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Japanese type 1 pediatric population in the near future.

In conclusion, the GA/A1C-SI ratio represented
the G-gap better than did the GA/A1C-% ratio. We
propose that mean GA/A1C-SI ratios obtained indi-
vidually over time can be used as reference values in
Japanese children with type 1 diabetes; 6.75 + 0.60
(6.73: 6.31-7.17), means £ SD (median; interquartile
range), easily obtainable in regular medical practice.
The association of the GA/A1C-SI ratio with diabetic
complications remains to be investigated in compari-
son with other study populations of various races, gen-
ders, ages, and disease types.
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SPTAN1 encephalopathy: distinct phenotypes

and genotypes
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Recent progress in genetic analysis reveals that a significant proportion of cryptogenic epileptic encephalopathies are single-gene
disorders. Mutations in numerous genes for early-onset epileptic encephalopathies have been rapidly identified, including in
SPTAN1, which encodes «-II spectrin. The aim of this review is to delineate SPTANI encephalopathy as a distinct clinical
syndrome. To date, a total of seven epileptic patients with four different in-frame SPTANI mutations have been identified. The
major clinical features of SPTANI1 mutations include epileptic encephalopathy with hypsarrhythmia, no visual attention, acquired
microcephaly, spastic quadriplegia and severe intellectual disability. Brainstem and cerebellar atrophy and cerebral
hypomyelination, as observed by magnetic resonance imaging, are specific hallmarks of this condition. A milder variant is
characterized by generalized epilepsy with pontocerebellar atrophy. Only in-frame SPTANI mutations in the last two spectrin
repeats in the C-terminal region lead to dominant negative effects and these specific phenotypes. The last two spectrin repeats
are required for o/p spectrin heterodimer associations and the mutations can alter heterodimer formation between the two
spectrins. From these data we suggest that SPTANI encephalopathy is a distinct clinical syndrome owing to specific SPTANI
mutations. It is important that this syndrome is recognized by pediatric neurologists to enable proper diagnostic work-up for

patients.
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INTRODUCTION

Early-onset epileptic encephalopathies (EOEEs) are neurological
disorders in children characterized by frequent severe seizures
and persistent abnormality of cortical function, which can be
documented on electroencephalograms (EEGs). These features
lead to impaired neurodevelopmental outcomes during neonatal
or early infantile periods and beyond.!? The clinical and EEG
characteristics depend on the age at onset and may change over time
according to the successive age range.’ These serious conditions
during the first 6 months after birth include early myoclonic
encephalopathy, Ohtahara syndrome, West syndrome, migrating
partial seizure in infancy and unclassified infantile epileptic
encephalopathy. In patients with West syndrome and Ohtahara
syndrome, structural brain malformations, inborn errors of meta-
bolism and acquired brain insults are the major underlying causes.
After the initial identification of mutations for cryptogenic West
syndrome and Ohtahara syndrome, in the genes ARX, CDKL5 and
STXBP1,*® numerous other mutated genes for West syndrome and
Ohtahara syndrome have been found,>'* revealing that a significant
proportion of cryptogenic EOEEs are single-gene disorders. Recent
progress in DNA sequencing technologies has undoubtedly

contributed to this progress. This enables the rapid detection of point
mutations, and de novo mutations can be systematically identified by
family based exome sequencing.!” In the future, comprehensive
genetic analysis will come into widespread use in clinics, which will
contribute greatly for the further elucidation of EOEE genetics.
However, at present, the genetic diagnosis of EOEEs remains challen-
ging; therefore, more detailed studies of EOEEs are needed to establish
efficient gene testing based on detailed clinical information of
EOEEs.>1617

