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Abstract

Distal myopathy is a group of heterogeneous disorders affecting predominantly distal muscles usually appearing from young to late
adulthood with very rare cardiac complications. We report a 27-year-old man characterized clinically by distal myopathy and dilated
cardiomyopathy, pathologically by lipid storage, and genetically by a PNPLA2 mutation. The patient developed weakness in his lower
legs and fingers at age 20 years. Physical examination at age 27 years revealed muscle weakness and atrophy predominantly in lower legs
and hands, and severe dilated cardiomyopathy. The patient had a homozygous four-base duplication (c.475_478dupCTCC) in exon 4 of

PNPLA2
© 2008 Elsevier B.V. All rights reserved.

Keywords: Distal myopathy; Lipid storage myopathy; Neutral lipid storage disease with myopathy; PNPLA2

1. Introduction

Lipid storage myopathy (LSM) is a pathologically
defined entity with accumulation of triglycerides in the
muscle fiber. Six causative genes for only four diseases have
been identified: SLC22.45 for primary carnitine deficiency
(PCD); ETFA, ETFB, and ETFDH for multiple acyl-
CoA dehydrogenase deficiency (MADD); ABHDS for neu-
tral lipid storage disease with ichthyosis or Chanarin-Dorf-
man syndrome; and PNPLA2 for neutral lipid storage
disease with myopathy (NLSDM) [1 -3].

PNPLA2 encodes an adipose triglyceride lipase; muta-
tions in this gene were recently reported in three patients
who presented with LSM and vanable cardiac involvement
[1]. Here, we report a Japanese patient with a PNPLA2
mutation presenting with distal myopathy and severe

* Corresponding author. Tel.: +81 42 346 1712; fax: +8] 42 346 1742
E-mail address: nishinof@ncnp.go jp (I. Nishino).

0960-8966/5 - see front matter © 2008 Elsevier B.V All rights reserved.
doi:10.1016/) nmd.2008.06.382

dilated cardiomyopathy and showing numerous rimmed
vacuoles on muscle pathology.

2. Case report

A 27-year-old man had slowly progressive muscle weak-
ness, Despite being a slow runner since childhood, he
belonged to a mountaineering club and had no difficultly
climbing mountains. At 20 years, he noticed difficulty
climbing down the stairs, and gradually developed distal
dominant muscle weakness and atrophy. Family history
was non-contributory.

Upon consultation with us at 27 years, he had marked
muscle weakness and atrophy in the extremities predomi-
nantly in the lower Jegs (Fig. 1A) and fingers (Fig. 1B).
Examination of the muscle strength showed 3-4/5 asym-
metric weakness over the deltoid, biceps brachii, extensor
digitorum, gastrocnemius, and tibialis anterior. Grasping
power was 12kg on right and 10kg on left (normal
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Fig. 1. The patient had distal muscle atrophy especially in the lower legs (A) and thenar muscles (B). Chest X-ray showed cardiomegaly with
cardiothoratic ratio of 63% (normal cardiothoratic ratio <50%) (C). Echocardiogram showed left ventricular enlargement with decreased ejection fraction
of 18% (normal >60%) (D). Calf muscles were involved relatively sparing tibialis anterior on CT (E). Note many vacuoles of leukocyte by Wright-Giemsa

(F), which are positively stained by oil red O (G).

values = 43-56 kg). Deep tendon reflexes were absent. No
skin abnormality was seen. Chest X-ray revealed cardio-
megaly (Fig. 1C). Echocardiogram showed left ventricular
enlargement with decreased left ventricular ejection frac-
tion of 18% (normal >60%), left ventricular end-diastolic
dimension of 78 mm, left ventricular end-systolic dimen-
sion of 70 mm, interventricular septum thickness of 8 mm
and posterior wall thickness of 8 mm (Fig. 1D). ECG
showed negative Q wave in lead I, negative P wave in V,
and occasional ventricular extra-systoles. EMG showed
myopathic changes. His respiratory function was normal.
Serum creatine kinase was elevated (412-1697 IU/L; nor-
mal value <170). Serum cholesterol, TG, LDL-cholesterol
and glucose were within normal ranges. In leukocytes, Jor-
dans anomaly [4], multiple tiny vacuoles due to lipid accu-
mulation, was seen (Fig. |F and G). Muscle CT showed
decreased densities in both soleus, both gastrocnemius,
and right tibialis anterior muscles (Fig. 1E).

Muscle biopsy from the left biceps brachii muscle
revealed marked vanation in fiber size. Numerous lipid
droplets were seen in virtually all type one fibers
(Fig. 2A). In addition, rimmed vacuoles were observed
in scattered fibers (Fig 2B). Dystrophin, caveolin-3,
and dysferlin immunohistochemistry were normal. On
electron microscopy, markedly increased lipid droplets

were seen between myofibrils where mitochondria
appeared pyknotic (Fig. 3A). Numerous autophagic vac-
uoles were also observed (Fig. 3B). Total and free muscle
carnitine levels were 13.2 and 3.9 nmol/mg non-collagen
protein, respectively (reference: total, 157+ 2.8; free,
129:+137).

