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a b s t r a c t

Introduction: Carnitine palmitoyltransferase II (CPT II) deficiency is an inherited disorder involving b-oxi-
dation of long-chain fatty acids (FAO), which leads to rhabdomyolysis and subsequent acute renal failure.
The detailed mechanisms of disease pathogenesis remain unknown; however, the availability of relevant
human cell types for investigation, such as skeletal muscle cells, is limited, and the development of novel
disease models is required.
Methods: We generated human induced pluripotent stem cells (hiPSCs) from skin fibroblasts of a Japa-
nese patient with CPT II deficiency. Mature myocytes were differentiated from the patient-derived hiPSCs
by introducing myogenic differentiation 1 (MYOD1), the master transcriptional regulator of myocyte dif-
ferentiation. Using an in vitro acylcarnitine profiling assay, we investigated the effects of a hypolipidemic
drug, bezafibrate, and heat stress on mitochondrial FAO in CPT II-deficient myocytes and controls.
Results: CPT II-deficient myocytes accumulated more palmitoylcarnitine (C16) than did control myo-
cytes. Heat stress, induced by incubation at 38 �C, leads to a robust increase of C16 in CPT II-deficient
myocytes, but not in controls. Bezafibrate reduced the amount of C16 in control and CPT II-deficient myo-
cytes.
Discussion: In this study, we induced differentiation of CPT II-deficient hiPSCs into mature myocytes in a
highly efficient and reproducible manner and recapitulated some aspects of the disease phenotypes of
CPT II deficiency in the myocyte disease models. This approach addresses the challenges of modeling
the abnormality of FAO in CPT II deficiency using iPSC technology and has the potential to revolutionize
translational research in this field.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

b-Oxidation of long-chain fatty acids (LCFA) occurs in the
mitochondria with the activity of carnitine palmitoyltransferase
II (CPT II; EC2.3.1.21), carnitine-acylcarnitine translocase (CACT),
CPT I, and acyl-coenzyme A (CoA) synthetase. These enzymes
mediate LCFA transport from the cytosol into the mitochondria.

In response to conditions with a high-energy demand, such as
intensive exercise, severe infection, and fasting, LCFA transfer is
promptly activated [1–4]. CPT2 maps to chromosome 1p32, spans
20 kb, contains five exons, and encodes the CPT II enzyme. Defects
in CPT II enzymatic activity are classified into three clinical catego-
ries in humans: lethal neonatal (MIM #608836), severe infantile
(MIM #600649), and mild adult-onset (MIM #255110) types.
Due to the low enzymatic activity of CPT II, the neonatal and infan-
tile forms result in liver failure, hypoketotic hypoglycemia, and
cardiomegaly. The neonatal form causes death within several
months. The infantile form has been implicated in cases of sudden
infant death syndrome. On the other hand, the adult-onset type
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manifests as recurrent myalgia (muscle pain), rhabdomyolysis, and
myoglobinuria, which can cause acute renal failure. CPT II defi-
ciency is generally considered an autosomal recessive disease;
however, many cases of symptomatic carriers have been reported
[5]. Individuals who carry a CPT2 mutation [6–9] may develop
the clinical features of CPT II deficiency when treated with medica-
tions that affect the activity of the remaining wild-type CPT II
enzyme.

In this study, we successfully derived human induced pluripo-
tent stem cells (hiPSCs) from a patient with CPT II deficiency, dif-
ferentiated them into a mature myocyte lineage within 2 weeks
in a highly efficient and reproducible manner, and recapitulated
some of the disease phenotypes associated with CPT II deficiency.
We discuss the opportunities to use iPSC technology for modeling
defects in FAO and for evaluating therapeutic regimens for CPT II
deficiency.

2. Patient and methods

2.1. Patient

The subject of the current study was a 24-year-old Japanese
man whose genetic and clinical presentation has already been
described [10]. The patient suffered from acute renal failure
induced by rhabdomyolysis and was diagnosed as having adult-
onset CPT II deficiency. Skin biopsy samples were obtained from
the patient with his written informed consent. This study was
approved by the Ethics Committee on hereditary disease, Research
of the Graduate School of Medical Sciences, Fukuoka University,
and by the Ethics Committee of Kyoto University. The dermal fibro-
blasts were expanded from skin biopsy explants in Dulbecco’s
modified Eagle’s medium (DMEM; Nacalai Tesque, Kyoto, Japan)
supplemented with 10% fetal bovine serum (Japan Bioserum, Hiro-
shima, Japan). Control iPSCs (201B7) were previously established
from the facial dermis of a 36-year-old Caucasian woman at the
Center for iPS Cell Research and Application (CiRA), Kyoto Univer-
sity [11].

