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IMTRODUCTION

MTP isa hetero-octamer composed of four «- and four B-subunits
and contains three different enzyme activities that catalyze the final
three chain-shortening reactions in the B-oxidation of long-chain
fatty acids {Uchida et al,, 1992]. HADHA encodes the a-subunit,
which has both Jong-chain enoyl-CoA hydratase (LCEH, EC
4.2.1.17) and Jong-chain 3-hydroxyacyl-CoA  dehydrogenase
(LCHAD, EC 1.1.1.211) activities, whereas HADHB encodes the
B-subunit, which has only long-chain 3-ketoacyl-CoA thiolase
(LCKT, EC 2.3.1.18) activity {Uchida et al., 1992]. Mutations in
HADHA or HADHE cause MTP (LCEH, LCHAD, LCKT) defi-
ciency, with decreased activity and levels of all three enzymes
because of the failure of hetero-octamer formation; however, a
homozygous mutation (1528G2>C) in HADHA has been reported
to cause an isolated LCHAD deficiency [1]lst et al,, 1994]. MTP
deficiency is characterized by a wide range of clinical features,
including cardiomyopathy, hypoketonic hypoglycemia, metabolic
acidosis, sudden infant death, metabolic encephalopathy, liver
dysfunction, peripheral neuropathy, exercise-induced myoglobi-
nuria, and rhabdomyolysis {Wanders et al,, 1999].

Hypoparathyroidism is a rare disorder characterized by hypo-
calcemia and hyperphosphatemia and is caused by deficiency in
parathyroid hormone (PTH) action. An epidemiological survey
showed that the prevalence of idiopathic hypoparathyroidism in
Japan is 1:140,000 {Nakamura et al, 2000]. Impaired secretion of
PTH causes PTH-deficient hypoparathyroidism, while resistance to
PTH due 1o a defect in the PTH receptor or insensitivity to PTH
results in pseudohypoparathyreidism. Autosomal recessive forms
of isolated hypoparathyroidism have been reported to be caused by
mutations in PTH, located on chromosome 11p15 [Parkinson and
Thakker, 1992] or the gene encoding the parathyreid-specific
transcription factor glial cells missing B { GCMB) on 6p24 [Ding
et al, 2001].

Here, we report that two siblings born to consanguineous
parents have MTP deficiency associated with infantile onset hypo-
parathyroidism. We have identified a new missense mutation in
HADHBlocated close to the active site of the 3-subunit of MTP. We
also review hypoparathyroidism cansed by MTP deficiencies and
discuss the pathogenesis of the disease associated with
hypoparathyroidism.

PATIENTS AND METHODS

Written informed consent was obtained from the patients and the
family members who participated in this study. The experiments
were conducted after approval by the institutional review board at
the Institute for Developmental Research, Aichi Human Service
Center.

The proband {IV-1} is an 18-year-old female bornte first-cousin
parents as a dizygotic twin (Fig. 1A). She was born at 37 weeks and
4 days gestation by normal vaginal delivery following an uneventful
pregnancy. She was hospitalized 5 weeks after birth because of
generalized seizures. Biochemical analysis revealed a decreased
serum calcium concentration of 1.15mmol/L {normal range:
2.25-2.75 mmol/L) and an elevated serum phosphorus concentra-
tion of 3.49 mmol/L (normal range: 1.21-2.18 mmol/L). The seram

concentration of intact-PTH (iPTH) was below detectable levels
(<5 pg/ml; normal range: 10-65 pg/ml). The concentrations of
serum creatinine and blood urea nitrogen (BUN) were 0.3 mg/dl
(normal range: 0.1-0.4 mg/dl) and 7mg/dl (normal range: 7-
19 mg/dl}, respectively; thus, renal function was normal. She was
diagnosed with hypoparathyroidism and was treated with activated
vitamin D and calcium. The therapy elevated the serum calcium
concentration, and she no longer experienced seizures. At 1 year of
age, her serum caldhum concentration had increased to 2.00 mmol/
L, but her serum iPTH concentration was undetectable { <5 pg/ml).
She achieved all developmental milestones at the appropriate age.
At 2 vears, she was admitted to the hospital with tetany after an
upper respiratory fract infection. Upon admission, laboratory
examination revealed an elevated serum creatine kinase concentra-
tion of 9,577 U/L (normal range: 20-150 U/L) and a low serum
calcium concentration of 1.48 mmol/L. She was diagnosed with
rhabdomyolysis and hypocalcemia and was successfully treated
with intravenous fluids. She was later admitted 1o the hospital with
recurrent episodes of fever, hypocalcemia, rhabdomyolysis, and
myoglobinuria for several years. She has also experienced distal
lower limb muscle weakness and atrophy since 3 years of age.
Because of havinga drop foot, she hashad difficulty walking and has
used foot orthoses or a wheelchair since she was 9. A neurclogic
examination at ¥ years of age demonstrated distal muscle weakness,
particularly involving the peroneal muscles, with absent tendon
reflexces. There were no signs of pyramidal tract involvement. The
motor conduction velocity of the peroneal nerve was decreased to
21.6 misec (normal range: 4065 m/sec). Sensory conduction ve-
locity of the sural nerve could not be evoked. The Gower’s sign was
negative. Thus, she has peripheral sensorimotor polyneuropathy. A
muscle biopsy from the left biceps brachii demonstrated denerva-
fion atrophy with a predominance of type I fibers. She currently
presents with severe muscular atrophy of the lower legs and hands
with an absence of Achilles and patellar tendon reflexes, which are
the clinical features of Charcot-Marie-Tooth {CMT) disease. She
also has a drop foot and hammer toes, and touch and vibration
senses of the distal legs are diminished (Fig. 1B). The serur calcium
and iPTH concentrations at present were 2.10 mmol/L and 5 pg/ml,
respectively. Analysis of blood acylcarnitines and urine organic
acids measured once in a non-acute phase showed no
abnormalities.

Patient 1V-2 is an 18-year-old male who is the dizygotic twin of
Patient IV-1 (Fig. 1A). Because his twin sister had hypoparathy-
roidism at the age of 1 month, his serum concentration of i TH was
measured at 4 months. He was asymptomatic, but his serum iPTH
concentration was undetectable (<5 pg/ml) with a decreased calci-
um concentration (1.50 mmol/L) and an elevated phosphorus
concentration (3.97 mmol/L). He started a regimen of activated
vitamin D and calcium. He did not experience seizures but devel-
oped progressive peripheral polyneurcpathy, and has exhibited
rhabdomyolysis triggered by fevers from viral infections since he
was 3. At 9 years of age, the motor conduction velocity of the
peroneal nerve was decreased to 35.6 m/sec, and sensory conduc-
tion velocity of the sural nerve was not evoked. Findings from a
muscle biopsy performed at 10 years of age were similar to those
obtained for his sister. At 10 years of age, he required ventilator
support owing to respiratory failure following an episode of rhab-
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domyolysis and myoglobinuria with a decreased calcium concen-
tration (1.88 mmol/L}) and a normal phosphorus concentration
(1.93 mmol/L); however, his renal function was normal, as indicat-
ed by his serum creatinine (0.3 mg/dl) and BUN (17 mg/dl} con-
centrations. Analysis of blood acylcarnitines and urine organic
acids in a non-acute phase showed no abnormalities. The serum
calcium and iPTH concentrations at present were 2.20 mmol/Land
6 pg/ml, respectively. He currently presents with clinical features
similar to those of his sister (Fig. 1B).

Patient IV-1 developed seizures due to hypoparathyroidism at
5 wecks after birth, and hypoparathyroidism was diagnosed in

Cc

E-ATTYTAAAGTCA

161175 GEC > GTCH{p.A392V]

Patient IV-2 at the age of 4 months. Thus, both patients presented
with infantile onset hypoparathyroidism. The clinical features of
the presented patients are summarized in Table 1.