We sequenced all exons and the flanking intronic regions
of all six known causative genes for LSM in genomic DNA
In the patient, we identified a homozygous four-base dupli-
cation (¢.475_478dupCTCC) in exon 4 of PNPLA2 (Gene
ID: 57104), predicted to result in a premature stop codon
at amino acid position 178. Heterozygous ¢.475 478dup-
CTCC mutation was confirmed in both healthy parents.
We did not find any sequence variant in other candidate
genes, including GNE gene.

3. Discussion

The patient presented has been followed up with a ten-
tative diagnosis of distal myopathy. In fact, one patient
in the first report of PNPLA2 mutations had distal domi-
nant muscle weakness although the other two had proximal
muscle involvement [1]. Therefore, distal myopathy may
not be uncommon in LSM associated with PNPLA2
mutations
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Fig. 2. In addition to variation in fiber size, numerous small vacuoles and rimmed vacuoles were seen with H&E

were seen with oil red O (B).

] : :
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Fig. 3. Onelectron microscopy, markedly increased lipid droplets were seen intermyofibrillar spaces in most of fibers (A). In areas with the rimmed

ged by autophag;

Miyoshi myopathy and distal myopathy with rimmed
vacuoles are the two most common distal myopathies in
Japan, but these were excluded by immunohistochemistry
for dysferlin and sequence analysis of GNE gene; more-
over, finger muscle atrophy and weakness are not usually
seen in these distal myopathies. There is a peculiar distal
myopathy due 1o caveolin-3 gene mutation that selectively
affected small muscles in hands and feet [5). However, cave-
olin-3 immunohistochemistry was normal (data not
shown).

Rimmed vacuoles can also be seen in myofibrillar myop-
athy and inclusion body myopathy with Paget’s disease of
bone and frontotemporal dementia (IBMPFD) [6,7]. Myo-
fibrillar myopathy is pathologically characterized by disor-
ganization of myofibrillar alignment and protein
aggregations, such as cytoplasmic body and spheroid body,
which were absent in our patient. IBMPFD is caused by
mutations in the gene encoding valosin-containing protein
and 1s clinically characterized by variable extent of demen-
tia and polyostotic skeletal disorganization. IBMPFD is
unlikely as our patient had neither intellectual deficit nor
bone abnormality although Kimonis et al. recently postu-
lated that IBMPFD is underdiagnosed and reported that
86% of patients had muscle disease while frontotemporal
dementia and Paget disease of bone was diagnosed in
27% and 57%, respectively [8]. On top of it, lipid droplets
are not a feature of any of the above-mentioned disorders.

vacuoles, the lipid droplets were not actively

(K). Bar = | um.

In our patient, free carnitine was low in the muscle while
tolal amount was normal. Two patients in the first report
of PNPLA2 mutations showed normal serum carnitine lev-
els [1]. However, muscle carnitine levels were not measured
in these patients. Further studies are necessary to deter-
mine a relationship between NLSDM and carnitine levels.

The increased amount of lipid droplets in muscle fibers
led us to make a diagnosis of LSM. In PCD and MADD,
lipid droplets are seen next to mitochondria that are struc-
turally normal. In contrast, mitochondria are pyknotic in
our case. Furthermore, autophagic vacuoles have never
been reported in other LSM. These observations suggest
a possibility that NLSDM may have a myodegenerative
process different from other LSM.

We have 47 muscle biopsies diagnosed as LSM collected
from 1978-2006. Interestingly, all other 46 patients had
proximal dominant muscle weakness except for the present
case, suggesting a possibility that distal muscle involvement
may be unique to PNPLA2 mutations although further
studies are necessary to draw any conclusion,
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Four-and-a-half LIM domain 1 gene (FHLI) has recently been identified as the causative gene for reducing
body myopathy (RBM), X-linked scapuloperaneal myopathy (SPM) and X-linked myopathy with postural
muscle atrophy (XMPMA). Rigid spine is a common clinical feature of the three diseases. We searched for
FHLI mutations in eighteen patients clinically diagnosed as rigid spine syndrome (RSS) We identified one

RSS patient with FHLI mutation. Reducing bodies were observed in few fibers of the patient’s muscle

Four-and-a-half LIM domain 1 (FHLI)
Rigid spine syndrome
Reducing body

- sample. Amount of FHL1 protein was decreased on immunoblotting. In conclusion, FHL! can be one of
W the causative genes for RSS

© 2008 Elsevier BV, All rights reserved.

