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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 dehydrogenation deficiency (MADD); PNPLAZ for neutral lipid storage disease with
myopathy (NLSDM); and ABHDS5 for neutral lipid storage disease with ichthyosis. However,

the frequency of these LSMs has not been determined. 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 Q1 levels were
normal or only mildly reduced in two MADD patients, indicating that ETFDH mutations may
not always be associated with CoQ1q deficiency. The 2 patients with PNPLAZ mutations had
progressive, non-episodic muscle disease with rimmed vacuoles. This suggests there is a different
pathomechanism from other LSMs.
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Defects in muscle lipid metabolism are due to a heterogeneous group of metabolic
conditions. They are caused by problems in transport of fatty acids and carnitine,
mitochondrial matrix g-oxidation enzymes, or endogenous triglyceride synthesis. The
clinical spectrum of these disorders is variable. Patients often present with hypotonia,
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muscle weakness, recurrent rhabdomyolysis, and peripheral neuropathy.?! Lipid storage
myopathies (LSMs), which are categorized under the broad category of disorders of lipid
metabolism, are invariably characterized by accumulation of lipid droplets in muscle fibers.
Among LSMs, genetic causes have been identified in only four disorders: primary carnitine
deficiency (PCD); multiple acyl-coenzyme A (acyl-CoA) dehydrogenation deficiency
(MADD); neutral lipid storage disease with myopathy (NLDSM); and neutral lipid storage
disease with ichthyosis (NLDSI).410.21

PCD is an autosomal-recessive 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.1”-22 OCTN2 mutations lead to
defective renal reabsorption and reduced tissue storage of carnitine and impairment of long
fatty acid metabolism, as carnitine is necessary to incorporate long-chain fatty acids into the
mitochondrial matrix for g-oxidation. Clinical features of PCD include severe hypoglycemia
and dilated cardiomyopathy in addition to skeletal muscle involvement.?1

MADD, also known as glutaric aciduria type I, is an autosomal-recessive disorder of fatty
and amino acid metabolism® caused by defects in electron transfer flavoprotein (ETF) or
ETF dehydrogenase (ETFDH). ETF is a heterodimeric protein consisting of two subunits,
a and g, that are encoded by different genes, E7FA and E7TFB. ETF receives electrons
from mitochondrial flavin-containing dehydrogenases to ETFDH in the inner mitochondrial
membrane. ETDFH, in turn, transfers electrons to coenzyme Q. The MADD phenotype
varies widely from a fatal neonatal-onset form920 to 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 coenzyme

Q10 (CoQ1) 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 triglyceride lipase (ATGL), which is also referred to as patatin-like phospholipase
domain-containing protein 2 (PNPLA2).49.23 This protein catalyzes the initial step in TG
hydrolysis. On the other hand, NLSDI is due to defects in the gene that encodes the
coactivator of ATGL, comparative gene identification-58 (CGI-58), which is also known as
abhydrolase domain—containing 5 (ABHD5).10

Although the pathological characteristics of LSM are rather uniform, the phenotypic
manifestations are remarkably heterogeneous, possibly due to different genetic backgrounds.
Thus, genetic analysis has always posed a challenge. In this study, we analyzed all known
causative genes for LSM (SLC22A5, ABHDS5, PNPLAZ, ETFA, ETFB, and ETFDH), as
well as L/PE, which encodes hormone-sensitive lipase (HSL),8 among patients who had
pathological confirmation 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.
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We retrospectively recruited cases diagnosed with LSM at the National Center of Neurology
and Psychiatry (NCNP) from a total of 9639 muscle biopsies obtained between 1978 and
2006. The diagnosis of LSM was made based on characteristic muscle pathology findings:
small clear vacuoles on hematoxylin and eosin staining and intramyofiber accumulation

of lipid droplets on oil-red-O staining. We excluded cases with obvious mitochondrial
abnormalities such as ragged-red fibers, strongly succinate dehydrogenase (SDH)-reactive
vessels, and cytochrome ¢ oxidase deficiency. Detailed retrospective 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, ABHDS5, PNPLAZ, ETFA, ETFB, and ETFDH in genomic DNA of
patients with LSM.