UNA Analysis

Genomic DNA was isolated from white blood cells by phenol/
chloroform extraction. Specific primers were designed to amplify
PTH, GCMB, HADHA, and HADHB. PCR-amplified DNA frag-
ments were isolated, purified, and sequenced using the Big Dye
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City,
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CA). Mismatch primer pairs (sense; 5'-tgcigggattacagatgtgag-3%
antisense: 5 -igcanaccaatcagaaticatg-3) were preparcd for PCR-
RFLP armlym to generate the BspHI site (fcatga) in a mutant allele,
BspHI was used to digest the 200-bp mutant {¢.1175C>T) PCR
product, which generated the 178-bp PCR product.

Enzyme Assay

Mitochondrial LCKT activity in lymphoblastoid cells from the two
patients and from two healthy adult males {as the control) was
determined using 10 pM 2-ketopalmitoyl-CoA as a substrate
[Purevsuren et al., 2009]. Citrate synthase activity was determined
spectrophotometrically using DTNB.

HTP Expression Analysis

Cell extracts of lymphoblastoid cells from Patients IV-1 and 1V-2
and two healthy adult males and of MTP-deficient fibroblasts
{previously reported by Purevsuren et al. [2009]) were subjected
0 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Western blot analysis was performed using a
rabbit polyclonal antibody specific for both the «- and B-subunits
of MTP or medium-chain acyl-CoA dehydrogenase (MCAD) (both
antibodies were generously provided by Dr. T. Hashimoto, Profes-
sor Emeritus, Shinshu University), and blots were visualized using
the Immuno-Pure NBT/BCIP Substrate Kit (Promega, Madison,
WI).

Construction of Wild-Tupe and Mutant HADHE-
FLAG and Wild-Type HADHA-MYL Dxpression
Vectors

The wild-type HADHB expression vector was prepared by sub-
cloning HADHB ¢DNA at the Ned/EcoRV site of a mammalian
expression vector, p3 X FLAG-CMV {Sigma-Aldrich, St. Louis,
MO) {(pHADHB-FLAG). An EcoRV recognition site {gatatc) was
introduced at the termination codon {TAA) of HADHB. The
mutant HADHB (pHADHB-A392V-FLAG, pHADHB-R61C-
FLAG, pHADHB-N389D-FLAG, and pHADHB-R444K-FLAG;
amino acid number is shown from the first methionine) and the
wild-type HADHA {pHADHA-MYC) expression veclors were
prepared using the in vitro mutagenesis method [Yamada
et al, 2013]. The generated expression vectors encoded the
FLAG-tagged wild-type or mutant (3-subunits and MYC-tagged
«-subunit protein at the C-terminus.

Analysis of the Association of the Wild
Mutant B-Subunits With the Wild-Type «
Subunit

Various combinations of 0.4 pg of wild-type or mutant HADHB-
FLAG expression vectors and 0.4 jug of the HADHA-MYC expres-
sion vector were co-transfected into HEK293 cells in 24-well dishes
using Lipofectamine 2000 reagent (Life Technologies, Carlsbad,
CA). Sixty hours after transfection, the cells were collected, and the
extracts were subjected to immunoprecipitation using anti-FLAG

gg:g% of

M2 antibody-conjugated agarose {Sigma-Aldrich) for 2 hr at 4°C
with gentle mixing [ Yamadaet al., 2013]. After washing the gels, the
precipitates were subjected to a 1095 SDS-PAGE, and proteins were
transferred to a PVYDF membrane {Immeobilon-P). Western blot
analysis was performed with anti-FLAG M2 antibody {for the p-
subunit) and with anfi-MYC antibody (for the a-subunit, kindly
provided by Dr. K. Nagata, Aichi Human Service Center). Immu-
noreactive bands were visualized with an enhanced chemilumines-
cence western bletting  detection system  {GE  Healthcare,
Waukesha, WI).

Structural Analysis of MTP

Ahomelogy model of human MTP was built using the Swiss-Model
automated modeling server {Kiefer et al., 2009]. N389 and A392 of
the f3-subunit of the MTP coordinate (PDB code: 1wdk) [Ishikawa
et al,, 2004] were replaced with aspartate (D) and valine (V),
respectively, using the Swiss PDB  Viewer [Guex and
Peitsch, 1997] to determine the effect of these substitutions on
the surrounding residues.

HESLLTS

identification of the Mutation

The nucleotide sequences of all exons and splice sites of the
candidate genes of autosomal recessive isolated hypoparathyroid-
ism, PTH and GCMB, revealed no mutations. Since mutations of
HADHA and HADHB cause rhabdomyolysis in infancy, we deter-
mined the nucleotide sequences of all exons and intron-exon
boundaries of the genes from the patients and identified a homo-
zygous mutation {¢.1175C>T, [p.A392V]) in exon 14 of HADHB
(NM_000183) {the first methionine is numbered as one) {Fig. 1C).
PCR-RFLP analysis demonstrated that the patients were homozy-
gous, whereas the parents and grandmother were heterozygous for

the mutation {Fig. 1D). The mutation was absent in 200 normal
alleles.

AB82V in the B-Subunit Causes MTP Deficiency
The LCKT activities of the lymphoblastoid cells of the Patients IV-1
and [V-2 were decreased to 5% and 14% of normal controls,
respectively (Fig. 2A). Western blot analysis showed faint or no
bands for the a- and P-subunits bands of MTP from the patient’s
lymphoblastoid cells. In contrast, both subunits were clearly
detected in control lymphoblastoid cells (Fig. 2B). Thus, the
patients were found to have MTP deficiency caused by decreased
amounts of a- and B-subunits.

The AZ92Y [B-Subunit
the «-Subunit of MTP

Hetero-octamer formation of the four a- and four $3-subunits is
necessary for MTP activity. To confirm the MTP deficiency evalu-
ated by the enzyme assay and western blot analysis, we studied the
effect of mutant B-subunits on the formation of the MTP hetero-
octamer with the a-subunit by immunoprecipitation. Western blot
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FLAG

HADHB (WT)-FLAG
HADHB -A392V-FLAG
HADHB -R61C-FLAG
HADHB -N389D-FLAG
HADHB -R444K-FLAG

HADHA-MYC

Citrate Synthase
activity {U)

Lysates
HADHB-FLAG

HADHA-MYC

bli

C2  MTP def.
1)

analysis revealed that expressions of the mutant B-subunit proteins
were decreased in HEK293 cells (Fig. 2C, Lysates), but were
efficiently precipitated (Fig. 2C, Precipitates). The MYC-tagged
a-subunit co-precipitated with the FLAG-tagged wild-type B-
subunit, whereas less than detectable levels of the a-subunit co-
precipitated with the four mutant $-subunits (Fig. 2C). Thus, the
A392V mutation, as well as the B-subunit N389D mutation previ-
ously reported as being associated with a hypoparathyroidism
phenotype, abolished the formation of the MTP hetero-octamer,
similar to other B-subunit mutations such as R61C (previously
described as R28C; lethal phenotype) and R444K (previously
described as R411K; neuromyopathic phenotype) [Spiekerkoetter
ct al., 2003; Purevsuren et al., 2009].

N3890 and ASS2V HMutetions Affect the
Conformation of the B-Subunit

We analyzed a homology model of the B-subunit of human MTP.
N389 and A392 of human MTP are located on the solvent-exposed
surface of tetrameric MTP (Fig. 3A). These data indicated that N389
and A392 are not involved in the intersubunit interaction. The
catalytic triad, composed of C138, H428, and C458 (shown as blue
letters), is located very close to N389 and A392 in the homology
model of human MTP (Fig. 3B). Moreover,N389 and A392 are both
located on the Ca2 helix in the homology model and directly
interact with the Ca1 helix. Notably, the hydrogen bond between
the side chains of D389 and T356 is missing in the N389D human

Precipitates
HADHB-FLAG

HADHA-MYC

MTP model (Fig. 3B,C), and a slight steric clash exists between the
side chains 0f V392 and T356 in the A392V mutant model (Fig. 3D).