In 2010, we found de novo in-frame mutations in SPTANI in two
patients showing early-onset West syndrome with severe hypomyeli-
nation and developmental delay.!® SPTANI at 9934.11 consists of 53
exons and encodes o-II spectrin, which is essential for proper
myelination in zebrafish.?® The phenotypes of patients with SPTANI
mutations are not well recognized because the number of identified
patients is small despite extensive genetic testing of epileptic encepha-
lopathy cases. This review aims to: (1) describe the electroclinical and
neuroradiological features of patients with SPTANI mutations;
(2) delineate SPTANI encephalopathy as a distinct clinical syndrome
with specific genotypes and (3) lead clinicians towards the efficient and
appropriate choice of genetic testing.
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IDENTIFICATION OF DE NOVO SPTANI MUTATIONS
In 2008, we reported four patients showing early-onset West
syndrome with cerebral hypomyelination and reduction of cerebral
white matter, as observed by magnetic resonance imaging (MRI).?0
Among these patients, we identified a de novo microdeletion at
9g33.3-q34.11 involving STXBPI and SPTANI in one patient and
de novo in-frame mutations in SPTANT in two patients,'® including an
in-frame 3 bp deletion (c.6619_6621 del) leading to p.E2207 del in the
continuous helix region between the last two spectrin repeats and an
in-frame 6bp duplication (c.6923_6928 dup, p.R2308_M2309 dup)
within the last spectrin repeat. An additional four patients with de novo
in-frame SPTANI mutations within the last spectrin repeat were
subsequently identified in Slovenian,®' Japanese’? and Malaysian
patients with West syndrome (c.6619_6621 del; p.E2207 del in the
Slovenian patient, and ¢.6908_6916 dup; p.D2303_L2305 dup in two
Japanese patients and one Malaysian patient). The Malaysian patient
(subject 5) and one Japanese patient (subject 6) are presented here for
the first time. Three patients (subjects 3, 4 and 6) were suspected as
having SPTANI mutations based on the clinical features consistent
with the initial report. Whole-exome sequencing (WES) unexpectedly
revealed a SPTANI mutation in subject 5, in whom a SPTANI
mutation was never suspected. In addition to West syndrome,
Hamdan et al?® identified an in-frame de novo SPTANI mutation
(c.6605_6607 del; p.Q2202 del) within the continuous helix region
between the last two spectrin repeats in a patient with generalized
epilepsy, intellectual disability (ID) and pontocerebellar atrophy. A
total of seven epileptic patients with four different in-frame SPTANI
mutations have been identified to date. Interestingly, Hamdan et al.??
also reported a de novo p.R566P mutation in a patient with mild
nonsyndromic ID without epilepsy. The pathological significance of
this missense mutation is unclear because the patient’s sister, who has
similar clinical features, does not carry the SPTANI mutation.??
Therefore, in this review, we are focusing on patients with in-frame
SPTANI mutations, who showed epileptic encephalopathy or epilepsy.
It is notable that no SPTANI mutations were detected through
genetic screening by WES or whole-genome sequencing in epileptic
encephalopathy cases?*?7 or in patients with ID.2® This suggests that
patients with SPTANI mutations are quite rare. Alternatively, it is
possible that in-frame mutations were not considered as pathogenic in
the routine WES workflow. The recognition of clinical and neuror-
adiological features characteristic of in-frame SPTANI mutations
means that such in-frame mutations should not be overlooked when
carrying out WES analysis for epileptic encephalopathy.

CLINICAL FEATURES

Among the seven individuals with SPTANI mutations, six patients
showed West syndrome symptoms since early infancy and one patient
showed generalized epilepsy during childhood. With respect to the six
patients with West syndrome, all patients were born at term without
asphyxia. Their body weight, height and head circumference at birth
were normal, but postnatal microcephaly was noted in all six patients.
The range of microcephaly was under the 3rd centile at their respective
follow-up ages (Table 1). Three patients showed spastic tetraplegia and
the other three showed hypotonia during the neonatal period, which
evolved to spastic tetraplegia with generalized hypotonia. All patients
were blind, and one patient had coloboma-like optic discs. No
apparent abnormality of visceral organs was observed except for atrial
septal defect in one patient. At an age of 2 years, they were bedridden
and needed tube feeding, except for the youngest patient. All had
profound ID and spoke no meaningful words. Two patients passed
away at 2 and 3 years of age.
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Seizures were characterized by epileptic spasms, which appeared
from 3 weeks to 3 months of age. Two patients suffered myoclonic
seizures, three patients tonic seizures and one patient asymmetric tonic
seizures. In addition, one patient showed neonatal seizures. These
seizures were refractory to various antiepileptic and hormonal
therapies. In two patients, adrenocorticotrophic hormonal therapy
was partially effective, and another patient partially responded to a
ketogenic diet.

