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Clinical feature

Patient number

4 5 6 7 8 9 10 I
Abrupt diffuse + + - - + - + + - - +
attenuation of
background activity
on EEG
Seizure frequency >1/day >1/day >1/day 0-2/day (TS) >50/day 10/day Peak 30-50/day  5/day (TS) 10/day >20/day Peak 200/day
Temporarily effective ~ PB, KD, CBZ High-dose PB, VPA, PB, TPM VPA, PB,LTG, PB, TPM, KD CZP, CLB, PB, ZNS, PB, CZP, VGB CLB, PB, PHT, LEV, KD KD
drugs LEV,KD,LTG LEV, KD PHT, LEV PHT, TPM, ST, NaBr, MDL
KBr
Ineffective drugs KBr, TPM VitB6 PB, CLBVitB6,  VitB6, ZNS, VitBé, CZP, VPA, CBZ, KBr,  VitBé, ZNS VitB6, corpus VitB6, ACTH, CBZ,ZNS,LEV,  ACTH, VPA, CLB, CBZ, VPA, CLB, PHT,
LEU CZP,ACTH, CBZ, PHT, LEV, VitB6 callosotomy VPA,ZNS, TPM, LD CZP,PB, CBZ, ZNS, GBP, LTG, LEV,
PHT TPM, LD, IVIG, LTG, LEV ZNS, KBr KBr
Steroid pulse
D + + + + + + + + + + +
Muscle tonus Normal or spasticity Spasticity — Spasticity Spasticity — Mild hypotonia
hypotonia hypotonia
Involuntary - - - Chorea (left - - - - - - -
movements fingertip)
Current status Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden
Brain MRI Thin CCat2 mo, Normal at Mildly thin CC Subdural Normalat2 mo, Normalat2 mo  Normalat7 mo  Normalat3 mo, Normalat2 mo  Normalatland  Normalat | mo,
delayed 28 days, thin and CAat hygroma at CAatly and2y except for diffuse CAat 2 mo hypoplastic CC,
myelination, CAat  CCat7 mo, 2 mo, and 4 mo, diffuse disconnected 20 mo delayed myelination,
10 mo diffuse CAand subdural CAat7 mo CcC and left lateral
delayed hematoma at ventricular dilatation
myelination at 4 mo

35 mo

y, years; mo, months; EIMFS, epilepsy of infancy with migrating focal seizures; OS, Ohtahara syndrome; West, West syndrome; EOEE, early onset epileptic encephalopathies; ID, intellectual disability; TS, tonic seizure;
sp-w, spike and slow wave; SB, suppression-burst; Hyps, hypsarrhythmia; MFS, multifocal spike; PB, phenobarbital; KD, ketogenic diet; CBZ, carbamazepine; LEV, levetiracetam; LTG, lamotrigine; VPA, valproic acid;
TPM, topiramate; CZP, clonazepam; CLB, clobazam; PHT, phenytoin; ZNS, zonisamide; ST, sodium thiamylal; KBr, potassium bromide; VGB, vigabatrin; NaBr, sodium bromide; MDL, midazolam; VitBé, vitamin Bé; LEU,
leucovorin; LD, lidocaine; IVIG, intravenous immunoglobulin; ACTH, adrenocorticotrophic hormone; GBP, gabapentin; CC, corpus callosum; CA, cerebral atrophy.

“Inherited from the mother who carried a somatic mosaic mutation.
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EIMEFS is characterized by migrating polymorphous focal
seizures starting within the first 6 months of life, followed
by progressive deterioration of psychomotor development
and resistance to antiepileptic drugs.’

KCNTI encodes the Na*-activated K™ channel known as
Slack, S102.2, or KCa4.1.*> KCNT1 (Slack) consists of six
transmembrane segments (S1-S6) with a pore P-domain
between S5 and S6 and a large cytoplasmic C-terminal
domain containing two regulators of K conductance
(RCK) domains.” KCNT1 is expressed in adult rat brain,
especially in the cortex and hippocampus, and in embryonic
hippocampal and cortical mouse neurons.*® De novo
KCNTI mutations resulting in an increase in K™ current
amplitude have recently been identified in patients with EI-
MFS.”? Furthermore, KCNT! mutations were found in
patients with autosomal dominant nocturnal frontal lobe
epilepsy (ADNFLE), intellectual disability, and psychiatric
problems,'® and in a patient with leukoencephalopathy and
severe epilepsy.!! A homozygous KCNTI mutation was
also identified in a patient with OS,'? suggesting a wide phe-
notypic spectrum of KCNT] mutations.

In this study, we performed KCNTI-targeted next-gener-
ation sequencing and/or focused KCNTI analysis using
whole-exome sequencing (WES). We identified KCNT!
mutations in 11 patients with EOEE and analyzed their clin-
ical phenotypes.

METHODS

A total of 362 patients with EOEE (98 patients with OS,
180 with West syndrome, 18 with EIMFS, and 66 with
unclassified EOEEs with an onset age of <1 year) were ana-
lyzed. Diagnoses were made on the basis of clinical features
and electroencephalography (EEG) patterns. Detailed clini-
cal information was obtained from corresponding clinicians.

We performed KCNTI-targeted next-generation sequenc-
ing of 207 patients using polymerase chain reaction (PCR)
amplification of all KCNTI exons on the MiSeq platform
(Illumina, San Diego, CA, U.S.A.) (see Data S1 and Table
S1). This identified one patient with a KCNTI mutation. In
74 of 206 patients who were negative for KCNT1 mutations
and for whom sufficient amounts of DNA were available for
further analysis, we performed WES as described previously
(see Data S1 for more details).'® To expand our cohort we
then added 155 patients, who were examined by WES as the
first screening method. As a result, a total of 229 patients
were examined by WES. Of these, 51 patients were shown to
carry mutations in known epilepsy genes other than KCNT1,
whereas 10 harbored KCNTI mutations. The total number of
patients with KCNTI mutations was therefore 11/362 (3.0%,
Fig. S1).

Experimental protocols were approved by the institu-
tional review board of Yokohama City University School of
Medicine and Yamagata University Faculty of Medicine.
Written informed consent was obtained from all individuals

Epilepsia, 56(9):¢121-128, 2015
doi: 10.1111/epi.13072

and/or their families in compliance with relevant Japanese
regulations.

ResuLts

Clinical features of patients with KCNTI mutations

Nine different KCNTI mutations were found in 11
patients: in 9 (50%) of 18 EIMEFS cases, one (0.56%) of 180
West syndrome cases, and one (1.52%) of 66 unclassified
EOEE cases. The clinical features of the 11 patients with
KCNTI mutations are summarized in Table 1. Most patients
with KCNTI mutations were diagnosed with EIMES (9/11)
because alternating seizures accompanied by shifting or
migrating foci from one area to another were recognized on
electroencephalography (EEG; Fig. S2). In these nine
patients with EIMFS, onset ages were within 4 months after
birth, and interictal EEG showed multifocal spikes. Four of
the nine patients had additional EEG findings, such as an
abrupt diffuse attenuation of background activity consisting
of a brief period of suppression (flat phase >3 s) in patients
1,2, and 5 (Fig. 1) or hypsarrhythmia with desynchroniza-
tion (flat phase <3 s) in patients 5 and 7, as reported previ-
ously in patients with EIMFS.? Brain magnetic resonance
imaging (MRI) revealed abnormalities of the corpus callo-
sum in four patients (4/9), cerebral atrophy in five (5/9), and
delayed myelination in two (2/9) (Fig. S3). All these chil-
dren showed motor and cognitive impairment and intracta-
ble seizures occurred >10 times/day in five patients (5/9).

Patient 8 with West syndrome showed epileptic spasms
in clusters and hypsarrhythmia on EEG at 2 and 3 months of
age, respectively. Focal seizures were not observed. Patient
11 with unclassified EOEE demonstrated frequent seizures
comprising staring and bilateral clonic or right hemiclonic
convulsions at 1 month, but he showed neither epileptic
spasms nor migrating focal seizures. In these two cases,
EEG also showed an abrupt diffuse attenuation of back-
ground activity consisting of hypsarrhythmia with desyn-
chronization (patient 8) or a brief period of suppression
(patient 11). Brain MRI revealed cerebral atrophy in patient
8, and a thin corpus callosum and delayed myelination in
patient 11. The case reports for these two patients are avail-
able in Data S2.

All 11 patients with KCNTI mutations were bedridden (at
ages of 1-6 years). Various antiepileptic treatments were
only temporarily effective at controlling seizures: phenobar-
bital (PB) or high-dose PB maintaining a blood level of
>40 pg/ml in eight patients and a ketogenic diet in six,
whereas vitamin B6 (eight patients), zonisamide (six
patients), carbamazepine (five patients), and potassium bro-
mide, topiramate, and levetiracetam (LEV) (four patients)
were ineffective.