1. Introduction

FHL1, four-and-a-half LIM domain 1 is a 32 kDa protein which is
highly expressed in skeletal muscle with intermediate expression
in the heart [1]. LIM domains are a cysteine-rich double zinc finger
protein-binding motif denoted by the sequence (CX2-CX17-
19HX2C)X2(CX2CX16-20CX2(H/D/C)) and mediate interactions
with transcription factors and cytoskeletal proteins, LIM domain
proteins play critical roles in tissue differentiation and cytoskeletal
integrity, respectively. FHL1 was implicated in many cellular func-
tions; (1) aSp1-integrin-dependent myocyte elongation (2], (2)
regulation of myosin filament formation and sarcomere assembly
by binding to myosin-binding protein C [3}, and (3) modulation
of Notch signalling pathway through interaction of FHLIC (one of
the splicing isoforms of FHL1) with transcription factor RBP-] and
RING1 [4].

Recently, mutations in FHL] have been identified in patients
with RBM [5), SPM (6] and XMPMA |7]. We have also identified
mutations in FHLI in all REM patients we reported previously,
and confirmed that FHLI is the causative gene for RBM (unpub-
lished data). Clinical picture of RBM patients varies from congenital
lethal form to benign childhood and adult forms. However, four out
of the six RBM families reported to date show rigid spine |[5.8]. In
addition rigid spine was reported in SPM families [9] and was also
seen in the British and Italian-American families reported as

* Comresponding author, Tel.: +81 42 346 1712; fax: +81 42 346 1742,
E-mail address: hayasi y@nenp.go.jp (Y.K. Hayashi)

0960-8966/5 - se¢ front marrer © 2008 Flsevier BV, All rights reserved
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XMPMA [7]. This finding suggests that rigid spine is a common
clinical feature of patients with FHL] mutations.

Here we found a patient with rigid spine syndrome (RS5) har-
boring a mutation in FHL1 among 18 patients clinically diagnosed
as RSS.

2. Case report

The patient is a 16-year-old male who was a good runner during
his childhood. He was first noted to have scoliosis on a routine
medical examination when he was 13 years old. Gradually, his
walking and running speed became slower, and hip muscle atro-
phy was noted. Two years late he started experiencing difficulty
in bending his body and difficulty in neck flexion. He could not
stand on one foot. By the age of 16 years, bilateral hip and thigh
muscle atrophy was prominent. On examination, he showed mus-
cle weakness and atrophy in the sternomastoid, trapezius, paraver-
tebral, pelvic girdle and proximal lower limb muscles. Winging of
scapula and Gowers' sign were observed. Funnel chest and joint
contractures in neck. spine, hip and ankle joints were seen. He
walked slouchingly and his left leg was slightly lagged and out-
ward rotated, Serum creatine kinase level was mildly elevated
and respiratory functions were mildly impaired. His elder brother
showed mild scoliosis but not rigid spine or muscle weakness.
His father had IRBBB while his mother was healthy.

Genomic DNA was isolated from peripheral lymphocytes using
a standard technique after obtaining informed consent. Seven sets
of primers were used to amplify genomic fragments of FHLI. All
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exons and their flanking intronic regions of FHL1 were directly
sequenced using an ABI PRISM 3100 automated sequencer (PE
Applied Biosystems). We identified a hemizygous in-frame nine
base-pair (bp) deletion mutation at c.451-459delCTGACTTGC
(p-151-153delVTC) of FHL! in this patient, A total 250 controls
and the other 17 RSS patients did not carry the mutation in FHLI.
Genetic analysis of other family members including the elder
brother was not allowed.

Biopsied muscle specimen was frozen in isopentane cooled in
liquid nitrogen. Serial 10 um cryostat sections were stained with
haematoxylin and eosin (HE), modified Gomori trichrome (mGt)
and a battery of histochemical methods. Menadione-nitroblue tet-
razolium (NBT) staining in the absence of the substrate a-glycero-
phosphate was also performed to detect reducing bodies (RBs).
Histological analyses of muscle showed marked variation in fiber
size and fibers with rimmed vacuoles, Only a limited number of
fibers contained RBs. These abnormal fibers detected were local-
ized in focal areas of the muscle specimen (Fig. 1A and B),

Immunohistochemical analysis revealed diffusely increased
FHL1 staining in some muscle fibers. The strong FHL1 staining
was observed in both types of fibers as seen in serial sections
stained by slow type of myosin heavy chain (MHC-slow) (Fig. 1C
and D). Protein amount of FHL1 by immunoblotting analysis was
significantly reduced in the patient muscle when compared to
normal control after normalization o actin amount (Fig. 2).

3. Discussion

The term rigid spine syndrome was first proposed by Dubowitz
to highlight the essential clinical problem seen in myopathy with
prominent spinal rigidity [10]. Nevertheless, spinal rigidity is not
a specific finding as it is a characteristic feature in Emery-Dreifuss
muscular dystrophy, Bethlem myopathy, and in selenoprotein re-
lated myopathies. In addition it has also been reported in other
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Fig 2. Immunoblotting analysis of FHL1. Amount of FHL1 in biopsied muscle from
the RSS patient show significant reduction compared to actin

congenital myopathies and muscular dystrophies. Patients with
FHL1 mutations also show spinal rigidity [5,7,9],

Here we identified a RSS patient with a novel mutation in FHLI.
The mutation affects a cysteine residue in the second LIM domain
of FHL1 similar to all mutations causing RBM [5].