In contrast, one male patient with generalized epilepsy showed a
much milder phenotype. Although he had severe ID and spoke no
meaningful words, he could sit alone without support. He did not
show postnatal microcephaly. His seizure that developed at 2 years of
age consisted of generalized tonic—clonic seizures and absence seizures,
which were well controlled by valproic acid.

Detailed clinical information of individuals is summarized in
Table 1.

ELECTROENCEPHALOGRAM AND LABORATORY FINDINGS

In all six patients with West syndrome, EEGs showed hypsarrhythmia
or modified hypsarrthythmia. EEGs in two patients initially showed
multifocal spikes that evolved to hypsarrhythmia. No patient showed a
suppression-burst pattern, even though the seizure onset was at early
infancy. In contrast, interictal EEG was normal in the one milder
variant.

No specific laboratory findings were determined in relation to this
disease. Routine hematological and chemical examinations were
normal in all patients. Cerebral spinal fluid analysis showed no
abnormality, including amino-acid and lactate analysis. Metabolic
screening tests were negative, including analysis of plasma amino
acids, urine organic acids, and blood lactate and pyruvate. Chromo-
some analysis of peripheral blood lymphocytes showed normal

karyotypes.

NEURORADIOLOGICAL FINDINGS

Initially, we noted that hypomyelination and reduced volume of white
matter are characteristic features of this syndrome. By taking account
of the neuroradiological findings of additional patients, it turned out
that atrophy/hypoplasia of the brainstem and cerebellum is also the
hallmark of patients with SPTANI mutations.

All six patients with West syndrome showed severe hypomyelina-
tion, hypoplasia of the corpus callosum, cortical atrophy, and atrophy
of the brainstem and cerebellum. In addition, five patients showed
marked attenuation of white matter volume in combination with
hypomyelination, especially in the frontal lobes. These findings were
sometimes misdiagnosed as influences of severe hypoxia. Follow-up
study in four patients was able to demonstrate that atrophy of the
brain was progressive and myelination of the hemispheric white
matter had never commenced. No migrational abnormality was
observed. The patient with generalized epilepsy showed only atrophy
of the brainstem and cerebellum without involvement of the
cerebrum. Calcification was not observed by computed tomography.

Characteristic MRI pictures of individuals are presented in Figure 1.

ROLE OF SPECTRINS

Spectrins are considered to be membrane skeletons involved in the
stabilization of membrane proteins and activation of membrane
channels, receptors and transporters.?>! The spectrin repertoire in
humans includes two o subunits and five § subunits. Spectrins are
long flexible molecules consisting of o and P subunits, which
are assembled in an antiparallel side-by-side manner into
heterodimers.?>?° Heterodimers form by end-to-end tetramers
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Table 1 Summary of clinical features in seven individuals

Subject 1 2 3 4 5 & 7

Sex F M F W F M M

Nationality Japanese Japanese Slovenian Japanese Malaysian Japanese Canadian

Mutation ¢.6619_6621 del ¢.6923_6928 dup c.6619_6621 del ¢.6908_6916 dup c.6908_6916 dup ¢.6908_6916 dup ¢.6605_6607 del
p.E2207 del p.R2308_M2309 dup p.E2207 del p.D2303_L2305 dup p.D2303_L2305 dup p.D2303_L2305 dup p.Q2202 del
De novo De novo De novo De novo De novo De novo De novo

Dx West syndrome West syndrome West syndrome West syndrome West syndrome West syndrome Generalized epilepsy

Age at onset 2 months 3 months 1 month 1 month 3 weeks 1 day 2 years

Initial symptoms No visual contact No visual contact No visual contact Failure to thrive Seizure Seizure, apnea Seizure

Seizure type Spasms, tonic sz Spasms, tonic sz Myoclonic sz, spasms, tonic  Spasms Spasms Spasms, myoclonic sz, Generalized tonic-

sz asymmetric tonic seizure clonic sz, absence

Age at onset of sei~ 3 months 3 months 2 months 3 months 3 weeks 4 months (spasms) 2 years

zure/spasms

Initial EEG Hypsarrhythmia Hypsarrhythmia Focal spikes Hypsarrhythmia Multifocal spike NA Norrnal