Characterization of KCNT1 mutations
Among 11 patients with KCNTI mutations, one was iden-
tified by KCNTI-targeted next-generation sequencing and
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the others were identified by WES; sufficient depth of cov-  of these variants were inherited from the unaffected father
erage was obtained in both techniques (Fig. S1). In 10 cases  (Table S2). All other KCNTI mutations, apart from one
analyzed by WES, no other mutations were found in 20 (c.2771C>T), occurred de novo. High-resolution melting
known epilepsy genes, including SCNSA, FOXGI, KCNQ2, analysis suggested that the ¢.2771C>T mutation was trans-
SCNIA, SCN2A, STXBPI, SPTANI, CDKL5, PCDHI9, mitted from the patient’s unaffected mother, who had a pos-
MECP2, GNAOI, CASK, SLC35A2, ALGI3, GABRB3, sible mosaic mutation. The mosaic mutation was confirmed
HDAC4, DNMI, CHD2, SYNGAPI, and GRINZA, except by Sanger sequencing and deep sequencing of polymerase
for a GABRB3 [c.17T>C (p.L.6P)] variant in patient 10 anda chain reaction (PCR) products amplified using DNA
KCNQ2 [c.2594T>G (p.V865G)] variant in patient 11; both  extracted from the mother’s blood, saliva, and nails (Fig.
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Figure 1.

EEGs of patients with KCNT/ mutations. (A) EEG of patient | at | year of age showing a brief period of suppression. (B) EEG of patient 2
at 2 years and || months of age showing multifocal polyspikes or an alternate pattern of desynchronization and high-amplitude sharp
waves similar to a suppression-burst pattern. (C) EEG studies of patient 8 at 3 months of age (left panel) showing multifocal sharp waves
with high-amplitude irregular slow waves consistent with a finding of hypsarrhythmia, and at 2 years and 3 months (right panel) showing
focal spikes. (D) Ictal EEG of patient || at 3 months of age (left panel) showing rhythmic delta-wave activity in the bilateral occipital area
with a right-sided predominance. Interictal EEG (right panel) shows multifocal sharp waves. The horizontal calibration bar indicates | s
and the vertical bar indicates 100 pV.y, years; mo, months.
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S4: mutant allele frequency range, 14-29%). All nine muta-
tions were absent from the 6,500 exomes included in the
National Heart, Lung, and Blood Institute exome project
and from our 575 in-house control exomes. Sorting Intoler-
ant from Tolerant (SIFT), Polyphen2, and Mutation Taster
predicted all mutations to be highly damaging to the struc-
ture of KCNT1, and all mutations occurred at evolutionarily
conserved amino acids (Table S2 and Fig. S5). Schematic
presentation of the mutations in human KCNT1%'* revealed
that they accumulated in the S5 and RCK domains 1 and 2
(Fig. 2): two mutations were located in S5 (2/9, 22.2%), five
mutations were located in RCK domain 1 (5/9, 55.6%), and

two were located in RCK domain 2 (2/9, 22.2%). An
Argd74 residue in RCK domain 1 was mutated in four
patients: c.1420C>T (p.R474C) in patient 1 and c.1421G>A
(p.R474H) in patients 5, 7, and 8 (Fig. 2 and Table 1). Five
of nine mutations were recurrent (p.G288S, p.R428Q,
p-R474H, p.P924L, and p.A934T), and have been reported
previously in patients with EIMFS.”™

DisCcuUssION

Our results demonstrate that KCNTI mutations are
strongly associated with EIMFS because 9 (81%) of 11

V271F
{n=1+0)

Q270E
(n=0+1) 570 OS]
P '
/'RA28Q. RA7AC
{n=1+1} (n=0+1)

R474H
{n:}ﬁg)

Rsesq-""
{n=1+0) ,
rd

P409S
{n=0+1}

ST
f’ ¥ 2 - Frce y
S SN T ST
.. 1760M | {!’\1/1:81265) AN NN (n=10}
A47TT  (n=1+0) H . UNY AS34T
(n=0+1) Y796H (P 921‘“1) N, (=2l
n=1+
(n=1+40} Re28C  Fo32l
{n=1+0} {n=1+0}

{n=l+m)

Mutations were identified in this study.

Mutations were previously reported.

n, total number of mutations; |, previously reported; m, in this study

The mutations were [dentified in this and previous studies.

Patients with the mutation showed autosomal dominant nocturnal frontal lobe epilepsy.

Figure 2.

Schematic presentation of human KCNT! protein and KCNT! mutations. Mutations are annotated on the basis of NM_020822.2.
p.V271F, p.G288S, p.R428Q, p.R474H, p.I760M, p.P924L, and p.A934T were previously reported in patients with EIMFS.>"~° p.R398Q,
p.Y796H, p.M896l, and p.R928C were reported in patients with ADNFLE.'® p.F9321 was reported in patients with leukoencephalopathy
and severe epilepsyI ' A homozygous p.A966T mutation was reported in a patient with OS.'? n, total number of mutations, | = previously

reported mutation; m, mutation found in this study.
Epilepsia © ILAE
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patients harboring these mutations were diagnosed with
EIMFS and presented with ictal discharges on EEG
occurring in one region and shifting (migrating) to
another with clinical seizures (patients 1, 3, 4, 5, 6, 7,
and 10) or without clinical seizures (patients 2 and 9).
This compares with a KCNT/ mutation being detected in
only one of 180 patients with West syndrome who
showed characteristic epileptic spasms, and in one of 66
cases with unclassified EOEE. Among 11 patients with
KCNTI mutations, only these two patients showed no
shifting (migrating) ictal or subclinical discharges from
one area to another. However, focal seizures and inde-
pendent multifocal spikes, which did not overlap (so
were not migrating), were seen even in the patient with
unclassified EOEE. Focal discharges and seizures are
highly likely to be characteristic of the phenotype associ-
ated with KCNTI mutations because they are also seen
in patients with ADNFLE caused by KCNTI mutations.'
Although no KCNTI mutations were found in 98 patients
with typical OS, suppression-burst-like activity was seen
in four patients (patients 1, 2, 5, and 11), which was pre-
viously reported in one of 14 patients with EIMES.?
Moreover, desynchronization with or without hypsar-
rhythmia was seen in three patients (patients 5, 7, and
8). Patient 5 also demonstrated suppression-burst-like
activity. In total, 6 of 11 cases showed electrodecremen-
tal discharges on EEG, which is supportive of these
being another characteristic feature for KCNTI mutation
phenotypes, as reported previously.?

The patient with West syndrome (patient 8) carried
the recurrent mutation (c.1421G>A) as did the patients
with EIMFS, and we observed no genotype-phenotype
correlation with KCNTI mutations. Although the fre-
quency of KCNT! mutations among patients with West
syndrome is low, the genetic background for West syn-
drome or infantile spasms is heterogeneous, suggesting
that KCNT! should be included on the list of causative
genes for West syndrome.

All patients with KCNTI mutations in the current study
had intractable seizures that were only temporarily con-
trolled by antiepileptic treatments. The development of
novel therapies or identification of effective agents is thus
crucial. A recent report suggested that the antiarrhythmic
drug quinidine was able to reverse mutation-specific gain-
of-function propeﬁies.IS Although it is necessary to con-
sider possible adverse effects, quinidine may represent a
promising targeted therapy for patients with KCNTI muta-
tions.

In conclusion, we identified nine KCNTI mutations in
11 patients, of whom nine were compatible with EIMFS.
This indicates that the phenotypic spectrum of de novo
KCNTI mutations is largely restricted to EIMFS. More-
over, electrodecremental discharges on EEG are an addi-
tional characteristic feature of the KCNTI mutation
phenotype.
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Figure S2. Ictal EEG of a shifting phase in patient 3 at
2 months of age.
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Patient Report

Early intervention for late-onset ornithine transcarbamylase deficiency

Daisuke Fujisawa,' Hiroshi Mitsubuchi,' Shirou Matsumoto,' Masanori Iwai,' Kimitoshi Nakamura,' Ryuji Hoshide,'
Nawomi Harada,? Makoto Yoshino® and Fumio Endo!

'Department of Pediatrics, Kumamoto University Graduate School of Medical Sciences, Kumamoto, *Department of
Pediatrics and Child Health, Kurume University of Medicine and *Division of Gene Therapy and Regenerative Medicine,
Cognitive and Molecular Research Institute of Brain Diseases, Kurume University, Kurume, Japan

Abstract We report the case of a family with late-onset ornithine transcarbamylase deficiency (OTCD). Several family members
had died from OTCD, and the ¢.221G>A, p.Lys221Lys mutation was detected at the 3" end of exon 6 of OTC in the
X-chromosome of some members. We provided genetic counseling on pregnancy, delivery, and neonate management to
a 4th-generation female carrier and decided on metabolic management of her child from birth. Two male patients were
diagnosed with late-onset OTCD on the basis of blood amino acid and genetic analysis, and they received arginine
supplementation from the asymptomatic, early neonatal period. These children grew and developed normally, without
decompensation. Patients with late-onset OTCD can and should be diagnosed and treated in the early neonatal period,
especially those from families already diagnosed with late-onset OTCD, and family members must be provided with

genetic counseling.