The most important feature to differentiate RSS from other
muscular diseases associated with spinal rigidity is the limitation
of flexion of the cervical and dorsolumbar spine in absence of

hology. [/

munareactvity to

Fig. 1. Mus

A) Intracytoplasmic inclusions and rimmed vacuoles are sean on mGT staining. (B) Reducing bodies are positive on melanodine-NET st
HL1 is seen in both MyHC-slow positive and negative fibers (D). Bar= 20 um




S. Shalaby et al /Neuromuscular Disorders 18 (2008) 959-567 961

severe weakness and absence of early contractures as seen in our
patient and his brother.

Indeed the presence of RBs in RBM, and the retrospective iden-
tification of RBs in RSS patient reported here and SPM patient
(unpublished data) suggests that FHL] is the causative gene for a
variety of clinical disorders with RBs as the common diagnostic
pathological finding. On the basis of our results, FHLI can be one
of the causative genes for RSS.
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NOVEL FHL1 MUTATIONS IN FATAL AND BE-
NIGN REDUCING BODY MYOPATHY

Reducing body myopathy (RBM) is a rare disorder
characterized pathologically by the presence of intra-

cytoplasmic inclusions strongly stained by menadione-
NBT (nitroblue tetrazolium) staining in the absence
of the substrate a-glycerophosphate. The causative
gene for RBM was recently identified as FIHLI on
chromasome Xq27 encoding four and a half LIM
domains 1.! FHL1 is a 32 kDa protein, composed of
four LIM domains preceded by a single N-terminal
zinc finger. FHLI is highly expressed in skeletal mus-
cle and heart. Here, we searched for FHL I mutations
in three sporadic cases™! and one familial case® of
RBM we previously reported

Methods. All dlinical materials used in this scudy
were obtained for diagnostic purpose with informed
consent. Patient | and patient 2 have fatal infantile
form,** and patient 3 has adult-onset form.* Patients
4 (son) and S (his mother) had familial cases.” We
directly sequenced all exons and their flanking in-
tronic regions of FHL1 in the five RBM patients and
250 Japanese controls. Frozen muscle specimens
were examined by immunohistochemistry and im-
munoblotting using standard technique.

Results. We identified four novel mutations in
FHLI: a heerozygous missense mutation of c449G>A
(p.C150Y) in patient 1 and c.302G>T (p.C101F)
in patient 2, an in-frame 9 bp deletion at ¢.304-
312delAAGGGGTGC (p.102-104delKFC) in pa-
tient 3, and a hemizygous mutation ¢.310T>C
(p-C104R} in parient 4. The mother (patient )
had the same mutation in heterozygous mode. All
mutations we identified are located in the second
LIM domain of FHLI (figure e-1 on the Neurology™
Web site at www.neurology.org).

Immunohistochemical analysis of patients’ muscles
showed strong immunoreactive depositions of FHLI,
aS-integrin. myosin heavy chain-dow (MyHC-slow),
ribosomal proteins, and nudleclar protein coilin (fig-
ure). Protein amount of FHLI was significanty re-
duced in patients 2 and 4 with less reduction in patient
5 after normalization to actin level. In contrast. patient
3 showed mild increase in FHLI (figure)
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Discussion. All our RBM patients, with a wide
range of clinical phenotypes, fatal infantile (patient |
and 2), benign childhood (patient 4), and adult-
onset (patients 3 and 5). had novel FHL I mutations,
confirming the recent reporr thar FHLI is the caus-
ative gene for REM.' All the mutations identified in
RBM patients affects the cysteine or histidine resi-
dues located within the second LIM domain of
FHLI, indicating their irreplaceable role in stabiliz-
ing FHL1 (figure e-1). Phenotypic severity may de-
pend on how the altered residue affects the zinc
binding sites and resulting distuption of the structure
and function of the LIM domain.

In this study, dinical severity is correlated with
the amount of the FHLI protein. Nevertheless, pre-
viously reported fatal RBM patients show increased
FHLI amount. Since RBM shows asymmetric mus-
cle involvement and focal pathologic changes in the
same muscle specimen (figure), the decrease or in-
crease of FHL1 amount may depend on the degree of
affection of the biopsied part of the muscle. We
should also consider the degree of protein degradation/
turnover.

Here we showed thar MyHC-slow is aggrepared
in parient muscles. It was reported that both overex-
pression and underexpression of FHL] were associ-
ated with the failure of myosin to assemble into thick
filaments. Aggregation of myosin was also nored in
FHL1 knockdown cells. In RBM muscles, mislocal-
tzation of myosin filaments and the sarcomeric disas-
sembly may be caused by FHLI dysfunction.
Surprisingly, a5-integrin was also highly aggregated
in RBM patients although normally aS-integrin is
expressed in myoblasts and during primary myogen-
esis, and is downregulated in marure muscle. FHLI
was reported to induce a5B1-integrin-dependent
myocyte elongarion. Whether or not there is a corre-
lation between aS-integrin aggregation and the sug-
gested role of FHL1 in integrin signaling and
regulation of cytoskeletal dynamics during muscle
differentiation is not clear.