DISCUSSION

MTP deficiency caused by mutations of HADHA or HADHB has
been classified into three clinical phenotypes: a lethal phenotype
with neonatal onset (severe form), a hepatic phenotype with
infantile onset (intermediate form), and a neuromyopathic pheno-
type with late-adolescent onset (mild form) [Spiekerkoetter
et al,, 2003]. The clinical features of the patients, together with
their decreased LCKT activities, the decreased protein levels of both
a- and B-subunits in the patients’ lymphoblastoid cells, and the
failure of the mutant B-subunit to form an active hetero-octamer
with the wild-type a-subunit of the MTP protein indicate that the
patients presented in this study have the neuromyopathic pheno-
type of MTP deficiency due to a homozygous A392V mutation in
HADHB. Spiekerkoetter et al. [2004] reported that the neuro-
myopathic phenotype is the major phenotype of MTP deficiency.
In contrast, only two of six Japanese cases reported in the literature
have presented with the neuromyopathic phenotype [Purevsuren
et al,, 2009; Yagi et al,, 2011]. The fact that the number of cases
reported with the neuromyopathic phenotype in Japan is small is
most likely because this phenotype is included in the differential
diagnosis of early or late-adolescent onset CMT disease with or
without episodic myoglobinuria [Spiekerkoetter et al., 2004].
Only two cases of MTP deficiency associated with hypoparathy-
roidism have been reported (Table I). Dionisi-Vici et al. [1996] first
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reported the case of a female patient with MTP deficiency and
hypoparathyroidism. Hypoparathyroidism became apparent when
she was admitted to the hospital because of fasting-induced rhabdo-
myolysis at 15 months of age. She had severe hypotonia, respiratory
failure, and peripheral polyneuropathy without renal failure. Her
serum iPTH concentration was low (4 pg/ml) with severe hypocalce-
mia (0.95 mmol/L), and the enzyme activities of MTP in the fibroblasts
were all reduced: LCKT activity was absent, and LCHAD and LCEH
activities were 30% and 52% of the control mean, respectively. These
results indicate that she had MTP deficiency with a neuromyopathic
phenotype, caused possibly by an HADHB mutation encoding LCKT.
Labarthe et al. [2006] also reported a female case with hypoparathy-
roidism and MTP deficiency caused by a HADHB mutation. Hypo-

parathyroidism (iPTH <5pg/ml) and severe hypocalcemia
(1.2 mmol/L) became evident when she was 4 months old. A homo-
zygous mutation (¢.1165A>G, [p.N389D]) in HADHBwas identified.
Her serum iPTH concentration reached normal levels after vitamin D
therapy, although she developed peripheral polyneuropathy with
decreased nerve conduction velocity, LCKT activity was not reported,
but numerous episodes of fasting-induced rhabdomyolysis suggested
that she had a defective B-subunit of MTP. Indeed, we demonstrated
that the N389D f-subunit does not associate with the wild-type a-
subunit (Fig. 2C). Taken together, the sibling patients presented here
and the two previously reported cases have similar clinical features of
infantile onset hypoparathyroidism, peripheral polyneuropathy, and
rhabdomyolysis.

— 100 —
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A dysfunction in mitochondrial energy metabelism and/or
toxicity of accumulated long-chain fatty acids in the parathyroid
glands may have contributed to the pathogenesis of hypoparathy-
roidism in the patients with MTP deficiency [Saudubray
et al., 1999]. In fact, hypoparathyroidism has alse been reported
in other disorders of mitochondrial fatty acid oxidation, including
LCHAD deficiency [Tyni et al, 1997] and MCAD deficiency
[Baruteau et al,, 2009]. However, this hypothesis cannot explain
why hypoparathyroidism has not been reported in patients with the
most commen inborn mitochondrial fatty acid f3-oxidation dis-
orders of carnitine palmitoyl transferase II and very-long-chain
acyl-CoA dehydrogenase deficiencies or the severe form of MTP
deficiency (alethal phenotype). Thus, the mechanisms underlying
the pathogenesis of the disease presented here remains to be
elucidated. Tyni et al. [1997] reported the autopsy findings of a
patient with hypoparathyroidism and LCHAD deficiency where the
parathyroid glands were severely hypoplastic. These findings sug-
gest that mutations of the proteins associated with [3-oxidation
cause hypoparathyroidism by congenital malformations of para-
thyroid glands.

Our studies demonstrate decreased expression of the mutant 3-
subunits (N389D and A392V) and a failure of those subunits to
associate with the wild-type a-subunit (Fig. 2). Moreover, N389D
and A392V are located close to the active site and are likely have an
immediate impact on the structure and function of the catalytic
core of human MTP (Fig. 3C,D). A recent study demonstrated that
the B-subunit of MTP interacts and colocalizes with the estrogen
receptor « or f3 in the mitochondria and suggested an important
role of the B-subunit in estrogen-mediated lipid metabolism [ Zhou
et al,, 2012a,b]. From this perspective, mutant N389D and A392V
{3-subunits may cause mitochondria dysfunction, including MTP
deficiency due to a failure to associate with the a-subunit of MTP
and other proteins that result in dysfunction of parathyroid glands.
Further case studies are required to determine whether the specific
mutations located in the proximity of the active site of the 3-
subunit are associated with hypoparathyroidism and MTP
deficiency.

Early diagnosis and treatment are important for patients with the
neuromyopathic phenotype of MTP deficiency, since peripheral
polyneuropathy is progressive [Spiekerkoetter et al., 2004; Yama-
guchietal,, 2012]. Ourstudy has demonstrated that MTP deficiency
should be considered when patients have hypoparathyroidism as
the initial presenting feature in infancy.
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Introduction: Carnitine palmitoyltransferase Il (CPT [I) deficiency is an inherited disorder involving p-oxi-
dation of long-chain fatty acids (FAQ), which leads to rhabdomyolysis and subsequent acute renal failure.
The delailed 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
discase models is required.
Methods: We generated human induced pluripotent stem cells (hiPSCs) from skin fibroblasts of a japa-
nese patient with CPT [T 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 li-deficient myocytes and controls.
Resufts: 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 Ci6 in CPT il-deficient
myocytes, but not in controls. Bezafibrate reduced the amount of C16 in control and CPT li-deficient myo-
cytes.
Discussion: [In this study, we induced differentiation of CPT ll-deficient hiPSCs into mature myocytes in a
highly efficient and reproducible manner and recapitulated some aspects of the disease phenotypes of
CPT If deficiency in the myocyte disease models. This approach addresses the challenges of modeling
the abnormality of FAO in CPT {I deficiency using iPSC technology and has the potential to revolutionize
translational research in this field,

@ 2014 Elsevier Inc. All rights reserved.

1. Introduction

In response to conditions with a high-energy demand, such as
intensive exercise, severe infection. and fasting, LCFA transfer is

B-Oxidation of long-chain fatty acids (LCFA) occurs in the
mitochondria with the activity of carnitine palmitoyltransferase
1I (CPT II; EC2.3.1.21), carnitine-acylcarnitine translocase {CACT),
CPI' |, and acyl-coenzyme A (CoA) synthetase. These enzymes
mediate LCFA transport from the cytosol into the mitochondria.

# Corresponding author. Address: Division of Nephrology and Rhcumatology,
Department of Internal Medicine, Fukuoka University Schooi of Medicine, 7-45-1
Nanakuma, Jonan-ku, Fukuoka, Fukuoka 814-0180, Japan. Fax: +81 92 873 8008.

E-mail address: vasy whuoka-iacip (T. Yasuno).

promptly activated [ 1-4}. CPT2 maps to chromosome 1p32, spans
20 kb, contains five exons, and encodes the CPT Il enzyme. Defects
in CPT 1l 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 I, 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 Il defi-
ciency is generally considered an autosomal recessive disease;
however, many cases of symptomatic carriers have been reported
{51 Individuals who carry a CPT2 mutation 62 may develop
the clinical features of CPT il deficiency when treated with medica-
tions that affect the activity of the remaining wild-type CPT It
enzyme.