Key words arginine supplementation, blood amino acid analysis, genetic analysis, genetic counseling, late-onset ornithine

transcarbamylase deficiency.

Ornithine transcarbamylase deficiency (OTCD) is one of the
most common urea cycle disorders, with an estimated prevalence
of 1 per 80 000 births. It is transmitted as an X-linked trait and the
gene responsible for it, namely, OTC, is located on locus
Xp21.1." A remarkable feature of OTCD is that the phenotype is
extremely heterogenous.*

Male neonates with OTCD often suffer from ammonia toxic-
ity, protein intolerance, and death within 1 week after birth.
Those with late-onset OTCD (age at onset, 228 days), however,
have several, wide-ranging symptoms, from asymptomatic
phenotype to hyperammonemia, coma, and death."** In
heterozygous female neonates, one allele of OTC on the
X-chromosome is silenced because of X-inactivation, and the
phenotypes are varied, similar to those in male neonates with
late-onset OTCD.

No reports are available on the management of asympto-
matic male patients with late-onset OTCD who are diagnosed
and treated early in the neonatal period. Here, we report
a large pedigree involving late-onset OTCD in which male neo-
nates were definitively diagnosed using gene and amino acid
analysis soon after birth. The patients received arginine
supplementation treatment, and they grew and developed
well.
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Case report

The proband (IV-19) was admitted (Fig. 1) at 7 years of age for
hyperammonemia (blood ammonia, 178 umol/L) with vomiting
and coma, although his condition stabilized with intensive care.
After OTC activity in the liver tissue was found to be low
(0.047 umol/mg protein/min; control, 0.96), he was prescribed
oral arginine supplementation for long-term management.
Because of the proband’s low OTC activity, his sister underwent
allopurinol test and was found to be a heterozygous carrier of the
OTCD mutation. After the proband was discharged from hospi-
tal, ac.221G>A, p.Lys221Lys mutation was detected at the 3" end
of exon 6 of OTC in his X-chromosome, which was judged to
cause a splicing abnormality (Fig. 2). Based on this finding, the
proband was diagnosed with late-onset OTCD. Eight years later,
the proband’s 4-year-old male second cousin (IV-18) died of
hyperammonemic coma (blood ammonia, >1953 pmol/L). The
diagnosis of late-onset OTCD was confirmed on detection of
the same mutation in the cousin.®Subsequently, the sisters of the
deceased cousin were examined for the mutation, and were found
to be heterozygous carriers.

Eleven years after the onset of OTCD in the proband, a female
carrier (IV-16) of OTCD - the sister of patient IV-18 — requested
genetic counseling for pregnancy and delivery, considering the
family history of late-onset OTCD. The information provided
included postpartum management of neonates. The carrier was
informed that the mutation would manifest late-onset OTCD
phenotypes in the family. We planned to analyze metabolic pro-
files from the early neonatal period for all this family’s children
born henceforth and to sequence the OTC gene simultaneously in
these individuals.
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Fig.1 Pedigree of patients with late-onset ornithine

transcarbamylase (OTC) deficiency. OTC was analyzed in the
proband (P), his two nieces (V-4, V-5) and nephew (V-6), the male
member in the fourth generation who died at age 4 years with his
three sisters, and two fifth-generation male infants (V-1 and V-2).
The proband’s sister was diagnosed on allopurinol test.

The clinical progress of patient IV-16’s pregnancy was stable;
the fetus was determined to be male (V-2). The baby was born at
term with an Apgar score of 8/9. He started breast-feeding with
his own mother’s milk on the day of birth. At 3 days of age, his
blood ammonium gradually increased to 91.8 umol/L; therefore,
he was started on oral arginine supplementation. At the age of 3
days the infant’s blood amino acid was analyzed before arginine
supplementation was started (Table 1), and slight changes were
observed: glutamine increased, citrulline and arginine decreased,
and ornithine remained unchanged. Urinary orotic acid was not
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Fig.2 OTC gene analysis at codon 221, exon 6 in the
X-chromosome. Red line, codon 221 at the 3’ end of exon 6 of the
X-chromosome. Wild-type codon 221 (upper) is AAG. In the
patients, the mutation from AAG to AAA was either homozygous
(middle) or heterozygous (lower).

© 2015 Japan Pediatric Society

elevated at hyperammonemia onset. The patient’s blood ammo-
nium decreased to the normal range within a few days after
initiation of arginine supplementation.

Gene analysis conducted in the early neonatal period showed
that patient V-2 (Fig. 1) had the aforementioned mutation in exon
6 of OTC. After | year, the same metabolic profile management
and gene analysis were conducted in the early neonatal period for
two other male infants — namely, V-1 and V-6 — and the genetic
profile of the female infants — namely, V-4 and V-5 — was exam-
ined. Patient V-1 had the mutation and showed changes in blood
amino acid level, similar to patient V-2. Therefore, for metabolic
balance management, he also received arginine supplementation.
At this time, however, the increase in urinary orotic acid could
not be detected in this patient. Because low citrulline was found
in the early neonatal period, the patients also received citrulline
supplementation. At 2 months of age, arginine and citrulline
levels improved (Table 1). The male infant V-6 did not have the
mutation or the abnormal blood amino acid levels. The female
infant V-5, however, was diagnosed as a carrier on genetic analy-
sis (Fig. 1). Her blood amino acid levels were not analyzed at that
time, given that she looked asymptomatic and stable.

Patients V-1 and V-2 grew well, and were followed up for a
period of 1 and 2 years, respectively. They developed without
decompensation during childhood and had a normal balance of
arginine and glutamine, although the citrulline in V-2 remained
slightly low (Table 1).

Discussion

Late-onset OTCD involves various hyperammonemic symptoms
of wide-ranging severity, including vomiting, lethargy, seizures,
coma, and even death. The aim of long-term management of
late-onset OTCD is to improve the survival rate and maintain
normal blood ammonia level and growth.® Patients may develop
mental retardation or die when the blood ammonia exceeds
360 umol/L.” Arginine is an indispensable amino acid for
increasing the production of urea. Its shortage causes rapid onset
of life-threatening hyperammonemia. It was found that long-term
management with arginine supplementation significantly
decreased the frequency of hyperammonemic attacks and
improved physical growth of OTCD patients.® Given that it is
important to prevent hyperammonemic decompensation, meta-
bolic balance must be achieved before onset.

In addition to examination of metabolic profile, such as blood
amino acid and ammonia and urinary orotic acid, mutation analy-
sis is a very useful diagnostic tool in cases of female
heterozygotes. While it is possible to predict the severity of the
disease for hemizygous male patients from gene mutation analy-
sis and/or residual enzyme activities in liver tissue, clinical fea-
tures vary among female heterozygotes, because their condition
is affected by not only random X-chromosome inactivation but
also factors such as puberty, pregnancy, labor, delivery, and the
environment.”We planned genetic examination of V-4, V-5 for the
following reasons. First, some female carriers develop symptoms
in childhood. Additionally, arginine supplementation is effective
not only in the chronic phase but also in the acute phase in this
large family. Therefore it is important for these female family
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Table 1 Blood amino acid analysis

Ornithine transcarbamylase deficiency e3

Amino acid V-17 V-21 V-6 Reference range
(nmol/mL) At birth After At birth After
intervention® intervention*

Asp 3.9 6.3 6.4 11.3 3.8 24
Asn 66.3 51.6 774 55.3 42.2 44.7-96.8
Glu 60.2 82.6 60.1 88.3 72.9 12.6-62.5
Gln 1007.2 664.6 827 696 758.9 422.1-703.8
Ala 274.5 292.8 355.5 308 205.3 208.7-522.7
Pro 2345 160.3 3235 242 154.1 77.8-272.7
Val 140.1 148.8 181.2 171 117.6 147.8-307
Ile 42.8 60.6 55 73 37 43-112.8
Leu 96.4 110.1 119.1 125 82 76.6-171.3
Ornithine 68.6 115.9 91.3 103 48.4 31.3-104.7
Citrulline 4.6 22.5 5.6 7.1 20.7 17.1-42.6
Arg 38.4 1214 37.1 108 47.6 53.6-133.6

fOrnithine transcarbamylase deficiency. *At 2 months of age.
members to be diagnosed as a carrier or not. Second, genetic Conclusion

examination is more useful than profiling of plasma amino acids
for definite diagnosis of female carriers, especially when the
specific mutation has been determined to be the cause of OTCD
in a family. We discussed the benefits and disadvantages of the
genetic diagnosis of V-4, V-5 as a definite diagnosis. Conse-
quently, we admitted the opinion of their parents that V-4 and V-5
were examined by gene mutation analysis. The two male neona-
tal patients (V-1 and V-2) in this study did not have increased
urinary orotic acid on gas chromatography/mass spectrometry in
the early neonatal period. Blood amino acid analysis conducted
simultaneously, however, provided significant information: a
slight increase in glutamine and a decrease in arginine and
citrulline. The high nitrogen burden causes a blood amino acid
imbalance in OTCD patients. Previously, glutamine was found to
have the most prominent reaction.’Early treatment of patient V-2
improved the amino acid balance and prevented metabolic crisis,
because management was started when blood amino acid was
only slightly changed and plasma ammonia was only slightly
elevated. Moreover, because citrulline remained slightly low
despite arginine supplementation (V-2), citrulline supplementa-
tion plays an important role in the amino acid balance (V-1). In
this large pedigree, most female carriers did not show any symp-
toms of OTCD. Therefore, intervention with supplementation
may not be necessary for some female carriers, but the outcome
of these female carriers is difficult to predict. For this reason, as
part of the management of the female carrier, regular profiling of
her plasma amino acids is planned.