To date, only 6 families and 16 sporadic parients
with RBM have been reported. However, REM pa-
tients may be overlooked and underestimated. since re-
ducing bodies can be observed in selective parts of the
muscle, as shown in the figure. Furthermore. menadione-
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(SPM)* and X-linked myopathy with postural atrophy
(XMPMA)."” Cerainly, RBM. SPM, and XPMPA share
common clinicopathologic features such & scapuloper
neal dominant muscle involvement, asymmetric musde
weakness, rigid spine, myofibers with core-like appearance

NADH, and ammed vacuales, and this finding rises a

possibility that they may be a singe entiry. In addition
reducing bodies detected in a SPM patient strengthens this
idea (unpublished data)

Further studies together with the identification of
more RBM patients may help refine the diagnostic

criteria for RBM and may explain the pathomecha-
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nism underlying the formation of reducing
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ABSTRACT. Causative genes have been identified only in four types of
lipid storage myopathies (LSMs): SLC22A5 for primary camitine 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 ABHDS for neutral lipid storage disease with
ichthyosis. However, 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 PNPLAZ. This low frequency suggests
the existence of other causative genes. Muscle coenzyme Q,, levels wera
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-apisodic muscle
disease with rimmed vacuoles, This suggests there is a different patho-
mechanism from other LSMs,
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Dcfects in muscle lipad metabolisim are due to a het-
erogeneous group of metabolic conditions. They are
caused by problems in transport of fary acids and
carnitine, mitochondral matrix Boxidation enzvmes,
or endogenous trighyceride synthesis. The clinical spec-
vum of these disorders is variable. Patients often
present with hypotonia, muscle weakness, recurrent
rhabdomyolysis, and peripheral neuropathy.” Lipid
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Lipid Storage Myopathies

storage myopathies (LSMs), which are categonzed un-
der the broad category of disorders of lipid metabo-
lism, are invanably characterized by accumulation of
lipid droplets in muscle fibers, Among LSMs, genetic
causes have been identified in only four disorders:
primary carmitine deficiency (PCD); multiple acylco-
enzyme A (acyl-CoA) dehydrogenation deficiency
(MADD); neutral lipid storage disease with myopathy
(NLDSM); and neutral lipid storage disease with ich-
thyesis (NLDSI),*1%*!

PCD is an autosomalrecessive disorder caused by
mutations of the SLC22A5 gene, which encodes an
integral plasma membrane protein, organic cation
transporter 2 (OCTN2). It functions to transport
extracellular carnitine into cells.'”** OCIN2 muta-
tions lead to defective renal reabsorption and re-
duced tissue storage of carnitine and impairment of
long fatty acid metabolism, as carnitine is necessary
to incorporate long<hain fatty acids into the mito-
chondrial matrix for f-oxidation. Clinical features of
PCD include severe hypoglycemia and dilated car-
djum\"(:pam_v mn addition to skeletal muscle involve-
ment.”
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MADD, also known as glutaric aciduria type 11, is
an autosomal-recessive disorder of fatty and amino
acid metabolism® caused by defects in electron trans-
fer flavoprotein (ETF) or ETF dehydrogenase (ET-
FDH). ETF is a heterodimeric protein consisting of
two subunits, a and f3, that are encoded by different
genes, ETFA and ETFB. ETF reccives electrons from
mitochondrial flavin<ontaining dehydrogenases 1o
ETFDH in the inner mitochondrial membrane. ET-
DFH, in tumn, transfers electrons to coenzyme Q.
The MADD phenotype varies widely from a [atal
neonatal-onset form'®*° 1o a much milder late-onset
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 coenzvme Q, (CoQyq)
deficiency.”

Neutral lipid storage disease is characterized by
systemic accumulation of triglycerides (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 wiglyceride lipase (ATGL),
which is also referred to as pataun-like phospho-
lipase domain-containing protein 2 (PNPLA2).4%%4
This protein catalyzes the initial step in TG hydroly-
sis. On the other hand, NLSDI is due to defects in
the gene that encodes the coactivator of ATGL, com-
parative gene identification-58 (CGI-58), which is
also known as abhydrolase domain-containing 5
(ABHD5).'

Although the pathological characteristics of LSM
are rather uniform, the phenotypic manifestations
are remarkably heterogeneous, possibly due to dif-
ferent genetic backgrounds, Thus, genctic analysis
has always posed a challenge. In this studv, we ana-
lyzed all known causative genes for LSM (SLC2245,
ABHDS, PNPLA2, ETFA, ETFB, and ETFDH), as well
as LIPE, which encodes hormonesensitive lipase
(HSL) * among patients who had pathological con-
firmation of LSM. Our aim was to determine the
actual frequency of identifiable mutations and to
look for genotype-phenotype correlations that
could be helpful for diagnosis.