In this study, we successfully derived human induced pluripo-
tent stem cells (hiPSCs) from a patient with CPT 1 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 Il deficiency.
We discuss the opportunities to use iPSC technology for modeling
defects in FAO and for evaluating therapeutic regimens for CPT 11
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 Il 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 1l deficiency-specific hiPSCs were derived from the patient
by transducing the four reprogramming factors (OCT4, SOXZ2, KLF4,
and ¢-MYC) or three factors (excluding c-MYC) into skin fibroblasts
with retrovirus vectors as previously described {11,121 In brief,
fibroblasts derived from the CPT ll-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 x 10° -
cells/well. The next day, the cells were infected with Slc7al lentiv-
iruses with 4 ng/mL polybrene (Nacalai Tesque). Fibroblasts
expressing the mouse Slc7al were seeded in 6-well plates at
1.0 x 10° cellsjwell 1 day before transduction. Equal amounts of
four retrovirus-containing supernatants were mixed and supple-
mented with 4 pg/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 li-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 500UfmL 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 CaCl, 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 G-well plate (Corning, Tokyo, Japan) containing knockout-
DMEM (Invitrogen) supplemented with 20% KSR, 0.1 mM non-
essential amine acids (Invitrogen), 2 mM glutamine (Invitrogen),
500U/mL  penicillin/streptomycin, and 0.55mM 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 (Tabile 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 MYOD?
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 ll-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 c-carnitine (Sigma), 0.2 mM unlabeled palmitic
acid (Nacalai Tesque), and 500 U/mL penicillin/streptomycin. For
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Table 1

Oligonucleotide sequences, related to Fig. .. Sequences of primers used in this study.

Gene Forward primer: 5' 1o 3’ Reverse primer: 5’ to 3'

hOCT4Tg GCTCTCCCATGCATTCAAACTGA CCCTTTTTCTGGAGACTAAATAAA

hSOX2 Tg TTCACATGTCCCAGCACTACCAGA GACATGGCCTGCCCGGTTATTATT

hKLF4 Tg CCACCTCGCCTTACACATGAAGA GACATGGCCTGCCCGGTYATTATT

heMYC Tg ATACATCCTGTCCGTCCAAGCAGA GACATGGCCTGCCCGGTTATTATT

hOCT4 Total CCCCAGGGCCCCATTTTGGTACC ACCTCAGTTTGAATGCATGGGAGAGC
hSOX2 Total TTCACATGTCCCAGCACTACCAGA TCACATGTGTGAGAGGGGCAGTGTGC
hKLF4 Total GATTACGCGGGCTGCGGCAAAACCTACACA TTAAAAATGTCTCTTCATGTGTAAGGCGAG
hcMYC Total ATACATCCTGTCCGTCCAAGCAGA TCACGCACAAGAGTTCCGTAGCTGTTCAAG
CPT2 exonl CGGCCTTGTGTITAGACTCC CTTCCAGATTAGGGGCTGTG

CPT2 excn2 GCCTTACACTGACCCTGCTT AGGTTCTGGGTTCCTGGAGA

CPT2 exon3 TTCCAGGTTITAGGGCTATG GGAGGATGAGACGTTACTTC

CPT2 exond TAGGGACAGCATTAACATIT TGGCCTTGTCATCAGTGAAG

CPT2 exond GTCCCAGTATTITCGGCTTT TGTGGGACAAGTGGACAAGG

CPT2 exond GAGTTTCCCCTGGCATACCT GCCTCCTCTCTGAAACTGGA

CPT2 exond ACAGCTGCTAAGGAAAAGTT CAAGACCCAAGGGCATGCTC

CPT2 exon5 CTGAGACGCTGGTTTTCCA GGTAGCTTTTCATCTGCCCA

immunostaining analyses of hiPSC-derived myocytes, human myo-
sin heavy chain (MHC) antibody (R&D Systems, Minneapolis, MN)
was used according to the manufacturer’s instructions. Samples
were observed under an inverted type fluorescence phase-contrast
microscope {BZ-9000E; Keyence, Osaka, Japan).

2.2.7. In vitro probe assay of AC profiles

hiPSC-derived myocytes were cultured in a 6-well plate for 96 h
with 1mL medium A composed of MEM, 0.4% bovine serum
albumin, 0.4 mM t-carnitine, 0.2 mM unlabeled palmitic acid, and
1% penicillinfstreptomycin without i-glutamine, or medium B
composed of medium A supplemented with 0.4 mM bezafibrate
{Sigma) [ 15]. Cultured cells were incubated with medium A or B
at 38°C for 96 h to determine the effects of heat stress on
mitochondrial FAO.

2.2.8. Quantitative acylcarnitine analysis
Acylcarnitine in the culture supernatant was analyzed by MS/
MS (API 3000; Applied Biosystems).

2.2.8. Heat stimulation
Differentiated myocytes on culture day 9 were subjected to heat
stress at 38 °C on a hot plate.

2.2.10. Regulated PCR array for skeletal muscle-related genes

To analyze the expression of skeletal muscle-related genes, we
performed a regulated PCR array. For first-strand cDNA synthesis,
1 ug total RNA was reverse-transcribed in a 20-pl reaction mix
and the RT? First Strand Kit (RT? Profiler PCR Array, SuperArray Bio-
science, Frederick, MD} according to the manufacturer's instruc-
tions. qRT-PCR was performed with a CFX96 (Bio-Rad, Hercules,
CA) and universal cycling conditions {10 min at 95°C, 15s at
95 °C, and 1 min at 60 °C for 40 cycles). The fold change in gene
expression was determined by the comparative cycle Ct (AACt)
method. Statistical calculations were based on the web-based RT>
Profiler PCR Array Data Analysis (SuperArray Bioscience).

2.2.11. Microarray analysis

aRNA preparation, fragmentation, hybridization, and scanning
of the GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix,
Santa Clara, CA) were performed according to manufacturer's pro-
tocols. Labeled aRNA was prepared with the GeneChip 3'IVT
Express Kit (Affymetrix). Briefly, cDNA was generated from total
RNA (100 ng), using reverse transcriptase and a T7-oligo (dT)
primer. After second-strand c¢DNA synthesis, the ¢DNA was
converted to aRNA by an in vitro transcription reaction with

biotin-labeled ribonucleotides and T7 RNA polymerase. After syn-
thesis, the aRNA was purified to remove enzymes, salts, and unin-
corporated nucleotides. The concentration of cRNA was
determined from the absorbance at 260 nm in a UV spectropho-
tometer. The aRNA was fragmented at 94 °C in fragmentation buf-
fer {Affymetrix). The samples were hybridized to the GeneChip(R)
Human Genome U133 Plus 2.0 Arrays at 45 °C for 16 h with rota-
tion {60 rpm) in an oven. The arrays were automatically washed
and stained with the GeneChip Hybridization, Wash and Stain Kit
{Affymetrix). The Probe Array was scanned using a GeneChip Scan-
ner 3000 7G (Affymetrix). Intensity data and the CHP files were
generated by Affymetrix GeneChip Command Console Software
and Affymetrix Expression Console Software.