When a patient is first diagnosed with hereditary late-onset
OTCD in a family, monitoring of male patients and female car-
riers is important so that genetic counseling can be provided,
whereby it may be possible to prevent onset among family
members.“It is vital to diagnose the condition during the asymp-
tomatic period to prevent severe symptoms at onset.

Late-onset OTCD was diagnosed in asymptomatic male patients
and their condition managed to prevent decompensation via treat-
ment with arginine supplementation during the early neonatal
period. The patients grew and developed well without any meta-
bolic crises. Thus, blood amino acid and gene analysis during the
early neonatal period is important for the management of families
with late-onset OTCD.
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HPGCD Outperforms HPBCD as a Potential
Treatment for Niemann-Pick Disease Type C
During Disease Modeling with iPS Cells
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Experimental models

Niemann-Pick disease type C (NPC) is a lysosomal storage disease characterized by abnormal
accumulation of free cholesterol and glycolipids. Here, we established induced pluripotent stem
cell (iPSC) lines from NPC patients. Hepatocyte-like cells (HLCs) and neural progenitors derived
from the iPSC lines accumulated cholesterol and displayed impaired autophagy and ATP produc-
tion. A molecular signature related to lipid metabolism was also impaired in the NPC-iPSC-
derived HLCs. These findings indicate that iPSC-derived cells can phenocopy human NPC. We
also newly found that 2-hydroxypropyl-y-cyclodextrin (HPGCD) could reduce the cholesterol
accumulation and restore the functional and molecular abnormalities in the NPC patient-
derived cells, and do so more effectively than 2-hydroxypropyl-f-cyclodextrin treatment. In
addition, NPC model mice showed an improved liver status and prolonged survival with
HPGCDs. Thus, iPSC lines derived from patient cells are powerful tools to study cellular models
of NPC, and HPGCD is a potential new drug candidate for future treatment of this disease.

STEM CELLS 2015;33:1075-1088

Induced pluripotent stem cells (iPSCs), which
are artificially produced from human somatic
cells, can be further induced to undergo sus-
tained, unlimited growth, and exhibit multipo-
tency (i.e., the ability to give rise to various
cell types in vitro) [1, 2]. Because of these fea-
tures, iPSCs are a potential source for cell
therapy applications in clinical medicine. The
process of iPSC generation, known as reprog-
ramming, is triggered by the expression of
four transcription factors, Oct3/4, Sox2, Kif4,
and c-Myc, which are the same core factors
underlying pluripotency in other pluripotent
stem cells such as embryonic stem cells (ESCs)
[3-5]. In particular, many procedures have
now been reported to easily generate iPSCs
from human fibroblasts and peripheral blood
cells [6, 7].

Numerous iPSC lines derived from the
somatic cells of patients harboring pathogenic
mutations have been established and shown
to phenocopy the disease [8-13]. These stud-
ies clearly demonstrated that disease-derived
iPSC lines represent a powerful tool not only
for cell therapy, but also for biomedical

STEM CELLS 2015;33:1075-1088 www.StemCells.com
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research and drug development [14, 15]. In
particular, biomaterial samples obtained from
patients with intractable diseases are indispen-
sable for studying the underlying molecular
mechanisms and developing new therapeutic
agents. However, because the number and size
of samples available from such patients are
usually limited, disease-derived iPSCs are
expected to be useful mainly as a replacement
or supplemental source of biomaterials for
developing new therapies.

Niemann-Pick disease type C (NPC) is a
hereditary intractable disease associated with
mutations in the lipid transporter genes, NPC1
and NPC2 [16, 17]. NPC1 helps to transport
cholesterol between lysosomes and endoplas-
mic reticulum (ER) in cooperation with NPC2.
Mutations in the NPCI and NPC2 genes dis-
rupt this transporting system, resulting in the
accumulation of free cholesterol and glyco-
lipids in lysosomes [18]. NPC patients suffer
from liver and neurological dysfunctions and
eventually die due to respiratory and hepatic
failure [18]. Miglustat is a lipogenesis inhibitor
indicated for NPC; however, its effect is so lim-
ited that patients eagerly await new advances
in drug development for NPC therapy [19].

©AlphaMed Press 2014
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Our work aims to generate iPSC lines from patients with
NPC to establish a disease model mirroring the cellular phe-
notype of NPC, and then use this model to screen drug candi-
dates. To generate the iPSC lines from NPC patients safely and
efficiently, we took advantage of the SeV vector that does not
integrate into host genomes and can easily provide
transgene-free iPSC lines. In this study, we generated iPSC
lines from NPC skin fibroblasts, and found that subsequently
derived hepatocyte-like cells (HLCs) and neural progenitors
accumulate free cholesterol and exhibit functional defects.
Using this system, we tested three types of cyclodextrin drugs
for their ability to reduce the cholesterol accumulation. Inter-
estingly, in addition to 2-hydroxypropyl-f-cyclodextrin
(HPBCD), we newly found that 2-hydroxypropyl-y-cyclodextrin
(HPGCD) could remove the free cholesterol accumulated in
NPC-derived HLCs and neural progenitors and restore the
functionality of the HLCs. Moreover, liver dysfunction and
cholesterol accumulation in NPC model mice were markedly
improved with the HPGCD treatment. Dose-loading tests also
showed that HPGCD is much safer than HPBCD. Our findings
confirm the potential value of NPC-derived iPSC lines for
studying cellular models of disease and highlight HPGCD as a
future drug candidate for NPC.

iPSC Generation

iPSCs were generated from human skin-derived fibroblasts as
described previously [20]. Briefly, 5 X 10> cells of human
fibroblast cells per well of six-well plate were seeded 1 day
before infection and then were infected with Sendai virus
(SeV) vectors at 10 multiplicity of infection. After 7 days of
culturing for fibroblasts, the infected cells were harvested by
trypsin and replated at 5 X 10* cells per 60-mm dish on
mitomycin C-treated mouse embryonic fibroblast feeder cells.
From 18 to 25 days after infection, colonies were picked and
recultured in human iPSC medium. To remove Sendai virus,
the temperature of culture was shifted from 37°C to 38°C for
3 days at passage 1 or 2 of the iPSCs. Other materials and
methods are described in Supporting Information Materials
and Methods.

Establishment of Disease-Derived iPSC Lines

To establish a cellular model of NPC, we attempted to gener-
ate iPSC lines from skin fibroblasts of two patients carrying
different NPC1 mutations. The efficiency of iPSC generation
from these patients was similar to that from healthy volun-
teers, suggesting that NPC1 mutations do not affect the effi-
ciency of cell reprogramming (Supporting Information Fig.
S1A). The NPC fibroblast-derived iPSCs exhibited ESC-like mor-
phology and expressed a set of pluripotent markers (Fig. 1A;
Supporting Information Fig. $S1B, S1C). The nested PCR that
can detect a single positive cell among 1 million cells con-
firmed a free of SeV contamination (Supporting Information
Fig. S1B, S1D). We then investigated the differentiation poten-
tial of our NPC-derived iPSCs by evaluating teratoma forma-
tion. Histological analysis revealed that the teratomas

©AlphaMed Press 2014

analyzed comprised descendants of all three germ cell layers
such as cuboidal epithelia, melanin pigment-containing cells,
cartilage, muscle, and various glandular structures (Supporting
Information Fig. S1E). The NPC iPSC lines had a normal karyo-
type, 46XY and 46XX, and mutations in the NPC1 gene were
confirmed by DNA sequencing (Supporting Information Fig.
S1F, S1G). Thus, the NPC-derived iPSCs fulfilled the criteria for
iPSC lines.

