes may appear
subtle and thus can easily be overlooked in late-onset cases
(Fig. 4, third column) especially when the size of the sam-
ples is small and has artifacts.

4.2. Enzyme replacement therapy for Pompe

Enzyme replacement therapy (ERT), using recombinant
human GAA, is now available in clinical practice in the
US, Canada, Europe, Middle East, Latin America, and
Asia Pacific [39]. As currently Pompe disease is the only
hereditary muscle disease for which ERT is available, clini-
cians and pathologists should always consider the possibil-
ity of Pompe disease, especially in patients with late-onset
form, even though it may be difficult to make a diagnosis
solely based upon clinicopathological features. ERT seems
to be highly effective especially in infantile cases.

Preliminary studies showed that ERT can also benefit
some patients with late-onset form to some extent; how-
ever, the effect in adult cases remains to be established.
The efficacy of ERT seems to be better when it is given
early in the course of symptom development and before
irreversible muscular damage has occurred. This notion is
especially relevant for patients with severe pathological
changes, where increased cytoplasmic glycogen released
from lysosomes is probably inaccessible to the membrane
receptor-dependent targeting mechanism [40].

Fig. 4. Clinical forms of Pompe disease. The classic, infantile type shows the most severe pathological changes, with large acid phosphatase-positive
vacuoles (arrow) which occupy almost the whole fibers, giving the so-called “lace-like” appearance. The childhood or juvenile-onset form also has these
vacuoles in the myofibers, but to a much lesser extent. Very subtle changes are seen in the late-onset form, with only few fibers having intracellular

accumulation of small vacuoles. Note that in all cases, the scid phosphatase

ining is in

d in most fibers, even in those that appear morphologically

normal, Bar represents 50 ym.
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4.3, Animal models for Pompe disease

The mouse models of Pompe disease have been devel-
oped by targeted disruption of the murine GAA gene by
Bijvoet et al. [41,42]. In homozygous knock-out mice, gly-
cogen-containing lysosomes are detected soon after birth in
liver, heart, and skeletal muscle cells. By 13 weeks of age,
large focal deposits of glycogen and lysosomal vacuolar
structures were observed. Electron micrography showed
lysosomal glycogen storage. Furthermore, the heart is typ-
ically enlarged and the electrocardiogram is abnormal.

The pathologic mechanism by which glycogen accumula-
tion eventually causes muscle malfunction is not fully under-
stood, but has been mainly considered to be secondary to the
energy crisis in skeletal muscles due to failure in digesting
lysosomal glycogen to glucose; as a result, muscle cells
should be deprived of a necessary source of energy. With this
hypothesis, however, several issues remain blur. For exam-
ple, it has been shown that ERT effectively cleared glycogen
accumulation in type | fibers, despite the increased accumu-
lation of glycogen in muscle predominantly composed of
type | fibers. Furthermore, this theory cannot clarify why
autophagic buildup is more remarkable in type 2 muscle
fibers of the Pompe disease mouse model [43].

An additional pathomechanism for Pompe can be con-
sidered, aside from the retarded metabolism of glycogen.
Recently, Raben's group has excellently demonstrated the
importance of autophagy in skeletal muscles, thus shedding
some light in the pathogenesis Pompe disease mouse model
[43]. The cellular pathology in this disease affects the path-
ways involved in endocytic and autophagic processes. They
have reported the dramatic expansion of endocytic vesicles,
decrease in mobility of late endocytic vesicles, and increase
in luminal pH in a subset of late endosomes/lysosomes in
GAA knock-out myoblasts. Using isolated single fibers
from these mice, they demonstrated that type 2 fibers con-
tain large regions of autophagic buildup spanning the
entire length of the fibers. In addition, they found out that
type 2 fibers were resistant to ERT, and this phenomenon
is probably influenced by the low amount of proteins
involved in endocytosis and trafficking of lysosomal
enzymes combined with increased autophagy in these
fibers.

On electron microscopy, type 1 fibers contained only
occasional double-membrane autophagosomes, while only
in type 2 fibers was autophagic buildup evident. In type 2
fibers, the autophagic regions contained vesicles with mor-
phological features representative of various stages of the
autophagic process. In addition, the intracellular microtu-
bule network is disorganized in the area of this autophagic
buildup [44]. These findings clearly indicate that in Pompe
disease, failure of the lysosomal degradation of glycogen
cause the extensive accumulation of various kinds of auto-
phagic vacuoles leading to dysfunction of cellular traffick-
ing, continuous autophagic buildup, and marked
abnormality of cytoskeletal organization in muscle fibers,
which may enhance the autophagic process.