3. Results

3.1. Generation of CPT li-deficient iPSCs (CPTHD-iPSCs) from patient
fibroblasts

The skin fibroblasts were converted into iPSCs after transduc-
tion with four retroviral vectors encoding OCT4, SOX2, KLF4, and
¢-MYC, or with three vectors {excluding ¢-MYC). Quantitative
reverse-transcription PCR was used to evaluate the CPTIID-iPSC
clones with repression of the exogenously introduced genes ana-
lyzed as the ratio of transgene (Tg) expression to total (endogenous
and transgene) expression (Tabie 1). Based on these analyses, the
iPSC clone with the highest level of repression was selected for fur-
ther experiments. This clone exhibited characteristic human
embryonic stem cell (ESC) morphology (Fiz. 1A), expressed
pluripotency markers, including OCT4, NANOG, SOX2, SSEA4,
TRA-1-60, TRA-1-81, and alkaline phosphatase (AP) activity
(Fig. iB), and had a normal karyotype {Fig. !C). The pluripotent
properties of CPTIID-iPSCs were also assessed using embryoid body
(EB) and teratoma formation upon intratesticular injection of
undifferentiated CPTHID-iPSCs into NOD-SCID mice (¥iz. ZA and
B). Genetic identity was confirmed by STR analyses of the patient
fibroblasts and iPSCs {data not shown). Mutation analysis of the
causative gene revealed that the patient had compound heterozy-
gous mutations in the CPT2 |10}. Genomic analysis showed that
both CPTIID-iPSCs and their parental fibroblasts possessed mutant
CPT2 alleles (Fig. iD). Sequencing from the 5’ and 3’ ends showed a
CT deletion in the TCT at codon 408 (1223delCT), resulting in a stop
signal at codon 420, and a sense mutation of arginine to cysteine at
codon 631 (1891C—T; R631C). These results suggest that disease-
specific iPSCs can be generated from the skin fibroblasts of a
CPT li-deficient patient.
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Fig. 1. Generation of iPSCs from a patient with CPT 11 deficiency. {A) Typical image of human embryonic stem cell (ESCHike colony. Scale bars: 50 pm. (B}
Innmunocytochemistry for OCT4, NANOG, SOX2, 5SEA4, TRA1-60 and TRA1-81, and the examination of alkaline phosphatase (AP} enzyme activity. Nuclei were stained with
Hoechst 33342 (blue). Scale bars: 100 pm. (C) Karyatype analyses of CPT H-deficient iPSCs. (D) Mutational analyses of CPT U-deficient iPSCs and their parental fibroblasts,
Sequencing from the 5 and 3° ends reveals a CT deletion from the TCT at codon 408, and an arginine to cysteine substitution at codon 631.

3.2. Differentiation of CPTUD-iPSCs into mature myocytes

We next examined whether the patient-derived iPSCs could be
differentiated into myocytes, the target cell type of CPT 1I defi-
ciency. We recently reported a highly efficient myocyte differenti-
ation method based on overexpression of the MYOD! gene, a
master regulator of myocyte lineage differentiation, in undifferen-
tiated hiPSCs |12]. Tohyama et al. reported a non-genetic method
for purifying cardiomyocytes in mouse and human iPSC differenti-
ation cultures |14, Their strategy is based on the substantial bio-
chemical differences in glucose and lactate metabolism between
cardiomyocytes and non-cardiomyocytes, including undifferenti-
ated iPSCs. We used a combination of these strategies to generate
myocytes from CPTHD-IPSCs. We transduced a Tet-MYOD1 vector
and transposase inte CPTID-iPSCs by lipofection. We forced
expression of MYOD1 with Dox in undifferentiated CPIID-iPSCs
for 10 days. We then used low glucose medium for an additional
day to select myocytes. After culture in low glucose medium, the
reraining undifferentiated cells disappeared, and the differenti-
ated cells survived, yielding myocyte generation at 50%-60%
induction efficiency.

We confirmed the presence of mature myocytes by staining
with anti-human MHC antibody (Fig. %A). Electron microscopy
revealed that differentiated myocytes derived from CPTUD-iPSCs
had myofibrils containing mature myosin fibers and Z line-like
structures (Fig. 2B). We also performed a PCR array and unsuper-
vised clustering to generate myogenic gene profiles for myocytes
differentiated from CPIID-iPSCs, myocytes from control iPSCs
{20187), undifferentiated CPTHD-iPSCs, and undifferentiated
20187 cells (¥ig. 3C, table 2). We confirmed the upregulation of

markers of skeletal muscle contractility, skeletal myogenesis, and
skeletal muscle autocrine signaling in myocytes differentiated
from CPTHD-iPSCs compared to undifferentiated CPTUD-iPSCs.
The expression patterns of muscle-related genes also differed
between myocytes derived from CPTID-iPSCs and control myo-
cytes. These results suggest that mature myocytes can be effi-
ciently generated from CPTIID-iPSCs by introducing a master
transcriptional regulator of myocyte differentiation, MYOD1, and
culturing in low glucose conditions.

3.3. Acylearnitine (AC) profiles of the CPT li-deficient myocytes

An acylcarnitine profile determined by tandem mass spectrom-
etry is essential for the definitive diagnosis of CPT Il deficiency [ 15].
We thus examined the profile in myocytes differentiated from
CPTID-iPSCs. CPT 1l-deficient myocytes accumulated more C16
(palmitoylcarnitine} than did control myocytes (Fig. 4). Results
were similar in myocytes differentiated from other iPSC clones
from the same patient in this study {data not shown). These data
indicated that patient-derived iPSCs recapitulated one of the clini-
cal features of CPT Il deficiency.

We previously reported that fibroblasts from patients with LCFA{-
oxidation disorders. including CPI 1l deficiency, were more suscepti-
ble to heat stress in comparison to the fibroblasts of patients with
medium-chain fatty acid p-oxidation disorders or healthy controls
[15]. We thus investigated the effects of heat stress on myocytes
derived from CPTHD-iPSCs and found that this treatment significantly
increased C16 in CPT lI-deficient cells, but not in controls {¥iz, 4). We
also demonstrated that bezafibrate, an agonist of peroxisome prolif-
erator-activated receptor (PPAR), restores FAQ activity in fibroblasts
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Fig. 2. Embrycid body (EB)- and reratoma-mediated differentiation of CPT H-deficient iPSCs. (A) Immunestaining of EBs generated from CPT ll-deficient iPSCs for TUJ1
(ectederm, A), @-SMA (mesoderm, B), and SOX17 (endederm, C). Nuclei were stained with Hoechst 33342 (blue). Scale bars: 100 pm. {B) Hematoxylin and eosin staining of
histological sections of teratomas derived from CPT lI-deficient iPSCs. Neural tissues {ectoderm, A), cartilage (mesoderm, B), gut-like epithelia (endoderm, C). Scale bars:

100 pm.

with CPT Il deficiency | 15]. We investigated the effects of bezafibrate
on myocytes derived from CPTIID-iPSCs. At 37 °C and 38 °C, bezafi-
brate decreased C16 levels in controls and CPT H-deficient myocytes.
In the CPT Il-deficient myocytes, bezafibrate at 37 °C reduced C16
levels to those observed in controls (Fig. 4). These results suggest
that mature myocytes derived from CPTIID-iPSCs recapitulate some
of the phenotypes associated with CPT Il deficiency.

4. Discussion

Rhabdomyolysis occurs after exhaustive exercise or severe
infection without trauma or drugs in CPT Il deficiency. The adult-
onset form presents with myoglobinuria and myalgia, frequently

leading to acute renal failure. Rhabdomyolysis may repeatedly
develop within the same families. Hereditary rhabdomyolysis is
often caused by compromised enzymatic activity associated with
LCFA metabolism.

Accurate experimental modeling of the disease and its response
to clinical intervention are hampered due to a lack of appropriate
animal models. Te address this issue, we sought to derive iPSCs
from a patient with CPT If deficiency, who had a history of repeti-
tive rhabdomyolysis and acute renal failure. There have been no
reports of derivation of iPSCs from patients with FAO disorders,
including CPT Il deficiency, and to the best of our knowledge, we
are the first to report the successful generation of iPSCs from a
CPT ll-deficient patient.

c

| S|

Fig. 3. Directed differentiation of CPT II-deficient iPSCs inte skeletal muscle cells. (A) Immunocytochemistry of the myocytes derived from CPT Ii-deficient iPSCs with anti-
human Myesin Heavy Chain {MHC) antibody. Nuclei were stained with Hoechst 33342 (blue). Scale bar: 100 pm. (B) Structural analysis of myocytes differentiated from CPT
Il-deficient iPSCs by electron micrescopy. A red arrow indicates myofibrils. Black arrowheads indicate immature Z lines. A black arrow indicates myosin fibers. Scale bar:
500 nm. (C) Characterization of iPSC-derived myocytes. Myogenic gene profiles and unsupervised clustering based on markers associated with myocytes in undifferentiated
iPSCs and differentiated myoccytes. CPTIID-myocytes, control myocytes, CFTHD-iPSCs, and control iPSCs. Green indicates up-regulated genes and red indicates down-regulated
genes. Up-regulated genes were identified by changes of at least 2-fold. CPTIID-myocytes; Myocytes differentiated from CPTID-iPSCs.
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Table 2

The expression of markers {or skeletal muscle contractility, skeletal myogenesis, and
skeletal muscle autocrine signaling in the myocytes differentiated from CFT [
deficient iPSCs, Gene expression was evaluated using quantitative real time RT-PCR as
described in Materials and Methods; GAPDH was the internal control Results are
shown as fold change relative to contrel samples of undifferentiated CPT ll-deficient
iPSCs.