Morphological and Functional Analyses of NPC-Derived
iPSC Lines

Liver enlargement is a major symptom of NPC patients, and
those with severe forms of the disease suffer from liver dys-
function and failure [18]. To investigate the effect of Npcl
deficiency on the hepatocytic lineage, we differentiated NPC-
derived iPSC lines into HLCs expressing albumin. We previ-
ously demonstrated that treatment with Activin A selectively
induces the differentiation of mouse ESCs into definitive
endoderm cells and HLCs, and that an endodermal surface
marker, Cxcrd, could be used to detect endodermal differen-
tiation [21, 22]. Thus, in this study, we similarly directed the
iPSC lines into endodermal and hepatic lineages (Supporting
Information Fig. S2A). On day 18 of differentiation, the HLCs
expressed o-fetoprotein (~65% of total cells), albumin {(~80%
of total cells), and other hepatic markers {Supporting Informa-
tion Fig. S2B, S2C); they also absorbed indocyanine green
(ICG) and stored glycogen (Supporting Information Fig. S3A).
The generation rate of definitive endoderm-like cells, calcu-
lated as the percentage of Cxcrd-positive cells (Supporting
Information Fig. S3B}, and the efficiency of hepatic differentia-
tion, calculated from the percentage of albumin-positive cells
and the marker expressions (Fig. 1B; Supporting Information
Fig. S2C), were similar between the normal cell- and NPC-
derived iPSC lines. In contrast, the NPC-derived HLCs were
larger than the control HLCs (Fig. 1C). In NPC patients, defec-
tive transportation of cholesterol from lysosomes to ER results
in the accumulation of free cholesterol in lysosomes [18].
Therefore, we used filipin staining, which specifically detects
free cholesterol in cells, to assess the level of cholesterol
accumulation. We observed negligible numbers of positively
stained cells in the control HLCs derived from healthy volun-
teers, whereas the NPC-derived HLCs showed extreme levels
of cholesterol accumulation (Fig. 1D), suggesting that these
cells mirror the cellular phenotype of NPC.

Next, we investigated the various functions of HLCs gener-
ated from normal and NPC-derived iPSC lines. We could not
detect any differences in terms of ICG uptake or release, gly-
cogen storage, albumin production, urea secretion, or ammo-
nia removal, all of which are indicative of hepatocyte function
(Supporting Information Fig. S3A, S3C-S3E). The ATP levels in
NPC-HLCs were significantly lower than those in control HLCs
(Fig. 1E), although apoptosis in the NPC-HLCs was not exacer-
bated compared to that in the controls (Supporting Informa-
tion Fig. S3F, S3G). To investigate the membrane potential of
mitochondria, we used the specific MitoTracker staining
reagents, JC-1 and CMXRos [23, 24]. JC-1 concentrates in the
mitochondria and aggregates at normal mitochondrial mem-
brane potentials, resulting in a high red/green fluorescence
intensity ratio. Reduced mitochondrial membrane potential
affects the aggregation of JC-1, resulting in a decreased red/
green fluorescence intensity ratio. In addition, CMXRos
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Figure 1. A cellular model of NPC using NPC-derived induced pluripotent stem cells (iPSCs). (A): Phase contrast images, immunofluo-
rescence, and AP staining of iPSC lines for pluripotency markers. The iPSC lines NPC5-1 and —2, and NPC6-1 and —2, were derived from
the NPC patients, NPC5 and NPC6, respectively. Scale bars =200 pm. (B): Albumin expression in normal and NPC-derived hepatocyte-
like cells (HLCs). Representative images of immunostaining for albumin (green) and propidium iodide staining of nuclei (blue) are shown
in the upper panels. The bar graph in the lower panel shows the means == SD of three independent experiments. The proportion of
albumin-positive cells in differentiated NPC-derived iPSC lines was similar to that in the normal control. Scale bars = 100 um. (C}: Cell
size of HLCs. The cell size of albumin-positive cells in Figure 1B was calculated using IN CELL ANAYZER 6000 (GE Healthcare). The NPC-
derived HLCs were larger than normal HLCs. {(D): Cholesterol accumulation in HLCs derived from NPC-iPSC lines. Free cholesterol was
examined by filipin staining {upper image), and the relative intensity was calculated relative to the normal iPSC line, N1-12 (lower
graph). Data are means = SD of three independent experiments. NPC-derived HLCs showed a marked and significant accumulation of
free cholesterol compared with HLCs derived from the normal iPSC lines, N1-12 and N3-2. *, p < .01, indicated NPC-iPSC line versus
normal iPSC lines, Student’s t test. Scale bars = 100 pum. (E}: ATP levels in HLCs derived from iPSC lines. Experiments were conducted in
triplicate {mean = SD). The ATP levels were significantly lower in NPC-derived HLCs than in normal controls. *, p<.01; ¥ p < .05, indi-
cated NPC-iPSC line versus normal iPSC lines, Student’s t test. {F}: Autophagy was upregulated and the protein levels of LC3-Il were sig-
nificantly elevated in NPC-derived HLCs. *, p<.01; ¥, p < .05, indicated NPC-iPSC lines versus normal iPSC lines, N1-12, and N3-2,
Student’s t test. The expression level was normalized to the expression of a-tubulin in each iPSC line. (G): Impairment of autophagic flux
in NPC-derived HLCs. The insoluble form of p62 was enhanced in NPC-derived HLCs compared with that in normal HLCs. {H): Immunoflu-
orescence staining for p62. Abnormal aggregation of p62 was strongly present in NPC-derived HLCs (green, upper panel). The aggregated
granules were counted and the results summarized in the lower graph. The proportion of cells carrying more than 40 granules was
increased in NPC-derived HLCs compared to normal HLCs. Nuclear staining, Hoechst 33258 (blue); scale bars = 25 um. Abbreviations: AP,
alkaline phosphatase; NPC, Niemann-Pick disease type C.
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accumulates in mitochondria at normal membrane potential.
We could not detect any difference in staining patterns for JC-
1 or CMXRos between normal and NPC-derived HLCs (Sup-
porting Information Fig. S3H, S3I).

Cellular autophagy is impaired in lysosomal storage dis-
eases [25], therefore we used two methods to monitor the
autophagy pathway in our NPC-derived HLCs compared to
controls. First, we examined expression of the autophagy
marker, microtubule-associated protein 1 light chain 3 {LC3)
(Fig. 1F) [26]. C-terminal processing of LC3 produces LC3-l,
which is modified to LC3-Il with the initiation of autophago-
some formation. We also measured p62/SQSTM1 (p62)
expression to assess autophagic flux (Fig. 1G, 1H) [27].
Because p62 binds to LC3 and is degraded upon fusion with
the lysosome, impairment of autophagy flux results in the
accumulation and aggregation of insoluble p62. The expres-
sion levels of LC3-1I and insoluble p62 proteins were higher in
NPC-HLCs than in normal HLCs (Fig. 1F, 1G). In addition, the
NPC-derived HLCs showed excessive p62 aggregation com-
pared with normal HLCs (Fig. 1H). These results suggested
that autophagy is upregulated and autophagic flux is impaired
in the NPC-derived HLCs.

Effect of Various Cyclodextrin Treatments on
Cholesterol Accumulation and Restoration of Cellular
Functions

A major aim of generating iPSCs from NPC patient cells is to
develop an in vitro system for screening drug candidates. Our
observation of extreme cholesterol accumulation in NPC iPSC-
derived HLCs prompted us to examine the effect of various
drug treatments on this process; specifically, we tested a
series of 2-hydroxypropyl-cyclodextrins of different cavity
sizes. 2-Hydroxypropyl-fS-cyclodextrin (HPBCD) is effective for
reducing cholesterol accumulation in NPCI-defective cells
[28], and this was supported by our findings of significantly
reduced cholesterol accumulation in NPC-HLCs with HPBCD
treatment  (Fig. 2A). Interestingly, 2-hydroxypropyl-o-
cyclodextrin (HPACD) had no effect on cholesterol accumula-
tion, while HPGCD reduced the cholesterol accumulation in
NPC-HLCs to the same extent as HPBCD (Fig. 2A). The size of
HLCs was also decreased by the treatments with HPBCD and
HPGCD (Supporting Information Fig. S4A). Notably, low con-
centrations (100 pM) of HPBCD and HPGCD were ineffective
for reducing cholesterol accumulation (Supporting Information
Fig. S4B). The cholesterol accumulation does not appear
before day 11 of the culture (Fig. 2B). In contrast, it is greatly
and significantly enhanced on day 14, comparing to the con-
trol, and continuously increased up to day 22 during the
hepatic differentiation. The 4-day treatments of HPBCD and
HPGCD from day 18 to day 22 can significantly reduce the
accumulation (Fig. 2B).

We next examined when during hepatic differentiation
HPBCD and HPGCD are effective in reducing the NPC pheno-
type. By drug-treating our HLCs at various time points, we
found that HPBCD and HPGCD effectively reduced cholesterol
accumulation during the last 4 days (days 15-18) of hepatic
differentiation (Fig. 2C). From days 15 to 18, differentiating
HLCs express a-fetoprotein and albumin, and before day 15
the cells are intermediates between hepatic cells and iPSCs
(Supporting Information Fig. S2B, S2C). These results therefore
indicated that HPBCD and HPGCD could impede the choles-
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terol accumulation of NPC-derived cells at the hepatic cell
stage in the in vitro iPSC cultures.