METHODS

Patlents, We retrospectively recruited cases diag-
nosed with LSM at the National Center of Neurology
and Psychiatrv (NCNP) from a total of 9639 muscle
biopsies obtained between 1978 and 2006. The diag-
nasis of LSM was made based on characteristic mus-
cle pathology findings: small clear vacuoles on he-
matoxvlin_ and eosin staining and intramvofibel

334 Lipid Storage Myopathies

accumulation of lipid droplets on oil-red-O staining.
We excluded cases with obvious mitochondrial ab-
normalities such as ragged-red fibers, strongly succi-
nate dehydrogenase (SDH)-reactive vessels, and
cytochrome ¢ oxidase deficiency. Detailed retrospec-
tive review of the clinical and pathological findings
was performed. Informed consent was obtained
from the patients using a form approved by the
NCNP ethics board committee.

Mutation Analysis, We sequenced all exons and
their flanking regions of all the known causative
genes for LSM: SLC22A5, ABHDS, PNPLA2, ETFA,
ETFB, and ETFDH in genomic DNA of patients with
LSM.

Genomic DNA was extracted from the muscle
biopsies using a standard method.'® We sequenced
all exons and their flanking regions of SLC2245,
ABHDS5, PNPLA2, ETFA, ETFB, ETFDH, and LIPE.
Primers were designed from the genomic sequences
reported in GenBank (Gene IDs: 6584 [or SLC22A5,
51099 for ABHDS, 57104 for PNPLA2, 2108 for ETFA,
2108 for ETFB, 2110 for ETFDH, and 3991 for LIPE).
We performed direct sequencing of amplified frag-
ments using an automated 3100 DNA sequencer
(Applied Biosystems, Foster City, California) with
the BigDye Terminator cycle sequencing system, and
analyzed DNA sequences with the SeqScape pro-
gram (Applied Biosystems).

We performed quantitative reverse transcript—
polymerase chain reaction (RT-PCR) in RNA ob-
tained from muscle using the QuantiTect SYBR-
Green PCR Kit (Qiagen GmbH, Hilden, Germany)
and iCycler iQ real-time PCR detection system (Bio-
Rad, Hercules, California). We analyzed the amount
of transcript for ETFDH relative 1o glyceraldehyde-3-
phosphate dehyvdrogenase (GAPDH) mRNA.

Biochemlcal 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, total lipid was extracted from mus-
cles according to the methods of Folch et al.® Ex-
tracted lipids were adopted to TLC with petroleum
ether/diethyl ether /acetic acid (60:40:1) as a devel-
oping solvent 1o separate TG, cholesterol (Cho), and
free fanry acids (FFA) from phospholipid (PL). The
lipids were visualized with 50% sulfuric acids/meth-
anol vapor. Band intensities were measured with
Quantity One software (Bio-Rad Laboratories). We
measured the levels of TG, PL, and FFA relative to
Cho amount (TG/Cho, PL/Cho, FFA/Cho). Muscle
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FIGURE 1. Muscle pathology in patient 1 with the SLC22A5 mutation (PCD). Numerous small vacuoles seen on hematoxylin-eosin stain
(A) are actually lipid droplets, as shown on oil-red-O (B). These vacuoles are seen predominantly in type 1 fibers (C). Bar = 20 pm.

carnitine palmitoyltransferase type I (CPT IT) activ-
ity was measured using a method described previous-
Iy

RESULTS

Pathological and Clinical Features of LSM. Of 0630
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 differences
among patients (data not shown). In addition, these
lipid droplets were found predominantly in type 1
fibers (Table 1 and Fig. 1C), except in patents 10
and 11, who exhibited lipid droplets predominantly
in type 2 fibers (Fig. 2).

The clinical features of the 47 patients (23 males
and 24 females) are summarized in Table 1, Age al
onset varied from 37 days to 75 years. 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 LEM. [INA was available for only
37 patients. We identified mutations in 9 (24%)
paticnts: 3 in SLC22A5; 3 in ETFDH; 1 in ETFA; and
21 PNPLA2 (Table 2). In patient 4, we identified a
heterozygous c.1519T>G ETFDH mutation in
genomic DNA; however, by RT-PCR, only the tran-
script with this mutation was detected, indicating
absence of transcript from the other allele. All mu-
tations were novel except in patients 2 and 3.'11% We
did not find similar mutations in 100 conwrol chro-
mosomes of Japanese individuals, In addition, we did
not find anv mutatons in ABHD3 or LIPE

Lipid Storage Myopathles

Blochemical Analysis. Co(),, levels were normal in
paticnt 7 and mildly decreased in patient 6, who had
ETFDH and ETFA mutations, respectively (Table 3).
The size of the samples permitted lipid analysis in
only 14 patients, including 2 patients with mutations:
patient 1 with PCD, and patient 6 with MADD. The
amount of TG was significantly elevated in all LSM
patients (TG/Cheo: 125 * 2.26 |mean = standard
error of mean]) when compared with control indi-
viduals (595 = 1.72). In contrast, FFA were not
increased, and PL were not significantly different
(data not shown). In all 10 patients tested, CPT 11
activity was normal.