5. Conclusion

The pathomechanism of lysosomal autophagic myopa-
thies has been primarily considered to be due to the func-
tional defect of lysosome, Recent data, however, point to
another direction.

In Danon disease, mere lysosomal dysfunction cannot
provide an adequate explanation by which patients develop
muscle weakness. Rather, the increase in autophagic vacu-
oles within the myofibers could be more responsible for the
disruption of myofibrillar structures, and ultimately lead to
myofiber breakdown and loss of function. In XMEA, on
the other hand, despite the fact that the genetic cause
should be distinct from Danon, the presence of similar pic-
ture at least in terms of pathology could suggest that sim-
ilar mechanism leading to muscle fiber loss exists.

Pompe disease can no longer be viewed simply as a gly-
cogen storage disease. A number of evidence now high-
lights that the primary defect in Pompe disease is not
entirely attributed to the accumulation of glycogen in lyso-
somes, but instead the massive accumulation of autophagic
vacuoles which has the most profound effect on the myo-
fibrillar organization. These unwanted and undigested
intracellular debris, as a downstream phenomenon to lyso-
somal dysfunction, can affect endocytic trafficking which
can prevent proper delivery of enzyme for therapy.

The collected data from clinical studies and biomolecu-
lar researches strongly emphasize the role of autophagic
buildup in the pathomechanism of these diseases. The for-
mation of specific structures due to the accumulation of
autophagic vacuoles in the center of myofibers, the AVSF
in Danon disease and XMEA, and the autophagic buildup
in Pompe disease, are indeed critical for the onset of symp-
toms and the progression of disease.
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Purpose of review

Distal myopathy with immed vacuoles or hereditary inclusion body myopathy is an adult-
onsel autosomal recessive, slowly progressive and debilitating myopathy due to
mutations in the gene that regulates the synthesis of sialic acid. This review aims to
update our knowledge of this myopathy and to review studies about pathomechanism
and therapeutic stralegies.

Recent findings

Owing to the mutated gene, it was expecled that the pathomechanism of this
myopathy would be based on hyposialylation, a highly controversial phenomenon. This
concept has been supported by findings in two recently generated animal models. In
addition, the intracellular amyloid-p accumulation in a distal myopathy with rimmed
vacuole mouse model is relevant lo similar findings in patients.

Summary

Clarifying the role of hyposialylation in distal myopathy with immed vacuole/hereditary
inclusion body myopathy could potentially lead to a therapeutic strategy for this
progressive myopathy. In addition, strategies aimed at preventing amyloid-B depasition
or enhancing its clearance could also be beneficial, as this epiphenomenon is now

known to occur early in the course of the disease,
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Introduction

Distal myopathy with rimmed vacuoles (DMRYV), other-
wise known as Nonaka myopathy or hereditary inclusion
body myopathy (hIBM) is an carly adult-onset, slowly
progressive myopathy. In general, patients become non-
ambulatory 12 years after the onset [1]. As the name
implies, the disease is characterized clinically by the early
involvement of distal muscles and pathologically by the
so-called rimmed vacuoles, which are immunoreactive to
various proteins, by intracellular protein accumulation,
scartered angular fibers, and by tbulo-filamentous
inclusions both in the nucleus and in the cytoplasm.

DMRV/hIBM is due to mutations in the uridine dipho-
sphate-N-acetylglucosamine (UDP-GlcNAc) 2-epimer-
ase/N-acetylmannosamine (ManNAc) kinase (GNE) gene
[2-4], which encodes a bifunctional enzyme that cata-
lyzes the two exclusive rate-limiting reactions of sialic
acid synthesis in the cytosol [3]. Sialic acids are the most
abundant terminal monosaccharides of glycoconjugates
in cukaryotic cell surfaces, and — besides conferring
stability to glycoproteins — they are involved in a variety
of cellular functions [6,7]. Mutations in the gene respon-

1350-7540 © 2008 Wolters Kluwer Health | Lippincott Williams & Wilkins

sible for DMRV/hIBM can affect the kinase or epimerase
domain, occur in homozygous or compound heterozygous
mode, and are not correlated to discase phenotype or
severity. Mutations decrease the enzymatic activity by
70-90% [8]. The identification of the genetic cause has
not explained why mutations in a gene involved in sialic
acid synthesis cause a myopathy. Various theories have
been proposed, and in recent years there has been
increased research to verify them. We will review these
theories and highlight recent attempts to clarify the
pathophysiology of DMRV/hIBM.

Amyloid deposition ... another Alzheimer's
disease phenotype in muscle?