Symbol Fold change
Skeletal muscle contractility ATP2A1 46
CAVE 220
DES 335
DMPK 2.1
DYSF 22
LMNA 39
MB 83
MYH1 86,5
MYOT 40
NEB 4.3
SGCA 4.1
TNNC1 4.1
TNNIZ B4
TNNT1 22
TNNT3 357
TN 6.4
Skeletal myogenesis ACTAl 74
CAPN2 3.1
CAV1 38
1GF1 57
IGFBP3 59
IGFBPS 15.1
MEF2C 433
MSTN 74.8
MUSK 110
MYOG 4773
PAX3 27
Skeletal muscle autocrine signaling IGF1 5.7
IGF2 58.7
16 32

Many somatic cell types have been generated from iPSCs, but
there have been limited reports describing directed differentiation
into myocyte lineages { 1 3]. Our protocol was used to generate CPT
I-deficient myocytes from CPTHD-iPSCs { 171, These processes were
validated by the detection of genes involved in skeletal muscle

C16 (nmol/mg protein/96 h)

development and function in CPT Il-deficient myocytes. Culture
in low glucose caused the death of undifferentiated iPSCs, which
require large quantities of glucose, while the differentiated cells
require limited glucose and produce lactic and pyruvic acids to
more effectively obtain energy by mitochondrial oxidative phos-
phorylation. Thus, by using low-glucose medium, we increased
the differentiation efficiency of iPSC-derived myocytes.
Yamaguchi et al. showed that an in vitro AC profiling assay
could reliably detect various FAQ disorders, consistent with reports
from other groups [16-18!

L. In particular, C16 accumulation was
found to be a reliable biomarker that could be used to diagnose
CPT 11 deficiency. Consistent with these findings, our hiPSC-derived
myocytes mimicked the metabolic characteristics of the disease.

The effects of PPAR agonists on mitochondrial FAO have been
extensively examined {14} Bezafibrate has proven efficacy in the
treatment of long-chain FAO disorder | 20-24 1. We found that bez-
afibrate reduced long-chain ACs more effectively in myocytes from
patient-derived iPSCs than in those from control hiPSCs. These
findings indicate that bezafibrate could be a therapeutic drug for
CPT Il deficiency and other mitochondrial FAO disorders.

In conclusion, we successfully derived disease-specific iPSCs
from a patient with CPT Il deficiency and differentiated them into
myocytes. Our results suggest that cellular models using patient-
derived iPSCs will be of significant benefit for research groups
studying CPT Il deficiency-related diseases, and that these iPSC dis-
ease models may be a valuable resource for testing novel therapeu-
tic strategies for these disorders.
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AIM The aim of the study was to determine clinical and genetic characteristics of Japanese
patients with hyperekplexia.

METHOD Clinical courses, responses to antiepileptic drugs, outcomes, and genetic testing
were investigated in 17 Japanese patients {nine males, eight females, median age 1y, range
birth-45y} with hyperekplexia.

RESULTS In all patients, muscle stiffness and startle responses appeared soon after birth.
Only seven patients were diagnosed with hyperekplexia before 1 year of age. Seven patients
had been misdiagnosed with other disorders such as epilepsy and adult-onset anxiety
neurosis. Umbilicalfinguinal hernias were seen in 10 patients, Life-threalening events were
noted in four patients. Clonazepam was the most effective drug., Muscle stifiness completely
disappeared in 12 patients before 5 years of age, whereas startle responses resolved in only
three patients, Mutations in the GLRAT and GLRB genes were identified in 16 patients and
one patient respectively. In 14 patients, the mutation showed autosomal dominant
inheritance; in the other three, inheritance was autosomal recessive. p.R2710Q of GLRAT was
the most frequent mutation, found in 10 patients. Novel mutations, p.A272P and p.A384P of
GLRA1, were detected. Clinical severity and outcome varied even in the same family.
INTERPRETATION Early correct diagnosis is essential for prevention of accidental injuries and
to provide appropriate treatments for hyperekplexia. Clonazepam is effective, although the

ABBREVIATIONS
GiyR Glyeine receptor

time taken for startle responses o resolve varied,

Hyperekplexia is clinically characterized by neonatal
hypertonia and an exaggerated starde response to acoustic
or tactile stimuli, and is often complicated by umbilical
hernia, hip joint dislocation, epilepsy, or transient delayed
motor development.”? Furthermore, the excessive startle
reflex may occasionally cause traumatic injury or arrest of
breathing.® It is claimed that a head retraction reflex
(nose-tapping test) is characteristic of hyperekplexia! No
abnormalities are observed on routine blood tests, urinaly-
sis, imaging swdies such as computed tomography (CT)
and magnetic resonance imaging (MRI), or on physiclogi-
cal examinations such as electroencephalography (EEG) or
electromyography. It has been reported that clonazepam is
effective for hyperekplexia.' Thomas et al.® reported that
hyperekplexia has a neonatal onset. A generalized stiffness

© 2014 Mac Keith Press

is noted early after birth, and gradually improves during
the first few years of life. Excessive startle reflexes to unex-
pected stimuli might persist throughout life, although the
severity differs from patient to padent.!

GLRAI, GLRB, and SLC6AS are involved in glycinergic
neurotransmission in mammals, and mutatons of these
genes are associated with hyperekplexia? GLRAI and
GLRB encode a post-synaptic protein, while SLC6AS
encodes a pre-synaptic protein. Gene mutations in GLRAI,
which encodes the glycine receptor (GlyR) ol subunit and
maps to chromosome S5p33.1, are the most frequently
reported.” The second and third most frequently reported
mutations occur in SLC64S and GLRB respectively.’
GLRB encodes the GlyR f subunit and maps to 4q31.3,>¢
whereas SLC64 encodes glycine transporter 2 at 11p15.2.7

DOL: 10111 /dmen 12617 1

— 110 —



Mutations in the above glycinergic neurotransmission-
related genes may impair inhibitory neurotransmission
pathways, and stimulate excitatory transmission systems,
resulting in hyperekplexia.”?

Hyperekplexia may be incorrectly diagnosed as another
disorder such as epilepsy, tic disorder, anxiety disorder, or
even hysteria in a number of cases. Early correct diagnosis,
therefore, is important for appropriate treatment and pre-
vendon of accidental complications caused by starte
response. Until now, there have been no reports of large-
scale clinical and genetic studies of Japanese patients with
hyperekplexia, and there are few studies of adults with
genetically confirmed hyperekplexia. Thus, clinical and
genetic aspects of 17 Japanese patients (including four
adult padents) with hyperekplexia are reported herein.

METHOD

Patient recruitment was performed by self-referral. We
investigated patient age at onset and diagnosis, familial and
perinatal history, symptoms, clinical courses, complica-
tions, blood and imaging tests, responses to medications,
neurological outcomes, and gene mutatons (GLRAI,
GLRB, and SLC6AS) in 17 Japanese patents (from 12 fam-
ilies) with hyperekplexia.

Clinical diagnosis of hyperekplexia was based on the fol-
lowing manifestations: exaggerated starde reflex, muscle
stiffness, and a positive nose-tapping test. Genetic analysis
was performed as previously described.®? Informed consent
for genetic analysis was obtained from each patient and/or
his or her parents. This stady was approved by the ethics
committee of Shimane University Faculty of Medicine.

his is the largest study of Japanese patients with hyperekplexia.
= A high frequency of misdiagnosis and delay in confirmed diagnosis was
found.

Examines when startle and stiffness diminish.

Many patients exhibit umbifical hemias.