We next asked whether the cyclodextrin treatments could
restore the abnormally low ATP levels and abnormal autoph-
agy exhibited by the NPC-derived HLCs, and found that
HPBCD and HPGCD treatment recovered both these functional
abnormalities (Fig. 2D-2F; Supporting Information Fig. S4C).

NPC patients suffer from neural dysfunction [29], thus we
examined whether neural cells derived from NPC-iPSCs also
accumulate free cholesterol and if such a defect could be
abrogated by HPGCD treatment. Neural progenitors expressing
nestin were induced from healthy donor- and NPC-derived
iPSCs and tested for marker expression during the neural dif-
ferentiation. The expressions of the neural progenitor markers
were gradually elevated in both normal and NPC-derived iPSC
lines, whereas pluripotent markers such as Oct3/4 and Nanog
were markedly decreased up to day 7 (Fig. 3A; Supporting
Information Fig. S5A). These results suggest that the differen-
tiation potential into neural progenitors in NPC-derived iPSC
lines is almost equal to that in normal iPSC lines. However,
the NPC-derived neural progenitors exhibited cholesterol accu-
mulation that was significantly reduced with HPBCD and
HPGCD treatments (Fig. 3B, 3C). Similar to NPC-derived HLCs,
we found the low ATP levels and the abnormal autophagy
which were restored with HPBCD and HPGCD treatments (Fig.
3D, 3E). HPBCD and HPGCD did not affect the levels of neural
marker expression (Supporting Information Fig. S5B). These
results indicated that both HLCs and neural cells derived from
NPC-iPSCs are useful for evaluating drug candidates and that
HPGCD, in addition to HPBCD, is a promising drug candidate
for NPC treatment. Taken together, our data validate
transgene-free iPSC lines as cellular models for NPC.

HPBCD and HPGCD Have a Different Effect on the
Cholesterol Accumulation from Miglustat

Miglustat is used to treat NPC patients [30]. We next investi-
gated the effect of Miglustat on the cholesterol accumulations
in iPSC-derived neural progenitors and HLCs. Although HPGCD
and HPBCD treatment could reduce the accumulations in both
the cells, Miglustat could not at all remove the cholesterol
accumulation from the cells with 4-day treatments (Fig. 4A).
Similarly, neither ATP level nor abnormal autophagy were
restored in both the cells with the Miglustat treatments (Fig.
4B, 4C; Supporting Information Fig. S6A, S6B). These results
are reasonable because Miglustat is an enzyme inhibitor for
glycosylceramide synthase, and suggest that the action mech-
anism of HPGCD and HPBCD is different from that of Miglu-
stat [31]. We confirmed that Miglustat treatment could inhibit
the glycosyl-ceramide synthesis in the iPSC-derived cells (Fig.
4D; Supporting Information Fig. S6C).

HPGCD Treatment Restores the Molecular
Abnormalities More Effectively than HPBCD Treatment

We then used microarray analysis to further characterize the
NPC-derived HLCs. A large number of genes were differentially
expressed in each NPC-derived HLC line compared with
healthy donor-derived HLCs, including 361 datasets of com-
monly downregulated and 362 datasets of commonly upregu-
lated genes with a fold change >1.5 (Fig. 5A). To elucidate
the functional significance of these changes in gene expres-
sion, we analyzed the commonly downregulated and
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Figure 2. Effect of cyclodextrins on cholesterol accumulation in NPC-derived hepatocyte-like cells (HLCs). (A): Effect of a series of
hydroxypropyl-cyclodextrins on the reduction of free cholesterol accumulation in NPC-derived HLCs. HLCs were cultured with 1 mM of
the indicated hydroxypropyl-cyclodextrin for 4 days, filipin stained (left image), and analyzed with an IN Cell Analyzer (right graph, GE
Healthcare). Data are means = SD of three independent experiments. HPGCD and HPBCD, but not HPACD, significantly reduced free cho-
lesterol accumulation in the NPC-derived HLCs. *, p <.01, nontreatment versus treatment of each NPC-derived HLC, Student’s t test.
Scale bars =50 pm. (B): The free cholesterol accumulation during the hepatic differentiation. The filipin staining data were analyzed
with an IN Cell Analyzer The cells were treated with HPBCD and HPGCD from day 18 to day 22. Experiments were conducted in tripli-
cate (mean % SD). * * 3, p <.01, NPC clones versus normal clones, Student’s t test. (C): Effects of HPBCD and HPGCD on the reduction
of free cholesterol accumulation in NPC-derived induced pluripotent stem cell (iPSC) differentiation. The differentiated iPSCs were
treated with 1 mM of HPBCD or HPGCD for the indicated times (left panel). The filipin staining data were analyzed with an IN Cell Ana-
lyzer (right graph). HPBCD and HPGCD treatments were effective at hepatic stages from day 15 to day 18 during in vitro iPSC differen-
tiation. Experiments were conducted in triplicate (mean % SD). *, p < .01, nontreatment versus treatment, Student’s t test. (D): HPBCD
and HPGCD treatments restored ATP levels of HLCs derived from NPC-iPSC lines. The levels were significantly recovered by treatments
with HPBCD and HPGCD. HLCs were culture with 1 mM 2-hydroxypropyl-cyclodextrins (HPCDs) for 4 days. Data are means = SD of three
independent experiments. ¥, p < .05, nontreatment versus treatment, Student’s t test. (E}: HPCD treatments restored the abnormal
induction of autophagy in NPC-derived HLCs. The expression level of LC3 was recovered to normal levels by treatments with HPBCD and
HPGCD. f: Treatment with 1 mM HPBCD for 4 days, y: 1 mM HPGCD treatment for 4 days. The expression level was normalized to «-
tubulin expression in each iPSC line. (F): HPCD treatments restored the impairment of autophagic flux. HPBCD and HPGCD treatments
reduced the amount of insoluble p62 in NPC-derived HLCs. : Treatment with 1 mM HPBCD for 4 days, y: 1 mM HPGCD treatment for
4 days. Abbreviations: HPACD, 2-hydroxypropyl-a-cyclodextrin; HPBCD, 2-hydroxypropyl-f-cyclodextrin; HPGCD, 2-hydroxypropyl-y-
cyclodextrin; NPC, Niemann-Pick disease type C.
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Figure 3. Effect of cyclodextrins on cholesterol accumulation in neural progenitors. (A): Marker expressions of neural progenitors
derived from the induced pluripotent stem cell (iPSC) lines. The neural progenitors were induced from healthy donor- and NPC-derived
iPSC lines. The cells showed expressed nestin (left panel, immunostaining) as well as other neural progenitor markers (right panel,
GPCR). Scale bars = 50 um. (B, C): Effect of HPBCD and HPGCD on the reduction of free cholesterol accumulation in NPC-derived neural
progenitors. Neural progenitors were cultured with 1 mM of the indicated hydroxypropyl-cyclodextrin for 4 days, filipin, nestin and Pl
stained (B), and analyzed with an IN Cell Analyzer (C). Data are means = SD of three independent experiments. HPGCD and HPBCD
treatments significantly reduced free cholesterol accumulation in the nestin® NPC-derived neural progenitors. *, p <.01, nontreatment
versus treatment of each NPC-derived neural progenitors, Student’s t test. Scale bars =50 pm. (D): HPBCD and HPGCD treatments
restored ATP levels of NPC-derived neural progenitors. The neural progenitors were culture with 1 mM 2-hydroxypropyl-cyclodextrins
(HPCDs) for 4 days. Data are means  SD of three independent experiments. #, p < .05, nontreatment versus treatment, Student’s t test.
(E): HPCD treatments restored the abnormal autophagy in NPC-derived neural progenitors. The expression levels of LC3 (upper and left
lower panels) and p62 (upper and right lower panels) were decreased by treatments with HPBCD and HPGCD. f: Treatment with 1 mM
HPBCD for 4 days, y: 1 mM HPGCD treatment for 4 days. The expression level was normalized to a-tubulin expression in each iPSC line.
Abbreviations: HPBCD, 2-hydroxypropyl-f-cyclodextrin; HPGCD, 2-hydroxypropyl-y-cyclodextrin; NPC, Niemann-Pick disease type C; PI,
propidium iodide.
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upregulated genes identified using gene set enrichment analy-
sis {GSEA). Analysis of the commonly downregulated genes
revealed the following four molecular signatures to be signifi-
cantly altered in NPC-derived HLCs compared to normal con-
trol cells: lipid metabolism, biosynthesis, cellular lipid
metabolism, and cellular transport (p <.05; Fig. 5B). Among
the 1,972 genes related to lipid metabolism, 10 genes were
identified as downregulated by GSEA (HSD17B3, FSHB, ACACB,
NAPEPLD, NR2F2, UGT2B15, PCYT1B, DGKE, APOC3, and CCL5)
(Fig. 5C). Similarly, 46 and 34 genes related to biosynthesis
and cellular transport, respectively, were identified as downre-
gulated, and of these, 6 biosynthesis-related and 3 transport-
related genes overlap with those related to lipid metabolism,
while, 6 genes related to cellular lipid metabolism are abso-
lutely included in the gene set related to lipid metabolism.
Next, we investigated the effects of HPBCD and HPGCD on
the expressions of genes included in the abnormal molecular
signatures. The cluster analysis revealed that treatment of the
cells with HPGCD shifted all the functionally related gene
expression patterns closer to the normal patterns than treat-
ment with HPBCD (Fig. 5C). Conversely, one molecular signa-
ture related to protein metabolism was identified among the
commonly upregulated genes (p < .05; Fig. 5B); however, nei-
ther cyclodextrin treatment efficiently shifted this gene
expression pattern toward that of the normal cells (Support-
ing Information Fig. S7A, Table S5). Taken together, the results
indicated that lipid and protein metabolic processes are
impaired in NPC-derived HLCs and that they are more effec-
tively improved by HPGCD treatment than HPBCD treatment.