Intracellular amyloid-8 deposition in myofibers has been
documented only in few muscle diseases, namely spora-
dic inclusion body myositis (sIBM) and DMRV/hIBM
[9]. Although the causative gene for DMRV/hIBM has
been identified, the gene or specific factor responsible for
IBM remains elusive. Pathologically, the features of
DMRV/hIBM are very similar to those of sIBM, except
for the presence of inflammation in sIBM. Both diseases
are vacuolar myopathies, and, more strikingly, both have
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similar intracellular deposis that are congophilic and
immunoreactive to amyloid-B precursor protein (ABPP),
amyloid-B, phosphorylated tau, presinilin-1, a-synuclein,
proteins related to oxidative stress, and others. There-
fore, it has been proposed that, in spite of different
causes, both diseases may have similar pathogenic mech-
anisms, at least as far as muscle is concerned.

Several studies have aempted to clarify the mechanism
of amyloid deposition in IBM, comparing it with the
pathomechanistic theories proposed in Alzheimer's dis-
case, including increased mRNA expression of ABPP,
mitochondrial abnormalities, and neuromuscular junction
anomaly [10,11]. The role of amyloid deposition in the
pathogenesis of muscle diseases has been highlighted in
a sIBM mouse model, in which a correlation of intra-
cellular amyloid levels and motor weakness was seen [11].
Increased intracellular amyloid-B can cause abnormal
signal transduction, modulation of other genes, induction
of mitochondrial dysfunction and oxidative stress, pro-
teosomal activation, alteration of calcium homeostasis, and
hyperphosphorylation of tau. The intracellular accumu-
lation of amyloid-B has been difficult to conceprualize
and has been controversial even in Alzheimer's discase,
though recent studies have made this concept more accep-
table in the field [12,13]. As a prerequisite to discuss this
problem, it is important to know where amyloid- is
produced from ABPP, its precursor protein. ABPP is loca-
lized at the plasma membrane, but recently it has been
shown to localize also at the trans-Golgi network, endoly-
sosomal, lysosomal, and mitochondrial membranes, and
endoplasmic reticulum. Thus, the liberation, and conse-
quent deposition, of amyloid-B can occur wherever ABPP
and the B- and y-secretases involved in its processing are
located [14°,15-18,19"]. However, the mechanism by
which amyloid-p remains intracellular is still controversial.
It has been proposed that newly generated amyloid-g is
not secreted and remains intracellular [20,21], or that
secreted amyloid-B is taken up again by the cell, as
amyloid-B can bind to various biomolecules and be trans-
ported back into the intracellular pool [22-26).

As of now, however, little is known about the role of this
amyloid epiphenomenon in DMRV/hIBM. It has been
originally proposed that the genetic defect could some-
how predispose the muscle 1o enter a premature state of
‘ageing milieu’ [9], but the mechanism by which GNE
mutartions could lead o such starte is far from understood.
Despite the lack of evidence connecting directly amy-
loidogenesis and DMRV/hIBM, the fact that amyloid
deposition is an early pathological finding makes it an
attractive therapeutic arger.

One of the endopepridases implicated in ABPP processing
is neprilysin. This type 11 membrane metalloendopepti-
dase has an active domain containing a zinc binding motif,
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which is capable of degrading the monomeric and oligo-
meric forms of amyloid-B peptide [27]. An inverse relation-
ship between the levels of neprilysin and amyloid-B
peptide has been observed, and neprilysin has been shown
to catabolize amyloid-B peptidesand reduce toxicity in the
brain [28]. As in muscle monomeric, oligomeric, and
fibrillar forms of amyloid-B have been detected [29],
neprilysin has been considered a candidate molecule that
could contribute to our understanding of amyloidogenesis
in DMRV/hIBM. In hereditary myopathies, Broccolini
¢ al. [30] demonstrated that neprilysin expression was
directly associated with the degree of muscle fiber regen-
cration and that in IBM neprilysin colocalized with intra-
cellular amyloid-B deposits. Furthermore, they showed
that neprilysin participates in muscle cell differentiation
and regeneration, and its expression is regulated at the
posttranscriptional level, showing a rapid increase in the
carly stage of myoblast differentiation followed by a gra-
dual reduction thereafter. Inhibition of neprilysin activiry
resulted in impaired muscle differentiation that was
mainly associated with an abnormal regulation of Akt
activation. They suggested that neprilysin is capable of
cleaving the insulin growth factor binding protein 5, thus
modulating the activation of insulin growth factor-1
(IGF-I)/Akt pathways within muscle fibers. These data
suggest that enhancing neprilysin activity in muscle may
reduce the steady-state level of amyloid-B in vulnerable
fibers and promote the regeneration capacity of myofibers
through the modulation of IGF-1 dependent pathways.