PCD Patients. Patients 1, 2, and 3 harbored muta-
tions in SLC22A5. Patent | exhibited normal early
molor development and appeared healthy until age
8 months when she developed hepatomegaly, coma,
hyperammonemia, and non-ketotic dicarboxylic aci-
duria. On liver biopsy, numerous lipid droplets were
seen. Clinical improvement was seen with L-carnitine
supplementation, but she eventally succumbed to
heart failure 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 hypertrophic cardiomyopathy, and
their developmental milestones were normal until 3
years of age, when mild weakness in the lower limbs
became evident. Laboratory examination showed
transient high creatine kinase (CK) levels and hyper-
ammonemia. Carnitine levels were decreased in skel-
etal muscles of these 3 patents (data nar shown),
Serum carnitine was likewise reduced in patients 2
and 3. Total and free carnitine levels {in pmol/L),
respectively, were: 36.1 (normal: 67.6 = 11.3) and
12.3 (normal: 52.2 £ 10.4) in patient 2; and 35.7 and
11.4 in patient 3. L<amitine treatment in both cases
resulted in marked clinical improvement.

On muscle pathology, both number and size of
mitochendria were mildly increased (Fig. 4A). Lipid-
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containing vacuoles in skeletal muscle were predom-
inantly observed in type 1 fibers (Fig. 4B). Patient |
had type 2 fiber atrophy, whereas patienis 2 and 3
showed type 2A fiber atrophy and type 2B fiber
deficiency. On electron microscopy, there was an
increase in number of lipid droplets and mitochon-
dria. Incidentally, lipid droplets were often next to
mitochondria (Fig. 5A, B).

MADD Patients. The clinical features of the 4 pa-
tients genetically confirmed to have MADD are sum-
marized in Table 3. The diagnosis of MADD in pa-
tients 6 and 7 was initially made based on the results
of urinary organic acid analysis by gas chromatogra-
phy/mass spectroscopy. All 4 patients had the infan-
tile form. They all had generalized muscle weakness
and hypotoma. Serum CK levels varied from normal
to 4000 IU/L. Hepatomegaly was documented in
patients 4 and 5. Patient 5, who received L-carnitine
and riboflavin treatment, had normal growth and
development, except for some mild metabolic epi-
sodes, and is now 20 years old. Patient 6 had hyper-
trophic cardiomyopathy. He was treated with 1car-
mitine, but he died of pulmonary alveolar bleeding at
the age of 1 year and 11 months. Patient 7 was always
a slow runner and poor athlete with easy fatigability
since her preschool vears. She developed nausea and
vomiting at age 13 years and started experiencing
difficulty climbing stairs. She had proximal domi-
nant muscle weakness and atrophv on examination
at age 13 years and 4 months. After treatment with
L-carnitine and riboflavin, muscle weakness was ame-
liorated,

In skeletal muscle, lipids were observed predom-
inantly in type 1 fibers. Mitochondria were not as
prominent as in PCD (Fig. 4C, D). Type 2 fiber
atrophy was seen in patient 5. Electron-microscopic
findings were similar to those seen in PCD patients:
intracytoplasmic lipid droplets were markedly in-
creased both in number and size, and lipid droplets
were often present next to mitochondria (Fig. 5C,
D}.

NLSDM Patlents. Patients 8 and 9 had mutations in
PNPLAZ. Patent 8 developed progressive weakness
in the lower legs and fingers at age 20 years (article
m submission); at age 27 years, ech ocardiogram re-
vealed dilated cardiomyopathv with Ieft ventricular
enlargement. Serum CK was elevated from 757 to
1697 TU /L™ Patient 9 was a slow runner since child-
hood." At age 33 vears, she noticed weakness of all
exiremities and developed marked generalized mus-
cle weakness at 35 years, Electrocardiogram (ECG)
showed left veniricular hypertrophy, but echocardio-
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D). Bar 50 pm.

gram was normal. Serum CK was elevated to 654
IU/L. In both patients, penipheral blood smear re-
vealed lipidcontaining vacuoles in  leukocvtes,
namely Jordan's anomaly. Both patients had numer-
ous lipid droplets mainly in type 1 fibers in addition
to variation in fiber size. Surprisingly, there were
scattered rimmed vacuoles within the myofibers (Fig.
1E, F), which were demonstrated to be autophagic
vacuoles on electron microscopy (Fig. 5F). Interest-
ingly, increased lipid droplets were seen between
myofibrils where mitochondria appeared pyknaotic
(Fig. 5E).