Age at onset 3 months 4 months 4 months 3 months 2 years® 4 months —

hypsarrhythmia

Response to Intractable, daily Intractable, daily Intractable, daily Intractable, daily Intractable, daily Intractable, daily Good

therapy

Effective treatment — Clobazam partially effective  Topiramate and ketogenic ACTH partially effective e ACTH partially effective Valproic acid

Development

Neurologic
examination

OFC at birth (cm)
Postnatal OFC (cm)

Others
Magnetic reso-
nance imaging

Last follow-up age
Reference

No head control, no social
contact

Profound ID, spastic
quadriplegia

31.5 (10th centile)

46.5 (3rd centile>) at
143 months

Cortical atrophy, thin CC,
hypomyelination, atrophy of
cbll and brainstem

(at 8 years old)

11 years old

Saitsu et al.}8

No head control, no social
contact

Profound 1D, spastic
quadriplegia

33 .0 (25-50th centile)
42.4 (3rd centile > ) at
36months

Myocarditis

Cortical atrophy, thin CC,

hypomyelination, atrophy of

¢bil and brainstem
(at 3 years old)
Died at 3 years
Saitsu et al.18

diet partially effective

No head control, no social
contact

Profound 1D, spastic quadri-
plegia with hypotonia

34.0 (25th centile)

44.5 (2nd centile>) at

40 months

Coloboma

Cortical atrophy, thin CC,
hypomyelination, atrophy of
cbll and brainstem

(at 3 months old)

3 years old

Writzl et a/2!

No head confrol, no social
contact

Profound 1D, spastic quadri-
plegia, dystonia

31.5 (10th centile)

41.5 (3rd centile> ) at

12 months

Atrial septal defect

Cortical atrophy, thin CC,
hypomyelination, atrophy of
cbil and brainstem

(at 2 years old)

Died at 2 years

Nonoda et al.?2

No head control, no social

contact

Profound 1D, spastic quadri-
plegia with hypotonia,

dystonia

34.0 (75th centile)
42.0 (3rd centile>) at

24 months

Cortical atrophy, thin CC,
hypomyelination, atrophy of
cbll and brainstemn

(at 5 months old)

2 years old
This paper

No head control, no social
contact

Profound 1D, spastic quad-
riplegia with hypotonia

32.4 (10-25th centile}
44.8 (3rd centile>) at

70 months

Brain atrophy, thin CC,
hypomyelination, atrophy of
cbll and brainstem

(at 5 years old)

6 years old

This paper

Sitting, no word

Profound 1D,
hypotonia

NA

56.0 {90-97th cen-
tile) at 11 years
Atrophy of cbll and
brainstem

{at 11 years old)
11 years old
Hamdan et a/.23

Abbreviations: ACTH, adrenocorticotrphic hormone; cbil, cerebellum; CC, corpus callosum; Dx, diagnosis; EEG, electrosncephalogram; F, female; 1D, intellectua! disability; M, male; NA, not applicable; OFC, occipitofrontal circumference.
aSubject 5 recored EEG only twice at 5 months and 2 years of age.
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Figure 1 Brain MRI of subjects with SPTANI mutations. T2-weighted axial
and T1l-weighted mid-sagittal images of subject 1 (a, b), subject 2 (c, d),
subject 5 (e, f), subject 6 (g, h) and T2-weighted coronal and T1-weighted
mid-sagittal images of subject 7 (i, j). Severe hypomyelination, hypoplasia of
corpus callosum, cortical atrophy, and atrophy of brainstem and cerebellum are
evident in subject 1, 2, 5 and 6. Only atrophy of brainstem and cerebellum
are observed in subject 7.23 Images of i and j are adapted from ref. 23.
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integrating into the membrane cytoskeleton.?®30 Defects of erythroid
o-T and B-I spectrins and neuronal B-III spectrin are associated with
hereditary spherocytosis (SPH3 and SPH2 [MIM#270970 and
+182870]) and spinocerebellar ataxia type 5 (SCAS5 [MIM #600224]),
respectively.?®3>33 o1 spectrin is considered as the major o spectrin
expressed in nonerythroid cells, and o-II/B-II spectrin heterodimers
are the predominant species in these cells.?®* Abnormal node of

‘Ranvier development and destabilization of nascent voltage-gated

sodium channel clusters were observed in zebrafish o-II spectrin
mutants harboring a nonsense mutation. These mutants also showed
impaired myelination in motor nerves and in the dorsal spinal cord,
suggesting that o-II spectrin has important roles in the maintenance of
the integrity of myelinated axons.!”