To date, many strategies have been aimed at clearing
amyloid deposition, but a discussion of these therapeuric
attempts is beyond the scope of this review.

Hyposialylation: a central role in the
pathomechanism of distal myopathy with
rimmed vacuole/hereditary inclusion body
myopathy?

As GNE is involved in sialic acid biosynthesis, it follows
that decreased sialic acid, or hyposialylation, should be
considered 1o play a role in the symptomatology or
disease progression in DMRV/hIBM. GNE mutations
reduce the UDP-GlcNAc 2-epimerase and ManNAc
kinase activitics, and the extent of the reduction is
mutation dependent [8,31,32]. Presumably, these
reduced enzymartic activities would reduce sialic acid
concentration because the two enzymes are rate limiting
in sialic acid biosynthesis.

Lessons from in-vitro studies

Studies analyzing the sialylation of glycoproteins have had
varied results. a-Dystroglycan, a functional protein of the
sarcolemma, is highly sialylated but a defect in its sialyla-
tion, albeit controversial [8,33—35], does not seem to con-
tribute to the pathomechanism of DMRV/hIBM. This is
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understandable, because a defect in the sugar chains of
a-dystroglycan would result in muscle necrosis, a situation
that has not been seen in DMRV/hIBM patients, except
for anccdotal reports [36]. Another glycoprotein that was
implicated in DMRV/hIBM is the neural cell adhesion
molecule (NCAM), the most abundant polysialylated
protein in mammalian cells. The presence of polysialic
acid (PSA) on NCAM has been shown to decrease cell
adhesion and is critical for a variety of processes, including
brain development, synaptic plasticity, axon guidance and
pathfinding, neurite outgrowth, and general cell migration.
The expression of NCAM and PSA-NCAM in muscle isa
good index of muscle regeneration. In DMRV/hIBM,
NCAM has been shown to be hyposialylated [37] and
its protein expression is enhanced in regenerating fibers.
The upregulation of NCAM in DMRV/hIBM could be a
secondary response to the presence of degenerating fibers,
though it may not be effective in promoting muscle
regeneration because of hyposialylation.

Neprilysin, which was mentioned earlier in this review,
also showed altered sialylation. Broceolini e al [38%°)
showed that in various inflammatory and hereditary
myopathies, including hIBM, the immunoreactivity to
neprilysin was increased in rare vacuolated fibers and
colocalized with the amyloid-B (AB140) signals, besides
being upregulated in regenerating fibers. Intriguingly,
the amount of neprilysin is lower in h1BM than in control
muscles, in contrast to the increased protein expression in
inflammatory myopathies (polymyositis and dermato-
myositis) and in muscular dystrophies (both Duchenne
and Becker). These findings were corroborated by enzy-
matic analysis of neprilysin. As neprilysin is characterized
by the presence of several N-glycosylation sites and
contains large amounts of sialic acid, changes in these
sugar moicties affect its stability and enzymatic activity.
Interestingly, in glycoprotein-enriched hIBM muscles,
the affinity of neprilysin to Macckia amurensis lectin
(MAL), which binds to glycoproteins through specific
sialylated structures, is remarkably reduced, a sign of
hyposialylation. This finding was supported by further
in-vitro studies, whereby differentiated myotubes from
hIBM patients and normal controls treated with neura-
minidase (an enzyme that cleaves sialic acid from cell
surface) showed reduced neprilysin enzymatic activiry
and reduced binding to MAL. In addition, myotubes
experimentally de-sialylated with neuraminidase showed
deposition of amyloid-B, which colocalized with nepri-
lysin immunosignal. This work has clearly shown that
neprilysin is indeed hyposialylated, and this is accom-
panied by reduction of enzymatic activity. Itis, however,
not clear why this phenomenon (at least in experimental
de-sialylation of cell membrane in myotubes) should
lead to increased intracellular amyloid-§ accumulation,
because, though neprilysin can cleave ABPP, its physio-
logic location in the plasma membrane does not explain

the intracellular cleavage of ABPP, This raises the possib-
ility that experimental de-sialylation might have trig-
gered other mechanisms capable of inducing intracellular
accumulation of amyloid-g.