Genomic DNA was extracted from the muscle biopsies using a standard method.16 We
sequenced all exons and their flanking regions of SLC22A5, ABHD5, PNPLAZ, ETFA,
ETFB, ETFDH, and L/PE. Primers were designed from the genomic sequences reported in
GenBank (Gene IDs: 6584 for SLC22A5, 51099 for ABHD5, 57104 for PNPLAZ, 2108
for ETFA, 2109 for ETFB, 2110 for ETFDH, and 3991 for L/PE). We performed direct
sequencing of amplified fragments 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 program (Applied Biosystems).

We performed quantitative reverse transcript—polymerase chain reaction (RT-PCR) in RNA
obtained 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 to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA.

Biochemical Analyses.

We measured CoQ1q in frozen muscles from patients with £7F 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 muscle lipid analysis, total lipid

was extracted from muscles according to the methods of Folch et al.? Extracted lipids were
adopted to TLC with petroleum ether/diethyl ether/acetic acid (60:40:1) as a developing
solvent to separate TG, cholesterol (Cho), and free fatty acids (FFA) from phospholipid
(PL). The lipids were visualized with 50% sulfuric acids/methanol 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 carnitine
palmitoyltransferase type Il (CPT II) activity was measured using a method described
previously.?
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Pathological and Clinical Features of LSM.

Of 9639 frozen muscle biopsies that we had examined pathologically, 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 patients 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 at 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 patients (data not shown).

Genetic Analysis of LSM.

DNA was available for only 37 patients. We identified mutations in 9 (24%) patients: 3 in
SLC22A5, 3 in ETFDH. 1in ETFA; and 2 in PNPLAZ (Table 2). In patient 4, we identified
a heterozygous ¢.1519T>G ETFDH mutation in genomic DNA; however, by RT-PCR, only
the transcript with this mutation was detected, indicating absence of transcript from the other
allele. All mutations were novel except in patients 2 and 3.11:12 We did not find similar
mutations in 100 control chromosomes of Japanese individuals. In addition, we did not find
any mutations in ABHD5 or LIPE.

Biochemical Analysis.

CoQ g levels were normal in patient 7 and mildly decreased in patient 6, who had ETFDH
and £TFA 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/Cho:
12.5 £+ 2.26 [mean = standard error of mean]) when compared with control individuals (5.95
+ 1.72). In contrast, FFA were not increased, and PL were not significantly different (data
not shown). In all 10 patients tested, CPT Il activity was normal.

PCD Patients.

Patients 1, 2, and 3 harbored mutations in SLC22A5. Patient 1 exhibited normal early motor
development and appeared healthy until age 8 months when she developed hepatomegaly,
coma, hyperammonemia, and non-ketotic dicarboxylic aciduria. On liver biopsy, numerous
lipid droplets were seen. Clinical improvement was seen with L-carnitine supplementation,
but she eventually succumbed to heart failure when she had an infection. Patients 2 and

3, who are siblings, have been reported previously.212 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
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hyperammonemia. Carnitine levels were decreased in skeletal muscles of these 3 patients
(data not shown). Serum carnitine was likewise reduced in patients 2 and 3. Total and free
carnitine levels (in gmol/L), respectively, were: 36.1 (normal: 67.6 + 11.3) and 12.3 (hormal:
52.2 £10.4) in patient 2; and 35.7 and 11.4 in patient 3. L-carnitine treatment in both cases
resulted in marked clinical improvement.

On muscle pathology, both number and size of mitochondria were mildly increased (Fig.
4A). Lipid-containing vacuoles in skeletal muscle were predominantly observed in type 1
fibers (Fig. 4B). Patient 1 had type 2 fiber atrophy, whereas patients 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 mitochondria. Incidentally, lipid droplets were often next to
mitochondria (Fig. 5A, B).

MADD Patients.

The clinical features of the 4 patients genetically confirmed to have MADD are summarized
in Table 3. The diagnosis of MADD in patients 6 and 7 was initially made based on the
results of urinary organic acid analysis by gas chromatography/mass spectroscopy. All 4
patients had the infantile form. They all had generalized muscle weakness and hypotonia.
Serum CK levels varied from normal to 4000 1U/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 episodes, and is now 20 years old.
Patient 6 had hypertrophic cardiomyopathy. He was treated with L-carnitine, 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 years. She developed
nausea and vomiting at age 13 years and started experiencing difficulty climbing stairs. She
had proximal dominant muscle weakness and atrophy on examination at age 13 years and 4
months. After treatment with L-carnitine and riboflavin, muscle weakness was ameliorated.