Molecular Signatures Altered with HPGCD Treatment
Are Different from Those with HPBCD Treatment

To further characterize the HPBCD and HPGCD effects on
NPC-derived HLCs, we analyzed gene expression profiles from
the microarray experiments. The patterns of global gene
expression were similar between untreated HLCs and cells
treated with HPBCD (Fig. 5D; Supporting Information Fig.
S7B), but different with HPGCD treatment (Fig. 5E; Supporting
Information Fig. S7C). Interestingly however, there were differ-
ences in specific gene expression patterns between HPGCD-
treated and HPBCD-treated HLCs, suggesting that HPGCD and
HPBCD have different effects on iPSC-derived HLCs at the
molecular level (Fig. 5F; Supporting Information Fig. S7D). Fur-
ther GSEA to explore the functional significance of changes in
gene expression with HPGCD and HPBCD treatments revealed
the specific molecular signatures in the commonly downregu-
lated genes in NPC-derived HLCs (Fig. 5A). The one molecular
signatures significantly altered by the HPBCD treatment relate
functionally to immunity (p <.05; Fig. 5G). HPGCD treatment
significantly changed gene expression patterns related to
three molecular signatures (p < .05; Fig. 5G). The molecular
signatures related to chemical stimulus response and cell-cell
signaling were significantly identified in the HPGCD-treated
cells, but not in the HPBCD-treated cells. In the top-10 signa-
tures, some molecular signatures such as lipid metabolism
were affected by both cyclodextrin treatments (Fig. 5G). The
cluster analysis revealed that HPGCD treatment shifted
HPBCD-altered signature with p <.05 closer to the normal
pattern than HPBCD (Supporting Information Fig. S7E). How-
ever, HPGCD-altered signature with p < .05, as shown in Fig-
ure 5G, did not show this tendency (Supporting Information

www.StemCells.com

Fig. S7E). We also analyzed the top-10 signatures together.
Interestingly, while HPGCD treatment shifted HPGCD-altered
signatures closer to the normal pattern than HPBCD, HPBCD
treatment shifted the HPBCD-altered signatures closer to the
normal pattern than HPGCD (Supporting information Fig. S7F).
We attempted to enrich the molecular signatures identified in
the commonly upregulated genes of HLCs derived from NPC-
iPSC lines, but found no effect with either HPBCD or HPGCD
treatment. The fact that some molecular signatures were
common and others specifically and significantly changed by
HPGCD treatment only suggests that the molecular mecha-
nisms underlying the cholesterol reduction are different
between HPBCD and HPGCD treatments, although they share
some common mechanisms. The results of DNA arrays were
confirmed by quantitative RT-PCR of the genes that were ran-
domly selected from the heatmap (Supporting Information
Figs. $8-511).

HPGCD Treatment Can Improve NPC-Model Mice

Herein we identified a novel effect of HPGCD on the reduc-
tion of cholesterol accumulation in NPC-derived HLCs. Next,
we asked whether HPGCD treatment could be similarly effec-
tive in NPC model mice bearing a spontaneous mutation of
the Npcl gene that causes a defect in lysosome to ER traffick-
ing of cholesterol. These mice also exhibit a similar phenotype
to the human disease including cholesterol accumulation in
the liver and brain. The model mice show liver injury and
neural functional impairment and die before 12 weeks old
without proper treatment [32].

We treated 4-week-old NPC mice with HPGCD once a
week until 8.5 weeks of age (Fig. 6A) by subcutaneous injec-
tion (five injections in total). Following treatment, aspartate
aminotransferase and alanine aminotransferase, serum
markers for liver injury, were markedly and significantly
reduced (Fig. 6B), and histological analysis revealed a marked
morphological improvement in the livers of mice treated with
HPGCD (Fig. 6C). Vacuolization and lipid-laden macrophages
observed in the livers of saline-treated NPC mice were almost
absent in the treated mice (Fig. 6C; Supporting Information
Fig. S12A). Consistently, the free cholesterol accumulation was
significantly decreased in the livers of the HPGCD-treated
mice, compared to those of saline-treated mice (Fig. 6D).
Interestingly, Purkinje cells of HPGCD-treated mice still par-
tially remained in the cerebellar vermis, comparing to the
saline-treated NPC mice (Fig. 6E; Supporting Information Fig.
S12A), suggesting that HPGCD injection affects both liver and
cerebellar defects in the NPC model mice.

Cellular markers of autophagy such as LC3-Il and insoluble
p62 were upregulated in the livers and brains of saline-
treated NPC mice, and then significantly reduced with the
HPGCD treatment (Fig. 6F), indicating that HPGCD could also
recover autophagy function in the liver and brain of NPC
model mice.

Survival analysis shows that the HPGCD treatment could
significantly prolong the NPC mouse survival by 10-14 days
(Fig. 6G). To clarify the cause of death in the treated mice, we
carefully and extensively examined the pathology of the
organs such as heart, lung, liver, kidney, and cerebellum in
the dead mice. Many vacuoles were observed in the liver and
kidney of the saline-treated mice, suggesting that free choles-
terol and glycolipids are accumulated in them (Fig. 6H;
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Figure 4. Action mechanism of 2-hydroxypropyl-cyclodextrin (HPCD) is different from Miglustat. (A): Effect of Miglustat on the free
cholesterol accumulation in the NPC-derived cells. Neural progenitors (left graph) and hepatocyte-like cells {right graph) were cultured
with the various concentration of Miglustat and 1 mM of the indicated hydroxypropyl-cyclodextrin for 4 days, filipin stained, and ana-
lyzed with an IN Cell Analyzer. Miglustat did not reduce the cholesterol accumulation. Data are means = SD of three independent
experiments. *, p <.01, nontreatment versus treatment of each NPC-derived cells, Student’s t test. (B}: HPBCD and HPGCD but not
Miglustat treatments restored ATP levels of NPC-derived neural progenitors. The levels were significantly recovered by treatments with
HPBCD and HPGCD. Data are means *+ SD of three independent experiments. *, p < .05, nontreatment versus treatment, Student’s ¢
test. (C): HPCD but not Miglustat treatments restored the abnormal autophagy in NPC-derived neural progenitors. The expression levels
of LC3 and p62 were decreased by treatments with HPBCD and HPGCD. In contrast, Miglustat did not affect the expression levels of
LC3 and p62. f: Treatment with 1 mM HPBCD for 4 days, y: 1 mM HPGCD treatment for 4 days, Mig: Treatment with the indicated con-
centration of Miglustat for 4 days. The expression level was normalized to a-tubulin expression in each iPSC line. (D): Miglustat can
inhibit the synthesis of glycosylceramide in NPC-derived neural progenitors. The glycosylceramide expression disappeared with Miglustat
treatment, suggesting that Miglustat inhibit the synthesis of glycosylceramide by blocking the activity of glycosylceramide synthase.
Abbreviations: CBE, conduritol B epoxide, inhibitor of f-glucocerebrosidase; Glc-Cer, glycosylceramide; HPBCD, 2-hydroxypropyl-f-
cyclodextrin; HPGCD, 2-hydroxypropyl-y-cyclodextrin; NPC, Niemann-Pick disease type C; Std, glycosylceramide as a standard.
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Figure 5. Characterization of HLCs derived from the induced pluripotent stem cell {(iPSC} lines with HPGCD or HPBCD treatments. (A):
Venn diagram for the genes that were downregulated or upregulated by 1.5-fold or more between healthy donor- and NPC-derived
HLCs. Comparing downregulated or upregulated gene profiles between healthy donor- and NPC-derived HLCs, the gene expressions of
361 datasets were commonly downregulated (left panel) and those of 362 datasets were upregulated (right panel). (B): Molecular signa-
tures were altered in NPC-derived HLCs. Gene set enrichment analysis (GSEA) enriched the biological processes of gene ontology, which
are significantly altered in NPC-derived HLCs. The molecular signatures in the red squares were significantly (p <.05) changed in NPC-
derived HLCs, compared to healthy donor-derived HLCs. Upper graph: downregulated signatures in NPC, lower graph: upregulated signa-
tures in NPC. (C): Hierarchical clustering of genes significantly downregulated in NPC. The datasets of the genes included in the molecu-
lar signatures as shown in the red square of Figure 5B were clustered according to Euclidean distance metrics. The datasets of NPC-
derived HLCs with HPGCD treatment (blue) were close to those of normal HLCs (black). In contrast, the datasets of NPC-derived HLCs
(pink) and three out of four with HPBCD treatments (green) were classified into the separate branch from those of normal HLCs. The
genes selected are classified into the four signatures: lipid metabolic process, biosynthetic process, cellular lipid metabolic process, and
transport (right panel). Red gene names indicate those genes included in the Lipid metabolic process. (D-F): Global gene-expression pat-
terns of the HLCs following HPBCD and HPGCD treatments. Scatter-plot representations of the global gene-expression patterns for HLCs
in the presence and absence of HPBCD (D) or HPGCD (E) were compared. In addition, scatter-plot representations of the global gene-
expression patterns for the HLCs with HPGCD treatment were compared to those with HPBCD treatment (F). The pattern of global gene
expression for HLCs with HPGCD treatment is different from that with no treatment or HPBCD treatment. N1-12 and N3-2: HLCs derived
from normal iPSC lines; NPC5-1, NPC5-2, NPC6-1, and NPC6-2: HLCs derived from NPC-iPSC lines. (G): Some molecular signatures specifi-
cally altered with HPGCD treatment differed from those altered with HPBCD treatment. In the commonly downregulated genes in NPC-
derived HLCs {Fig. 5A), GSEA enriched the biological processes containing the genes that were significantly changed with HPBCD (upper)
or HPGCD (lower) treatments. The molecular signatures including response to chemical stimulus and cell signaling were specifically and
significantly altered with HPGCD treatment (p <.05). Abbreviations: HLC, hepatocyte-like cell; HPBCD, 2-hydroxypropyl-f-cyclodextrin;