Clues from animal models

The importance of the GNE gene in growth and devel-
opment was highlighted by the discovery that inacri-
vation of the Gre gene is embryonically lethal in mice
[39]. Although various strategies had been used to gen-
erate an animal model for this disease, to date only few
animal models have been published. In the knock-in
mice carrying M712T, the most common GNE mutation
among lranian Jews, homozygous pups (harboring the
mutation in both alleles) did not survive beyond the third
postnatal day [40°%]. Despite the reduced epimerase
enzymatic activity, no obvious myopathic phenotype
was noted, at least by morphological analysis of muscle.
Instead, and rather surprisingly, these mice developed a
severe renal phenotype characterized by proteinuria,
severe glomerular disease, and podocytopathy that led
to their early demise. Interestingly, the mice also exhib-
ited reduced sialylation of podocalyxin, a major podocyte
sialoprotein. Administration of the sialic acid precursor
ManNAc to pregnant mice increased the survival rate of
pups beyond P3 and corrected the hyposialylation of
podocalyxin The role of sialic acid in glomerular disease
has been attributed to the reduction of sialic acid and not
the loss of sialoglycoproteins [41]; however, no kidney
abnormality has ever been reported in DMRV/hIBM
patients. Other factors may contribute to the M712T
phenotype, as GNE also enhances the activity of the
sialyltransferases, GM3 synthase, and GD3 synthase,
thereby increasing the synthesis of gangliosides GM3
and GD3 [42Z], which are also expressed in podocytes
and contribute to the charge characteristics of the filtra-
tion barrier. Thus, knock-in mice carrying the M712T
mutation showed the importance of sialic acid in main-
taining the glomerular filtration barrier. It would be
interesting to know if organs other than the kidneys were
involved in these mice and if such involvement could
have contributed to their early demise.

Yet another mouse model showed how hyposialylation
may play an imporant role in the pathogenesis of
DMRV/hIBM. This mouse harbored the GNE D176V
mutation on a Gne knockout background (GNE D176V
transgenic in Gre—/— mouse; DMRV/hIBM mouse) and
developed myopathic features similar 1o those of the
DMRV/hIBM phenotype in humans [43**], with hyposia-
lylation of serum and other organs, lower body mass than
contml littermates, and clinical weakness. At a younger
age, these mice had unremarkable findings in muscle
pathology, but with time they developed the pathological
hallmarks of DMRV/hIBM, including intracellular depo-
sition of amyloid-B and formaton of rimmed vacuoles.




Similar to the situation in humans, muscle bulk is reduced
even before pathological changes become manifest; thus it
would be informative to document if these animals indeed
have muscle atrophy.

In contrast to the M712T mice, the DMRV/hIBM mice
do nor show gross kidney abnormalities, at least at the
light microscopy level. Another peculiar finding in these
DMRV/hIBM mice is that intracellular amyloid-B depo-
sition seemingly predates rimmed vacuole formation and
myofibrillar degeneration [43*"]. These findings are in
agreement with the observation cited above that in
cultured hIBM myocytes, ABPP overexpression precedes
IBM-like abnormalities [44].

These DMRV mice also raise several questions. First,
some animals had reduced survival rate, suggesting that
we should pay closer attention at other organs. More
importantly, correcting the hyposialylation in these mice
could be a relevant therapeutic strategy to be ultimately
used in patients.

The very different phenotypes expressed by the two
mouse models need tw be explained. In humans, the
phenotype associated with the D176V mutations is
similar to that associated with the M712T mutation. It
is likely that mutation of the endogenous GNE gene in
the M712T knock-in mouse is more severe, whereas in
the DMRV/hIBM mouse, higher expression of the trans-
genic mutant GNE rescues the severe phenotype and
allows the mice to develop milder progression and a
myopathic phenotype. This notion is bolstered by the
observation that mouse tissues may require a higher level
of sialic acid than human tissues, as the normal serum
level of sialic acids in mouse is 1.5 times higher than in
humans. This concept clearly needs further investigation.

A step closer to developing therapy for distal
myopathy with rimmed vacuole/hereditary
inclusion body myopathy

Although the concepr of hyposialylation in DMRYV is still
controversial, the data from animal models and various in-
vitro analyses cannor be disregarded and have led to the
development of various artempts to treat this crippling
disorder. Noguchi & /. [8] showed that exposing DMRV
cells to sialic acid and its precursor or both restored the
sialylation status of the cells to a remarkable extent
Similarly, administration of sialic acids to DMRV/hIBM
patients could help normalize the sialylation starus of
muscle glycoproteins and provide clinical benefit.