2.2. Methods

2.2.1. Generation of hiPSCs from the patient
CPT II deficiency-specific hiPSCs were derived from the patient

by transducing the four reprogramming factors (OCT4, SOX2, KLF4,
and c-MYC) or three factors (excluding c-MYC) into skin fibroblasts
with retrovirus vectors as previously described [11,12]. In brief,
fibroblasts derived from the CPT II-deficient patient were main-
tained and expanded in DMEM containing 10% fetal bovine serum.
The patient fibroblasts were seeded in 6-well plates at 1.0 � 105 -
cells/well. The next day, the cells were infected with Slc7al lentiv-
iruses with 4 lg/mL polybrene (Nacalai Tesque). Fibroblasts
expressing the mouse Slc7al were seeded in 6-well plates at
1.0 � 105 cells/well 1 day before transduction. Equal amounts of
four retrovirus-containing supernatants were mixed and supple-
mented with 4 lg/mL polybrene. Six days after transduction, the
fibroblasts were replated onto mitomycin C-treated SNL feeder
cells. Thirty days after transduction, iPSC colonies were selected
for expansion.

2.2.2. Cell culture
CPT II-deficient hiPSCs were cultured as previously described

[11]. The hiPSCs were grown on mitomycin C-treated SNL feeder
cells in Primate ES medium (ReproCELL, Kanagawa, Japan) supple-
mented with 500 U/mL penicillin/streptomycin (Invitrogen,
Carlsbad, CA) and 4 ng/mL recombinant human basic fibroblast
growth factor (bFGF, Wako, Osaka, Japan). For routine passaging,

hiPSC colonies were dissociated by an enzymatic method with
CTK dissociation solution consisting of 0.25% trypsin (Invitrogen),
0.1% collagenase IV (Invitrogen), 20% knockout serum replacement
(KSR, Invitrogen), and 1 mM CaCl2 in PBS (Nacalai Tesque) and split
at a ratio between 1:3 and 1:6.

2.2.3. Embryoid body (EB) formation
For EB formation, a 10-cm plate containing hiPSCs was rinsed

with PBS and treated with 1 mg/mL type IV collagenase (Invitro-
gen) in DMEM for 10 min at 37 �C. The collagenase was rinsed
away with PBS and replaced with undifferentiation medium. The
cells were then scraped off with a cell scraper (IWAKI, Tokyo,
Japan), dissociated by pipetting, and distributed into a low attach-
ment 6-well plate (Corning, Tokyo, Japan) containing knockout-
DMEM (Invitrogen) supplemented with 20% KSR, 0.1 mM non-
essential amino acids (Invitrogen), 2 mM glutamine (Invitrogen),
500 U/mL penicillin/streptomycin, and 0.55 mM 2-mercap-
toethanol (Invitrogen). After 8 days as a floating culture, the EBs
were transferred to gelatin-coated plates and cultured in the same
medium for another 8 days.

2.2.4. Teratoma formation
The undifferentiated iPSCs were harvested using CTK dissocia-

tion solution, collected, and centrifuged, and the pellets were
resuspended in DMEM/F12 (Invitrogen). A quarter of the iPSCs
from a confluent 10-cm plate was injected into the testes of a
non-obese diabetic/severe combined immunodeficient (NOD-SCID
mouse, CLEA, Tokyo, Japan). Nine to 12 weeks after injection, the
tumors were dissected and fixed with PBS containing 4% parafor-
maldehyde (PFA). Paraffin-embedded tissues were sectioned and
stained with hematoxylin and eosin.

2.2.5. Mutational analysis of the CPT2 in patient-derived iPSCs
Overlapping PCR primers that targeted CPT2 exons were

designed to cover the entire coding region (Table 1; GenBank
accession No. M58581). The PCR protocol was as follows: 30 cycles
of 1 min at 94 �C for denaturation, 1 min at 60 �C for annealing, and
1 min at 72 �C for extension, followed by 1 cycle of 10 min at 60 �C
for completion. Each PCR product was sequenced on an automated
DNA sequencer (ABI 3100 Genetic Analyzer; Applied Biosystems
Hitachi, Tokyo, Japan) by using the BigDye Terminator v3.1 cycle-
sequencing kit (Applied Biosystems, Foster City, CA) and the
sequencing primers listed in Table 1.

2.2.6. Induction of hiPSCs into skeletal muscle cells
We used our previously reported method in which MYOD1

overexpression in undifferentiated hiPSCs efficiently and reproduc-
ibly induces differentiation into mature skeletal muscle cells
within 10 days [13]. Briefly, we transduced a self-contained Tet-
inducible MYOD1 expressing piggyBac vector (Tet-MYOD1 vector)
and transposase into CPT II-deficient iPSCs by lipofection. This sys-
tem allows the indirect monitoring of induced MYOD1 expression
in response to doxycycline (Dox) by co-expression of a red
fluorescent protein (mCherry). It was also reported that low glu-
cose culture conditions purified the cardiomyocytes from mouse
and human iPSC differentiation cultures by selecting only cardio-
myocytes, based on the findings of the substantial biochemical
differences in glucose and lactate metabolism between cardiomyo-
cytes and undifferentiated iPSCs [14]. We used a similar strategy to
increase the purity of generated myocytes and cultured the hiPSC-
derived differentiated cells with low glucose media (1.0 g/L) for an
additional day after 10 days of myocyte induction by MYOD1 over-
expression. The low-glucose medium was composed of MEM
(Sigma, St. Louis, MO) containing 0.4% bovine serum albumin
(Sigma), 0.4 mM L-carnitine (Sigma), 0.2 mM unlabeled palmitic
acid (Nacalai Tesque), and 500 U/mL penicillin/streptomycin. For
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