Novel mutations {pAZ72P and p.A384P), rare mutations {p. K276E}, and
common mutations {p.R2710} were found,

RESULTS

Clinical features

Clinical profiles of the 17 patients are illustrated in
Table 1. Excessive startle response or muscle sdffness, par-
ticularly to sounds, instantaneous extensible muscle stiff-
ness of the trunk, and blinking, were observed during the
neonata] period in all 17 patients. A positve nose-tapping
test was also noted in all patients. Age at diagnosis ranged
from neonates to 45 years. Interestingly, only seven
patents were diagnosed before 1 year of age. In six of the
other 10 padents, diagnosed after 1 year of age, correct
diagnoses were obtained after 10, 13, 14, 26, 36, and
45 years of age. These results indicated that the diagnosis
of hyperekplexia is often delayed in spite of the symptoms
noted during the neonatal period. -

Concerning complications, umbilical hernia was noted in
10 of the 17 padents, two of whom also exhibited inguinal
hernia. Further, hip dislocadon and mild developmental
delay were seen in two individual patients. As for other
complications, club foot and convergent squint were noted
in case 16.

Paralytic ileus was noted in two patients (cases 2 and 3) in
the same family (Fig. 1). Sericus starde response-induced

Table I: Ciiical profiles of 17 patients wih hyperckplexia

Age when  Age at
Patient no. Sex noticed diagnosis  Inheritance FH  NT test Complications EEG Previous diagnosis
GLRAT mutation
Family 1
1 M Neonate Birth AD + + UH Normal
2 M Neonate 1mo AD + + UH, DD, P! Normal
3 F Neonate 1y AD + + UH, IH, PI, HD  Normal
4 M Neonate 26y AD + + UH ND
Family 2
5 F Neonate Ty AD + + Normal
6 M Neonate 45y AD + + UH, H ND Epilepsy
Family 3
7 F Neonate Birth AD + + UH Normal CP
8 M Neonate 36y AD + + ND
Isolated case
9 F Neonate Birth AD + + UH Focal spike
10 M Neonate Tmo AD + + UH Normal
7 F Neonate 1mo AD + + Normal
12 F Neonate 2mo AD - + UH, HD Normal
13 F Neonate 1y AD - + Normal Epilepsy
14 M Neonate 13y AD - + Normal Epilepsy
15 M Neonate Ty AR - + Normal Epilepsy
16 F Neonate 10y AR - + UH, CF, CS Focal spike Dystonia
GLRB mutation
17 F Neonate 14y AR - + DD Focal spike and wave  Epilepsy

Age when noticed, time when hypertonia or stiffness was noticed. FH, family history; NT test, nose-tapping test; EEG, eleciroencephalogra-
phy: M, male; AD, autosomal dominant trait; UH, umbilical hernia; Pl, paralytic ileus; F, female; IH, inguinal hernia; ND, not done; CP, cere-
bral palsy; AR, autosomal recessive trait; CF, club foot; CS, convergent squint; DD, developmental delay; HD, Hip dislocation.
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Figure 1: Pedigree of family 1. Black circle and square indicate affected
persons. Pt patent

complications, such as traumatic subarachnoid haemor-
rhage, skull fracturcs, respiratory arrest, and severe facial
laceration, were noted in four patients (cases 2, 6, 8, and
15).

Routine laboratory examination showed no notable
abnormalities in all cases, Chromosomal aberrations, 46,
XY, (70 D(36:p15.3) and 45 XX die(13:15)(q10:q10), were
noted in two patients (cases 2 and 3 respectively) from the
same family. EEGs showed focal spikes in two patients
{cases 9 and 16) and focal spike and waves were noted in
one patient (case 17) although spantaneous epilepric sei-
zurcs were not observed in these three patients. Brain
imaging, including C'I" and/or MR, showed no abnormali-
tics in all cases. A diagnosis of ¢pilepsy had been wrongly
made in five patents before the correct diagnosis of hyper-
ekplexia. Cerebral palsy (CP) and dystonia had been sus-
pected in cases 7 and 16 respectively.

Gene mutations

Mutations in GLRA! and GLRB were identified in 16
patients and one partient vespectively (Table TT). No muta-
tons in SLCEAS were identified. The GLRAI gene muta-
tions included ¢271G=A (p.R2Z71Q) in 10 patents From
six familics (cases 1 6, 9 1L, and 14), ¢.272G=C (p.A272F)
in two patients (cases 7 and 8) from one family, ¢.279A>G
P.Y279C) in one padent (case 12), and c276A>G
(p.K276E) in one patient (case [3). The above cight
patients from three families showed autosomal dominant
(AD) inherimance (cases 1-8). Compound heterozygotes for

¢384G>C  (pA38AL)/e3D2G=A (p.R3921D) and  for
¢316C>T (pR316X)/c.392G2A (p.R3INH) in GLRAT

were identfied (unrclated cases 15 and 16 respeetively). v
was confirmed that their parents carried the mutations, but
had no hyperekplexia-like symptoms snggestive of autoso-
wal recessive (AR) inheritance. Only one patient (case 17)
with a GLRE murtaton was a compound heterozygote for
CHBCHT (pRJ0X)/e.646_649del  (p.Q216£sx222). The
mother was asymptomatic, and possessed p.Q2167x222,
although no mumtons were detected in his father,

suggesting that the other mut
case was also suggestive of AR inheritance.” We could not
clarify the identification rate of gene mutations because
complete chinteal information was not available for all
patients investigated.

ion might be sporadie. This

Medications and response

We judged the prognosis of the starde response as disap-
pearance, remission, or persistence. Disappearance  was
considered freedom from symptoms, whereas remission
was considered to be an improvement in symproms 1o the
point at which patients were not inconvenienced in every-
day life, regardless of medication. Persistence was defined
as 1o change in symproms despite medication. An adequate
response (o medication was defined as that which resulted
in disappearance and remission.

Fittcen of 17 patdents were weated with andepileprc
drugs. Clonazepam was administered o 10 of the 15
patients soon after diagnosis of hyperckplexia, and muscle
stiffness and startle respouses improved in these patients. A
low dose of clomazepam is probably sufficient for treat-
ment: 0.01 to O.lmg/kg and 0.8mg/day in children and
adults respectively. Valproate and clobazam were adminis-
tered in cases 14 and 16 respectively, and were also effee-
tive, In three patiems (cases 6, 8, and 15), clonazepam was
discontinued because of adverse effects such as sleepiness
and light-headedness. Clonazepam was changed o valpro-
ate and carbamazepine in case 6. and was changed to
clobazam in case 15, No additonal medications were pro-
vided to case § after discontinuation of clonazepam,

Outcomes

Regarding neurological ouwcomes, muscle stiffness com-
pleely disappeared by 5 years of age i all 12 patients
whom we investigated, although this study was a retrospec-
tive report. However, startle response ourcomes varied
between patients. The number of patients in whom starte
response disappeared, remitted, and persisted was three,
nine, and five respeetively. The tme of disappearance and
remission of the startle response in the 12 padents varied
berween  infancy and  adolescence. In case 4, starte
responses disappeared with medicadon, but recurred after
reaching adulthood, while they persisted in five patients
regardless of medication.

As illustrated in Figure 1, in family 1, which showed AD
inheritance, three children and their father were diagnosed
with hyperckplexia. Furthermore, the grandmother and
aunt on the father’s side also exhibited hyperekplexia
according to their medical history. The father, aunt, and
grandmother experienced anxiety neurosis in adulthood.
Clonazepam amehiorated such symptoms in all these cases,
suggestung  that necurosis may be a complicadon of
hyperekplexia in adulthood.