In skeletal muscle, lipids were observed predominantly 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 increased both in number and size, and lipid droplets were
often present next to mitochondria (Fig. 5C, D).

NLSDM Patients.

Patients 8 and 9 had mutations in PNPLAZ. Patient 8 developed progressive weakness

in the lower legs and fingers at age 20 years (article in submission); at age 27 years,
echocardiogram revealed dilated cardiomyopathy with left ventricular enlargement. Serum
CK was elevated from 757 to 1697 1U/L.14 Patient 9 was a slow runner since childhood.?

At age 33 years, she noticed weakness of all extremities and developed marked generalized
muscle weakness at 35 years. Electrocardiogram (ECG) showed left ventricular hypertrophy,
but echocardiogram was normal. Serum CK was elevated to 654 IU/L. In both patients,
peripheral blood smear revealed lipid-containing vacuoles in leukocytes, namely Jordan’s
anomaly. Both patients had numerous lipid droplets mainly in type 1 fibers in addition

to variation in fiber size. Surprisingly, there were scattered rimmed vacuoles within the
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myofibers (Fig. 4E, F), which were demonstrated to be autophagic vacuoles on electron
microscopy (Fig. 5F). Interestingly, increased lipid droplets were seen between myofibrils
where mitochondria appeared pyknotic (Fig. 5E).

DISCUSSION

Among all LSM cases, we identified mutations in known causative genes in only 24% of the
cases. This brings to our attention two possibilities: the existence of yet-unknown causative
genes, and secondary increase of lipid in muscle under a variety of metabolic alterations
without inheritance.

Analysis of muscle lipids demonstrated an increase in the amount of TG, but not FFA. The
accumulated lipid droplets in the cytoplasm of skeletal myofibers are therefore likely to be
mainly composed of TG. Although, theoretically, triglyceride accumulation should occur in
NLSDM and NLSDI, in which genes encoding TG hydrolase or its activator 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 hydrolysis of TG in
cytosol.

We identified 3 PCD patients with mutations in SLC22A5. Their clinical characteristics
were consistent with the typical PCD symptoms with severe hypoglycemia, dilated
cardiomyopathy, and progressive muscle weakness, as reported elsewhere.11:12 A positive
response to L-carnitine treatment was seen in all 3 patients, a feature that has been shown to
be characteristic of PCD.11

Among the patients with MADD, 2 had a good response to riboflavin. Olsen et al. noted

that riboflavin-responsive MADD may result from defects in ETFDH combined with general
mitochondrial dysfunction.® In support of this notion, both of our patients who responded
to riboflavin had mutations in £7FDH. With regard to CoQqq levels, however, our case
contradicts the recent report.” Although we measured CoQjg levels in only 2 patients due

to sample size limitation, the finding of a normal CoQq level in a patient with the ETDFH
mutation is still relevant for clinicians, because it indicates that £7FDH mutations may

not always be associated with CoQqq deficiency. Further studies are necessary to determine
whether there is a detailed relationship between the £7FDH mutation and CoQ1¢ deficiency.

The first step of the mitochondrial S-oxidation cycle is catalyzed by four fatty acyl-CoA
dehydrogenases (very long, long, medium, and short chain), all of which are affected in
MADD. We previously reported that very-long-chain acyl-CoA dehydrogenase (VLCAD)
deficiency does not show increased lipid droplets in muscle.13 In contrast, MADD is
characterized pathologically by lipid storage, raising the 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 leukocytes, suggesting
multisystemic lipid accumulation. Notably, in the patient with NLSDM, mitochondria on
electron microscopy were pyknatic, in stark contrast to those in PCD and MADD. This
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morphological difference is contrary to that expected from function of each causative gene,
because PCD and MADD have defects in the mitochondrial S-oxidation cycle, whereas
NLSDM is due to a defect in cytoplasmic 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 episodic, muscle disease, these
clinicopathological peculiarities should reflect a distinct pathomechanism that is yet to be
elucidated. Clearly, further studies are necessary to fully understand the mechanism of the
disease.

CPT Il deficiency has been reported to show increased lipid droplets in muscle.3 However,
in all patients whose samples were suitable for biochemical assays, normal enzymatic
activity was seen. Furthermore, in our series, we had 7 patients with CPT Il deficiency,

but none showed lipid droplet accumulation on muscle pathology (data not shown). This
suggests that lipid storage may not be a common pathological feature of CPT Il deficiency,
although analysis of a larger population of patients with CPT |1 deficiency would be needed
to further support this contention.