DISCUSSION

Among all LSM cases, we idennfied mutations in
known causative genes in only 24% of the cases. This
brings to our attention two possibilities: the exis-
tence of yet-unknown causative genes, and secondary

338 Lipid Storage Myopathies

) ; BTN NG -7;-"*} 3
FIGURE 2. Lipid accumulation in type 2 fibers of patients with no mutations in known genes associated with LSM: patient 10 (A, B) and
patient 11 (C, D). Lipid droplets stained with oil-red-O (A, C) are only seen in type 2 fibers (routine adenosine triphosphatase stain) (B,

increase of lipid in muscle under a variety of meta-
bolic alterations without inheritance.

Analysis of muscle lipids demonstrated an in-
crease in the amount of TG, but not FFA. The accu-
mulated lipid droplets in the cvtoplasm of skeletal
mvofibers are therefore likely to be mainly com-
posed of TG, Although, theoretically, triglyceride
accumulation should occur m NLSDM and NLSDI,
in which genes encoding TG hvdrolase or its activa-
tor are mutated, it is accumulated in virtually all
patients analyzed regardless of the causative gene.
Reduction of mitochondrial fatty acid metabolism
may negatively regulate the hvdrolysis of TG in ov-
tosol.

We identified 3 PCD patients with mutations in
SLEC22A5. Their clinical charactenstics were consis-
tent with the typical PCD symptoms with severe hy-
poglvcemia, dilated cardiomvopathy, and progres-
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measured CoQyy levels in only 2 patents due to

40 r W Patients(with mulation)

. ™ Patients(no mutation) sample size limitation, the finding of a normal
g ] Control CoQyq level in a patent with the ETDFH mutation is
E still relevant for clinicians, because it indicates that
o 30 ETFDH mutations may not always be associated with
3 CoQyq deficiency. Further studies are necessary to
E determine whether there is a detailed relationship
a between the ETFDH mutation and CoQ,, deficiency.
3 20 f The first step of the mitochondrial B-oxidation
T * cycle is catalyzed by four fatty acyl-CoA dehydroge-
N J nases (very long, long, medium, and short chain), all
[ I of which are affected in MADD. We previously re-
s 10 r ported that very-long-chain acyl-CoA dehydrogenase
= (VLCAD) deficiency does not show increased lipid
droplets in muscle.'® In contrast, MADD is charac-

| y I ' . terized pathologically by lipid storage, raising the

0
FIGURE 3. TLC analysis of lipid composition of skelstal muscle
with LEM. The bars reprasent the mean triglyceride (TG) amount
which is nomalized with cholesterol (Cho) content. Values are
shown for patients with mutation (black bar; N = 2), patients with
no mutation (gray bar; M = 12), and in controls (white bar, N 4).
Error bars represant standard error of means. Note the remark-
able increase of TG in patients with mutations. *F < 005 (Stu-
dant's Hest),

sive muscle weakness, as reported elsewhere.!''* A
posilive response to L<arniline reatment was seen
mn all 3 patients, a feature that has been shown to be
characteristic of PCD."!

Among the patients with MADD, 2 had a good
response Lo riboflavin., Olsen el al. noted that ribo-
flavin-responsive MADD may result from defects in
ETFDH combined with general mitochondrial dys-
function.'® In support of this notion, both of our
patients who responded to riboflavin had mutations
in ETFDH. With regard to CoQy, levels, however, our
case contradicts the recent l'e'pf:-rl." Although we

possibility that lipid droplets may not accumulate
when one of the four acyl-CoA dehydrogenases, such
as VLCAD, is defective.

Our patients with NLSDM presented with distal
myopathy and cardiac symptoms, accompanied by
lipid accumulation in muscle and peripheral leuko-
cytes, suggesting multisystemic lipid accumulation.
Notably, in the patient with NLSDM, mitochondria
on electron microscopy were pyknotic, in stark con-
trast to those in PCD and MADD. This morphologi-
cal difference is contrary 1o that expected from fune-
tion of cach causative gene, because PCD and
MADD have defects in the mitochondrial B-oxica-
tion cycle, whereas NLSDM is due to a defect in
evtoplasmic TG hydrolysis. In addition, rimmed
vacuoles were observed in the 2 NLSDM patients and
not in the other LSM patients. Together with the fact
that both patients had progressive, rather than epi-
sadic, muscle disease, these clinicopathological pe-
culiarities should reflect a distinct pathomechanism
that is yel to be clucidated. Clearly, further studies

Table 2, Identified mutations

Patient Age Gendear Gene namea Nucleotide change Amine acid change
1 8mo F SLC22A5 €.396G>A" ¢ 844C>T p.W1 28X p A282X
11,12 4y M SLC22A5 -81_22del"
1112 Sy M SLC2245 ~81_22dal’
4 5 mo F ETFDH ¢.1518T>G" p Y5070
5 Bmo M ETFDH c.1208C>TT pA4Q3Y
8 11 mo M ETFA c.284T>G p.LeaW
7 13y F ETFDH ¢ 524CG=A" pR175H
¢ 1774T>G p.C582R
8 2Ty M NPLAZ c.477_478insCCTC” Frameshift 178X
g sy F PNPLAZ c 477 _478insCCTC! Frameshift 178X

“Compoind halerozygous
“Hemodyeas
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