A pilot study employing one method to deliver sialic acid
to the cells was carried out in four patients with DMRV/
hIBM [45°], who were given intravenous (i.v.) immuno-
globulin G (IVIG), a glycoprotein that contains 8 pmoles
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of sialic acid per gram. The authors claimed that the
administration of a single loading dose (1 g/kg) of IVIG by
continuous i.v. infusion for 2 days led to some improve-
ment in quantitative muscle testing, qualitative improve-
ments in activities of daily living, improved muscle
strength and endurance in all four patients. However,
this so-called improvement was not correlated to the
degree of sialylation of the glycoproteins NCAM, trans-
ferrin, and «-dystroglycan, raising the possibilitics that
short-term therapy may not change the sialylation of
glycoproteins. Alternatively, glycoproteins other than
those included in their study need to be analyzed. Never-
theless, the possibility that the subjective improvement
after therapy could be attributed to other effects of IVIG
should still be considered. After this initial pilot study, no
other DMRV/hIBM patients were treated with IVIG,
thus the results in this study remain to be verified.

In the M712T mice, though it is remarkable that admin-
istration of ManNAc improved survival and rescued the
severe renal phenotype, it is not coneeivable to use this as
a basis of therapy for DMRV/hIBM patients, because the
efficacy of such an agent has never been demonstrated
in vivo due to the lack of a disease phenorype in the
M712T mice. Administration of ManNAc or sialic acid
itself to DMRV/hIBM mice is expected to clarify issues
surrounding the therapy in this disabling disease.

Conclusion

From these recent studies, it is clear that hyposialylation
has a central role in the pathogenesis of this myopathy,
though specific details are lacking as to how this phenom-
enon causes disease. OF greater practical imporance, this
phenomenon should not be disregarded because it opens
an avenue to therapy, and trials addressing this step in the
DMRV/hIBM mouse are much anticipated. Another issue
that may be worth exploring is the early epiphenomenon of
amyloidogenesis, which can be targeted for therapy.
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ABSTRACT: Causative genes have been identified only in four types of
lipid storage myopathies (LSMs): SLC22A5 for primary carnitine deficiency
(PCD); ETFA, ETFB, and ETFDH for multiple acyl-coenzyme A dehydroge-
nation deficiency (MADD); PNPLAZ for neutral lipid storage disease with
myopathy (NLSDM); and ABHDS5 for neutral lipid storage disease with
ichthyosis. Howaver, the frequency of these LSMs has not been dstermined,
We found mutations in only 9 of 37 LSM patients (24%): 3 in SLC22A5; 4 in
MADD-associated genes; and 2 in PNPLA2. This low frequency suggests
the existence of other causative genes. Muscle coenzyme Q,, levels were
normal or only mildly reduced in two MADD patients, indicating that ETFDH
mutations may not always be associated with CoQ,; deficiency. The 2
patients with PNPLA2 mutations had progressive, non-episodic muscle
disease with immed vacuoles. This suggests there is a different patho-
mechanism from other LSMs.
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D fects in muscle lipid metabolism are due 1o a her-
erogeneous group of metabolic conditions. They are
cansed by problems in transpont of Lty acids and
camitne. mitochondrial matix Goxidation enzymes,
or endogenous wigheeride synthesis. The clinicil spec-
tum of these disorders is varable. Patents often
present with hypotonia. muscle weakness, recurent
rhathdomyolvsis, and Pmi})ht‘l:tl neuropathy s Lipid
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Lipid Storage Myopathies

storage myvopathies (LSMs). which are categorized un-
der the broad category of disorders of lipid metabo-
lisim, are invariably characterized by accumulation of
lipid droplets in muscle fibers. Among LSMs, genetic
causes have been identified in only four disorders:
prinry caritine deficiency (PCD); multiple acyl-co-
enzyme A (acyl-Cod)  dehvdrogenation  deficiency
(MADD); neutral lipid storage disense with mvopathy
(NLDSM); and neutral lipid storage disease with ich-
thyosis (N1.DSI). 17!

PCD is an autsomal-recessive disorder caused by
mutations of the SLC2245 gene. which encodes an
integral plasma membrme protein, organic cation
tansporter 2 (OCTN2). It funcions o rnsport
extracellular camitine into cells '™ OCINZ nubi-
tions lead 1o defecrive renal reabsorpuon and re-
duced tissue storige ol camitine and impairment of
Tong Fty acid metbolism, as carnitine is necessar
to incorporte long-chain Gy acids into the mito
chondrial matnix Tor Soxidation. Climcal Teatnres of
PCD incdude severe hypoghoemia and dilated v
diomyopathy in addition 1o skelews] muscle involve-

i
moent.”
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MADD, also known as ghutaric aciduria tpe 1L is
an autosonitlrecessive disorder of fitn and amino
acid metabolism® caused by defects in electron tans-
fer Havoprotein (ETF) or ETF dehvdrogenase (ET-
FDIH). ETF is a heterodimeric protein consisting of
two sihunits, a and B, that are encoded by different
genes. ETEA and ETEB. ETF receives elections [rom
mitochondiial flavin-containing dehyvdrogenases o
ETFDH in the inner mitochondrial membrane. ET-
DFH. in turn, snsfers electrons o coenzyme Q.
Ihe MADD phenotype varies widely from a Faral
neonatalonset form'™* 10 a much milder late-onser
form, which is often associated with a lipid storage
myopathy that manifests with muscle weakness and
pain. Recently, patients with ETDFH mutations were
shown to have secondary coenzyme Q,, (CoQ,,)
deficiency 7