In spite of an extensive genetic survey of known causative genes for LSM, we did not find
mutations in 76% of the patients. One possible explanation for the absence of mutations in
these patients is that they may have secondary LSM, as intramuscular lipid content is known
to be secondarily increased under a variety of conditions, including diabetes, renal disease,
iatrogenic conditions, gastrointestinal disturbance, elevated plasma fatty acid levels, and
high dietary fat intake.18 The fact that 2 patients were taking antiepileptic drugs could be
supportive of this notion. In the majority of patients without mutation, conditions associated
with a secondary increase in muscle lipids were not seen. In addition, 2 patients had
pathological features that differed from the rest of the patients in the form of lipid droplets
almost exclusively in type 2 fibers, in contrast to the preference of lipid accumulation in type
1 fibers in all others, indicating the probability of a common pathomechanism, at least in
these 2 cases.

Among the 28 patients without mutations in known causative genes, 5 had a positive

family history and/or consanguinity (Table 1), suggesting that these individuals are likely

to have primary genetic lipid disorders, rather than secondary LSM and the presence of
additional yet-to-be-identified causative genes for LSM. Further analysis on biochemical
analyses of accumulated metabolites and extended study of candidate genes involved in lipid
metabolism will be helpful in the genetic diagnosis of LSM patients.
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ATGL adipose triglyceride lipase

CGI-58 comparative gene identification 58

CPT 11 carnitine palmitoyltransferase type Il

Cho cholesterol

CoA coenzyme A

CoQ1o coenzyme Qqg

ECG electrocardiogram

ETF electron transfer flavoprotein

ETFDH electron transfer flavoprotein dehydrogenase

FFA free fatty acids

HSL hormone-sensitive lipase

LSM lipid storage myopathies

MADD multiple acyl-coenzyme A dehydrogenation deficiency

NL SDI neutral lipid storage with ichthyosis

NL SDM neutral lipid storage disease with myopathy

OCTN2 organic cation transporter 2

PCD primary carnitine deficiency

PL phospholipids

PNPLA2 patatin-like phospholipase domain—containing protein 2

RT-PCR reverse transcript—polymerase chain reaction

SDH succinate dehydrogenase

TG triglyceride

VLCAD very-long-chain acyl-CoA dehydrogenase
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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-0O (B). These vacuoles are seen predominantly in type 1 fibers (C). Bar = 20 pm.
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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, D). Bar = 50
um.
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2 B Patients(with mutation)
] Patients(no mutation)
1 Control

TLC analysis of lipid composition of skeletal muscle with LSM. The bars represent the
mean triglyceride (TG) amount which is normalized with cholesterol (Cho) content. Values
are shown for patients with mutation (black bar; /= 2), patients with no mutation (gray bar;
N=12), and in controls (white bar; A= 4). Error bars represent standard error of means.
Note the remarkable increase of TG in patients with mutations. *~ < 0.05 (Student’s #test).
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FIGURE 4.
Routine histochemical staining of patients with LSM. Ragged-red-like fibers are seen on

modified Gomori trichrome staining (A) and numerous lipid droplets are seen with oil-red-O
(B) in a PCD patient, but not in an MADD patient (C, D). Rimmed vacuoles are seen in
myofibers of patients with NLSDM (E), in addition to the characteristic numerous lipid
droplets predominantly in type 1 fibers (F). Bar = 20 ym.
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FIGURE 5.
Electron microscopy findings. In a patient with PCD, markedly increased lipid droplets and

increased numbers of mitochondria are seen (A). On higher magnification, lipid droplets
(asterisks) are seen next to mitochondria (arrows) (B). In a patient with MADD, note the
increase in the number of lipid droplets (C) and the proximity of these droplets (asterisks)
with mitochondria (arrows) (D), findings similar to those for PCD. In a patient with
NLSDM, there is also a marked increase in the amount of lipid (asterisks) deposited within
the myofibers; however, note that mitochondria appear pyknotic (arrows) (E). In this patient,
numerous autophagic vacuoles (arrows) in close proximity to lipid deposition (arrowheads)
are also observed (F). Bar =1 ym in (A), (C), and (F). Bar = 0.5 pm in (B), (D), and (E).
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