HPGCD, 2-hydroxypropyl-y-cyclodextrin; NPC, Niemann-Pick disease type C.
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Supporting Information Fig. S12B). in contrast, the organs of
the HPGCD-treated mice look normal with no vacuoles. How-
ever, the defect of Purkinje cells in the cerebellum was exa-
cerbated and was not at all improved even with the HPGCD
treatment (Fig. 6l; Supporting Information Fig. S12B). Consis-
tently, the cholesterol accumulation was not reduced in the
brain of HPGCD-treated mice (Supporting Information Fig.
S12C). Based on these results, we concluded that HPGCD-
treated mice died due to the neurological disturbance.

Finally, we examined the toxic effects of HPBCD and
HPGCD in vitro and in vivo. HPGCD was much less toxic than
HPBCD in both iPSC-derived HLCs and normal mice (Fig. 7A,
7B). Indeed, high-dose HPBCD treatment decreased cell viabil-
ity and mouse survival rate, whereas similar doses of HPGCD
had no effect on cell viability and mouse survival rate. Inter-
estingly, the NPC-derived HLCs showed less toxicity to HPBCD
treatment than normal HLCs (Fig. 7A). These data suggest that
HPGCD is a safer candidate than HPBCD for NPC therapy in
the future. Taken together, our results indicate that HPGCD
treatment can improve the abnormalities in NPC model mice
and that HPGCD is a potential drug candidate for NPC
treatment.

We established iPSC lines from two patients with NPC and
demonstrated that these lines provide an appropriate cellular
model of the disease. Using the model, we found a new drug
candidate, HPGCD, for NPC therapy.

Our finding that free cholesterol accumulated in HLCs and
neural progenitors derived from NPC-iPSC lines was consistent
with the cholesterol accumulation observed in the livers and
brains of NPC patients [18]. Biochemical analysis revealed low
ATP production and abnormal autophagy in the NPC-derived
HLCs and neural progenitors compared with the normal con-
trols. These low ATP levels are consistent with the abnormally
low levels of ATP observed in the brain, muscle, and liver of
9-week-old NpcI-null mice [33], and although we found no
differences in the mitochondrial membrane potentials, the
low ATP levels also suggested that reduced mitochondrial
activity in HLCs and neural progenitors is an early event of
NPC. Reduction in mitochondrial activity occurs in the early
phases of apoptosis, as detected in the liver tissue of adult
Npcl null mice (more than 7 weeks old), but not young Npcl
null mice (less than 7 weeks old) [34]. Here, we found no evi-
dence of enhanced apoptosis in NPC-HLCs newly generated
from NPC-derived iPSC lines, suggesting that cellular apoptosis
is not a feature of the early disease phase, despite the choles-
terol accumulation.

Both HLCs and neural progenitors derived from NPC-iPSCs
showed elevated protein levels of LC3-Il and insoluble p62, as
well as abnormal p62 aggregation, compared to those derived
from normal controls. LC3-1f is a robust marker for autophagy
induction, and impairment of autophagic flux is associated
with accumulation of insoluble p62, which forms abnormal
aggregates [26, 27]. Therefore, our results suggest that the
NPC1 mutation in the iPSC-derived HLCs and neural progeni-
tors caused both induction of autophagy and impairment of
autophagic flux. Abnormal autophagic events are widely

" observed in lysosomal storage diseases [25], and a marked
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accumulation of autophagosomes is observed in the liver tis-
sues of Npcl-null mice and fibroblasts of NPC patients [35,
36]. Taken together, our results therefore suggested that both
reduced ATP levels and enhanced autophagy induction are
early pathogenic events of NPC.

In this study, GSEA revealed that lipid and protein metab-
olism were significantly impaired in NPC-derived HLCs. Choles-
terol and glycosphingolipids are key molecules in the
pathogenesis of NPC, and previous studies implicated molecu-
lar pathways related to lipid metabolism in the liver and brain
abnormalities observed in NPC mice [34, 37]. However,
because these previous results were obtained from the tis-
sues and organs of NPC mice, it could not be determined
whether the pathways were directly affected by the NPC
mutation or were secondary effects to tissue destruction
processes such as inflammation. Moreover, it is still unclear
whether cyclodextrin treatments can restore the abnormal
molecular pathways observed in NPC cells. In this study,
HPBCD treatment reduced cholesterol accumulation in NPC-
iPSC-derived HLCs and neural progenitors. This result confirms
and extends the previous findings that HPBCD treatment
effectively reduces cholesterol accumulation in Npcl-null mice
and NPC-derived fibroblasts [38-40].

We newly found that HPGCD treatment also effectively
reduced cholesterol accumulation in NPC-derived HLCs and
neural progenitors, but that HPACD had no effect. In addition,
both HPBCD and HPGCD restored ATP levels and abnormal
autophagy in NPC-derived HLCs and neural progenitors, and
HPGCD treatment dramatically improved liver injury and
abnormal autophagy in NPC mice, as well as prolonging sur-
vival. Moreover, cerebellar Purkinje cell defects in the model
mice were partially improved with HPGCD treatment. Previous
study demonstrated that HPBCD could not enter the central
nervous system (CNS) through the blood brain barrier (BBB)
in normal and NPC model mice. However, a volume of distri-
bution available to HPBCD exceeded the accepted values for
plasma and vascular volume of the brain, indicating a consid-
erable cell surface binding of HPBCD to the endothelium of
the cerebral vasculature. This may provide a favorable influ-
ence to normalize the biochemical and morphological abnor-
mality of CNS in NPC model mice [41]. In a similar manner to
HPBCD, the molecular weight of HPGCD {1,668 Da) prevents it
from transiting the BBB. The mechanism underlying the effect
on the cerebellar Purkinje cell is still unclear and further stud-
ies are needed to elucidate it.

Although the HPGCD treatment with the subcutaneous
injection prolonged the mice survivals, the treated mice finally
died due to the neurological disturbance. Histological analyses
could not find any marked abnormality in the lung, heart, kid-
ney, and liver of the HPGCD-treated mice. These results sug-
gest that HPGCD treatment is effective on the major organs
except for the CNS. The intrathecal injection of HPGCD should
be considered to treat the neurological disturbance of NPC
mice.

HPACD, HPBCD, and HPGCD consist of six, seven, and
eight D-glucopyranose units, respectively, linked to 2-
hydroxypropyl groups by «-1,4 glycosidic bonds to form a
macrocycle [42]. This structure provides the cyclodextrins with
a hydrophilic outer surface and a somewhat hydrophobic cen-
tral cavity. The ability of each hydroxypropyl-cyclodextrin to
form inclusion complexes with specific guest molecules
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depends upon the cavity size. For instance, the acyl chain of
phospholipids fits tightly into the small hydrophobic cavity of
HPACD, whereas the side chain of cholesterol is preferentially

included in the larger inner space of the HPBCD and HPGCD
cavities [43). Thus, our observation that HPBCD and HPGCD,
but not HPACD, were effective in reducing cholesterol
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