Neutral lipid storage disease is characterized by
systemic accumulation of triglveerides (TG) in the
cytoplasm and  includes  two  distinct  diseases:
NLSDM and NLSDI (also called Chanarin—Dorfman
syndrome). NLSDM is caused by mutations in a gene
that encodes adipose triglyceride lipase (ATGL),
which is also referred to as patatinlike phospho-
lipase domain-containing protein 2 (PNPLAZ). "™
Ihis protein catalyzes the initial step in TG hydroly-
sis. On the other hand, NLSDI is due 1o defects in
the gene that encodes the coactivator of ATGL., com-
parative gene identification58 (CGI-58). which is
also known as abhvdrolase domain-containing 5
(ABHD5).""

Although the }J}llhnllngil.‘al characteristics of LSM
are mther uniform, the phenotypic manifestations
are remarkably heterogeneous. possibly due o dik
levent genetic backgrounds. Thus, genetic analysis
has always posed a challenge. In this study. we ana-
Ivzed all known causative genes for LSM (5102245,
ABHDS, PNPEAZ. ETEN ETEB, and ETFDIH). as well
as LIPE. which encodes hormone-sensitive lipase
(11SL).* among patients who had pathological con-
Armation of LSM. Our aim was to determine the
actual frequency of identfiable mutations and 1o
look  for genotvpe-phenotype  corvelations  that
could be helplul for diagnosis.

METHODS

Patlents. W retrospectively recruited eases ding-
nosed with LSM ar the National Center of Newralogy
and Psvehiiry (NCINP) from a o] of 96389 muscle
hin|:kif-s abtained between 1978 and 2006, 1The thing
nosis of LSM was nuude based on characteristic mus
cle pathelogy findings: small clear vacuoles on e

matoxdin and  cosin staining and  intsus oliber
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accunmitlarion of lipid droplets on oilved-0 stining
We excluded cases with obvious mitechonedrial ab-
normialities such as ragged-red fibers, sirongly succi-
nate  dehvdrogenase (SDH)veactive vessels. and
cvinchrome ¢ oxidase deficiency. Detailed retrospec-
tive yeview ol the dinical and pathological findings
was performed. Informed consent was obtained
from the patients using a form approved by the
NCONP ethics board commitiee.

Mutation Analysis. We sequenced all exons and
their flanking vegions of all the known causatve
genes for LSM: SLC2245, ABHDS, PNPLA2. ETFA,
ETFB, and ETHDH in genomic DNA ol patients with
L.SM.

Genomic DNA was exwracted from the muscle
hiopsies nsing a4 standard method." We sequenced
all exons and their flanking regions of SLO22A5,
ABHDS, PNPLA2, ETFA, ETFB. ETFDH, and LIPE.
Primers were designed from the genomic sequences
reported in GenBank (Gene IDs: 6584 for SLO22A5,
21099 for ABHDS5, 57104 for PNPLA2, 2108 for ETFA.
2109 for ETFB. 2110 for ETFDH, and 3991 for LIPLE)
We performed direct sequencing of amplified frag-
ments using an automated 3100 DNA sequencer
(Applied Biosystems, Foster City, California) with
the BigDve Terminator cvcle sequencing system, and
analyzed DNA sequences with the SeqScape pro-
gram (Applied Biosystems).

We performed quantitative reverse  manscript-
polvmerase chain reaction (RI-PCR) in RNA ob-
tained from muscle using the Quantilect SYBR-
Green PCR Kit (Qiagen GmbH. Hilden. Germany)
and iCyeler iQ vealtime PCR detection system (Bio-
Radl. Hereules. California). We analyzed the amount
of wanscript for ETFDI relative to ghyeeraldehyele-3-
phosphate dehydrogenase (GAPDH) mRNA