Genotype—phenotype correlations
The pR271Q mumation was identificd in family | and
family 2 (cases 1-6) whercas p.A2720 was identfied in

Clinical and Genetic Investigation of Patients with Hyparekplexia Jun Mine et 2l 3
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Table Il Clinical tourse, medications, and genetic aspects

Muscle stiffness

Startle response

Gene mutations

Patient no. recovery period Medication® Qutcome Therapeutic course Allele 1 Allele 2
GLRAT mutation
Family 1
1 8mo CZP (Birth-8mo) Rernission Therapy continued ¢.271G>A (p.R271Q} WT
2 3y CZP (1mo-3y) Remission Therapy continued
3 Ty CZP (1y} Disappearance Off therapy (1y)
4° Unknown CZP (26-29y) Relapse Therapy continued
Family 2
5 1y None Persistent - ¢.271G>A (p.R271Q) WT
6 1y CZP {45by) Persistent Therapy continued
CBZ {41-48y) VPA (27-48y)
Family 3
7 Not estimated None Persistent - ¢.272G>C (p.A272P) WT
8 Unknown CZP (36-37y) Persistent Self cessation (37y)
Isolated case
9 1y CZP (Birth-4y) Remission Therapy continued ¢.271G>A (p.R271Q) WT
10° 2y CZP {1mo-3y) Disappearance Off therapy {3y) ¢.271G>A (p.R271Q) WT
17 3y CZP {1mo-3y) Disappearance Off therapy (3y) ¢.271G>A (p.R271Q) WT
12 Unknown CZP (2mo-8y) Remission Therapy continued ¢.279A>G (p.Y279C) wWT
13 1y CZP (Tmo-2y) Remission Therapy continued ¢.276A>G (p.K276E) WT
CBZ (Birth-2y)
14 Infant VPA {13-18y) Remission Therapy continued ¢.271G>A (p.R271Q) WT
15 3y CZP (7y) Persistent Therapy continued ¢.384G>C (p.A384P) ¢.392G>A (p.R392H)
CLB (7-12y)
16 Sy CLB (10-11y) Remission Therapy continued ¢.316C>T (p.R316X) ¢.392G>A (p.R392H)
GLAB mutation
17 Unknown CZP (16-17y) Remission Therapy continued ¢.148C>T (p.R5OX) ¢.646_649del (p.Q216fsx222)

The former word in parenthesis indicates the year when medication was started, the latter does the final year when medication was confirmed. "Case 4 had recurred in adulthood although
the startle response disappeared in childhood. “Stopped taking CZP at parental discretion {case 10). Therapeutic course, the number in parenthesis indicates the age at which patients no
tonger needed to take medication. CZP, clonazepam; WT, wild type; CBZ, carbamazepine; VPA, valproate; CLB, clobazam.



family 3. suggesting that they were inherited in an AD
manner (Table I, Some family members of cases 9 to 11
exhibited symptoms of hyy xia and, althongh we
could not perform a genetic analysis, this suggests that
their mutations were also inberited in an AD fashion.
However, cases 12 10 14 had no family history of hyper-
plexia, suggesting de novo mutations. We confirmed that
1, family 2. and cases 9 1o 11 and 14 were diff
pedig by performing genealogical research, Seven ¢
patients with p.R2710) {cases 1-4, 6, 9, and 10) had wmbil-
ical hernias, and seven responded well to clonazepam.
However, the severity of the startle response and neurclog-
ical outcomes varied even among family members,

ent

DISCUSSION

We investigated the clinical features of

17 Japanese
patients with genedeally confirmed diagnoses of hyperekp-
lexia, This is the largest report of Japanese patdents with
hyperekplexda. Muscle stiffness and starde responses were
observed from a nconatal period, and some cases had
umbilical and/or inguinal hernias. The nose-tapping test
was positive in all cases, and may be useful for early detec-
tion of hyperekplexia. No notable abnormalides were
observed in routine laboratory tests or by imaging examin-
ations, consistent with previcus reports. Regarding medica-
tions, a low dose of clonazepam was probably effective in
10 patients, whereas clobazam and valproate may have
been effective in two cases, suggesting that drags that
modalate gamma-aminobutyric acid (GABA) wansmission
may be effective in hyperekplexda, although further studies
may be required to determine the most appropriate
therapy.

Muscle stiffness in hyperekplexia remits during infancy,
but the swrde response may persist for life in some cases.!
However, few studies have attempred o examine when
startle responses and stiffness diminish over time. In our
study, muscle stiffness disappeared by § years of age in 12
padents. The surtle response disappeared or remitted in
12 (70%) of 17 patdents berween infancy and adolescence.

Interestingly, the strtle response recurred in one case dur-
ing adulthood although muscle stiffness did not. These
data suggest that atention to startle response is required
even after remission.

Although umbilical hernia was a complicadon of hyper-
ekplexia in a previous study, the rate was unknown.' In
Japanese patients, the frequency of umbilical hernia was
very high, suggesting that umbilical hernia is an important
factor for diagnosis of hyperekplexia.

Although the neurclogical prognosis of hyperekplevia is
basically favourable, care should be taken to prevent acci-
dental injury and falls. Seven patients had previously diag-
nosed with the wrong disease, including epilepsy, CP, or
other neurological disorders. EEG abnormalities of focal
spikes and/or spikes and waves were seen in three patients.
Therefore, it is occasionally difficult to perform a differen-
tial diagnosis of hyperekplexia from epileptic disorders.
This is the first article to highlight this delay in diagnosis.

Anxiety neurosis was a complication of two patients in
family 1. Although there were no data indicating that anxi-
ety neurosts was associated with hyperekplesia, we consic
ered that an anxiety 1o excessive startle responses might
coniribute w anxie

¥ nenarosis.

Electromyography is usefud for distinguishing epilepsy
from hyperekplexia.'® In our retrospective study, however,
clectromyography data were very limited and were not suf-
ficient for an adequate evaluaton.

Moreover, physicians who make a dlagnosis of hyperekp-
lexia may often be child neurologists, not neonatologists
obstericians, They should be aware of hyperekplexi
the neonatal period. Farly correct diagnosis of this dise-
ase is essential for prevention of damage and for correct
treatment.

GLRAI mutsdons were identdfied in most cases of
hyperekplexin examined in this study as well as previous
repors,' Our study demonsuated  that the pR2710Q

mutant of GLRAT was the most frequent, followed by
pA272P, pK276E, p.Y279C, p.R316X, p.A3IS4P, and
pR392HL The p.RZ71Q mutation was the most pre
in the Japanese patients herein, as well as in whites, as
described elsewhere™ To the best of our knowledge,
pA272P and p.A3B4P are novel mutations.

The pathogenicity 76E, and
p-R316X GLRAI mutations has been confirmed by fune-
donal analysis.'"™* The p.R392H and p.¥279C GLRAI
mutations are rare mutations whose funcdon is unknown.
By contrast, novel mutadons, p.A2Z72P and p.A3B4P in
GLRAIL and p.ASOX and p.Q2168x222 in GLRE, have not
been confirmed by molecular modelling or electrophysiol-
ogy. GLRAI mutations were present on the pore-forming
M2 transmembrane (TM) region of GlyRul (p.R271Q,
p.A272D, pK276E, and p.¥279C) and regions other than
M2 (p.R316X, p.A384P, and p.R392H)." Mutadons at the
TM  probably exhibit autosomal dominant inheritanc
whereas mutations in regions other than M2 arve probably
inherited in an autosomal recessive manner. GLRAT hyper-
ekplexia with autosomal recessive inheritance is more fre-
quently complicated by severe apnoea or developmental
delay than AD GLRAI hyperekplexia’ We could not
detect this tendency because there were only two cases of
AR GLRAI hyperekplexia in the present study.

GLRB mutations were recently reported as major genes
of effect in hyperekplesia*® The novel GLRE mutations,
pQ216fsx222 and p.RSOX, idendfied in this study were
located on the extracellular side (p.R50X) or on the loop
side of TM MIi-M2 of GlyR
(p.Q21665222).° According o a previous study, GLRB
mutations reduced cell surface protein expression when
compated with that of wild-type GlyRs and were associ-
ated with severe apnoea attacks and developmental delay.’
In our patient who harboured a GLRB mutation, this was
also complicated by mild developmental delay.

According to a recent study regarding genotype-pheno-
type correlations of hyperekplexa, inheritance of hyperekp-
lexia was more commonly autosomal recessive than

ralent

of current p.R2710, p

on the intracellular
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