Biochemical Analyses. We measured CoQy, in fro-
zen muscles from patients with ETF mutations using
a high-performance liquid chromatography (HPLC)
method described previously” in 2 cases with enough
sample size for analysis (patients 6 and 7). For mus-
cle lipid analysis, watal lipid was exoacted from mus
cles according 1o the methods of Folch er al ® Ex-
tracted lipids were adopted 10 FLC with perrolenm
ether/diethyl ether acetic acid (60:40:1) as a devel-
oping solvent w separate 16, cholesterol (Cho),aned
free fauy acids (FFA) from phospholipid (PL). The
lipuds were visualized with 30% sulfuric acids/meth
anol vapor Band intensitics were measured with
ity One saftware (Bio-Rae abomonesy. Wi
mueasured the levels of TG, PLL v FEN velative o
Cho amonnt (LG Cho, PLOCho, FEA S Choy Musele
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FIGURE 1. Muscle patholegy in patient 1 with the SLC22AS5 mutation (PCD). Numerous small vacuoles seen on
(A) are actually lipid droplets, as shown on oil-red-O (B) These vacuoles are sean predominantly in type 1 fibers (C) Bar = 20 pm

camitine palmitoyhiransferase type I (CPL ) activ-
ity was measured using a method described previous-
h.?

RESULTS

Pathological and Clinical Features of LSM. ()] 9619
frozen muscle biopsies that we had examined patho-
logically, 47 (0.5%) had LSM. In all 47 patients,
there were numerous small vacuoles that were filled
with lipid droplets in scattered type 1 and 2 muscle
fibers (Fig. 1A, B). Measurement of the width of
these vacuoles, indirectly representing the amount
of lipid, did not reveal any significant dilferences
among patients (data not shown). In addition. these
lipid droplets were found predominantly in type 1
fibers (Table | and Fig. 1C). except in patients 10
and 11, who exhibited lipid droplets predominantly
in type 2 fibers (Fig. 2).

I'he clinical features of the 47 patients (273 males
and 24 females) are summarized in Table 1. Age at
onset varied from 37 davs 1o 75 vears. Eight patients
had a positive family history. The majority of the
patients (55%) had muscle weakness, and all except
1 had generalized or proximal dominant muscle
weakness. No correlation was found between the
clinical /pathological phenotype and genotype of pa-
tients (data not shown).

Genetic Analysis of LSM. DNA was available for only
37 patienmis. We identified mutations in 9 (24%)
patienis: 3 in SLC22A5: % in ETEDH; | in ETEA, and
2in PNPLA2 (Table 2). In patient L we identified a
heteronygous €. 15191>6G  ETHDH  mutation  in
genomic DNA; however, by RI-PCR, only the tan-
script with this mutation was detecied, indicating
absence of wanscript from the other allele. All ni-
Gitions were novel except in patients 2 and AL U
i nen Fioed shmilae mutations in 100 control ¢
muosomes of ipanese individuals, In addition. we did
vt T sy maions in ABHDS or LIPE

Ligid Storage Myopathies

£80sin stain

Biochemical Analysis. Co(), levels were normal in
patient 7 and mildly decreased in patient 6, whe had
ETFDH and ETFA mutations. respectively ( Table 3)
The size of the samples permitted lipid analysis in
only 14 patients, including 2 patients with mutarions:
patient 1 with PCD. and patient 6 with MADD. The
amount of TG was significantly elevated in all LSM
patients (TG/Cho: 125 £ 296 [mean £ standard
error of mean]) when compared with control indi-
viduals {595 = 1.72). In conuast. FFA were not
increased, and Pl were not significantly dilferent
(data not shown). In all 10 patients tested, CPT 11
activity was normal.

PCD Patients. Patients 1, 2, and 3 harbored muta-
tions in SLC2245, Patient | exhibited normal early
motor development and appeared healthy until age
8 months when she developed hepatomegaly, coma,
hyperammonemia, and non-ketotic dicarboxylie aci-
duria. On liver biopsy, numerous lipid droplets were
seen, Clinical improvement was seen with L-carnitine
supplementaution, but she eventually succumbed to
heart Failire when she had an infection. Patients 2
and 3, who are siblings, have been reported previ-
ously.” "™ Briefly, they had slowly progressive muscle
weakness and  hyvpertrophic cardiomyopathy, and
their developmental milestones were normal until 3
years of age, when mild weiakness in the lower limbs
became evident, Laboratory examinaion showed
transient high creatine kinase (CK) levelsand hyper
ammonemia, Carnitine levels were decreased in skel
etal muscles of these 3 patients (data not shown)
Serum camitine was likewise reduced in patients 2
and 3. Potal and free camitine levels (in pmol /L),
respectively. were: 36,1 (normal: 67.6 = 11.3) and
125 (normal: 52.2 = 1001) in patient 2; and 35.7 und
L bin patient 8. t-carnitine eatment in both cases
vesulted in marked clinical improvemem

On muscle pathology. both number and size ol
mitochondyia weve mildly ieceased (Fig. £\) Lipid
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