DOMINANT NEGATIVE EFFECT OF SPTAN1 MUTATIONS

The «ffect of SPTANI mutations on the function of spectrin is
important in elucidating pathogenesis of SPTANI encephalopathy.
What is interesting is that all the in-frame mutations found are located
at the last two spectrin repeats in the C-terminal region (Figure 2).
The last two spectrin repeats are required for o/f spectrin heterodimer
associations;?® therefore, these mutations could alter heterodimer
formation between the spectrins. In fact, we previously showed that
two mutant o-II spectrins (p.E2207 del and p.R2308_M2309 dup)
caused aggregation, predominantly in the cell bodies and axons.!®
Double immunostaining revealed that these aggregations were colo-
calized with B-II and B-III spectrins, indicating that unstable o-I1/§-1I
and o-II/B-III spectrin heterodimers were involved in the
aggregation.'® In contrast, the p.Q2202 del mutation showed a similar
pattern of expression to that of the wild-type a-II spectrin in N2A
cells. Furthermore, in primary neuronal cultures, the p.Q2202 del
mutation showed a similar aggregation profile, but in a lower
proportion of cells.”® These expression data suggest that the degree
of aggregation involving «-II/B-II and «-II/B-III spectrin heterodimers
could correlate with the severity of clinical symptoms. It is also notable
that two patients (subjects 2 and 4) with a duplication mutation in the
last spectrin repeat passed away early in childhood. In contrast to these
patients, one patient (subject 1) with a p.E2207 del mutation within
the continuous helix region between the last two spectrin repeats has
survived longer despite severe motor impairment. In addition, among
the four in-frame mutations, the p.Q2202 del mutation, in the patient
with generalized epilepsy (milder than West syndrome), is located in
the N-terminal region. Therefore, it is possible that the location of in-
frame mutations within the last two spectrin repeats may correlate
with phenotype severity; C-terminally located mutations cause more
severe phenotypes, including West syndrome, and are associated with
the characteristic MRI findings. However, analysis of additional
patients with SPTANI mutations will be needed to validate this
hypothesis.

Whether other types of SPTANI mutation cause epileptic encepha-
lopathy is an interesting issue. Apart from the patients with exonic
deletion of STXBPI, 13 patients having 9q34.11 microdeletion (where
STXBP1 and SPTANI are located) have been reported in the
literature.>3>0 Three patients had STXBPI deletion but intact
SPTAN1.3>% Among these patients, one patient revealed infantile
spasms without infratentorial involvement on MRI, another exhibited
nonsyndromic infantile epilepsy with severe ID and the other suffered
from moderate ID, which are within the clinical spectrum of STXBPI
mutations.>#42 Six patients showed deletion of both SPTANI and
STXBP1,33¢% and clinical features closely resemble those of STXBPI-
mutated patients with Ohtahara syndrome or West syndrome.®3743 In
contrast, three patients had SPTANI deletion but intact STXBP1.3640
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p.D2303_L.2305dup
(Subject 4, 5, 6)

p.R2308_M2309dup

p.E2207del Subject 2)

(subject 1, 3)

SH3
domain

EF hand
domain

Figure 2 De novo mutations identified in SPTANI. Schematic representation of the SPTAN1 protein?® consisting of 22 domains, including 20 spectrin
repeats, an SH3 domain and an EF hand domain. All identified mutations including p.Q2202 del, p.E2207 del, p.D2303_L2305 dup and p.R2308_M2309
dup are shown. The last four spectrin repeats, which are required for o/f heterodimer association, are indicated by a bidirectional arrow. A full color version

of this figure is available at the Journal of Human Genetics journal online.

Clinical phenotypes of these three patients varied and their phenotypic
inconsistency might depend on the content of other deleted genes. It is
notable that the patient with deletion of only SPTANT had no epileptic
encephalopathy.?®*® In addition, one patient had complete SPTANI
deletion with partial deletion of STXBPI (exons 16-20), and this
patient also showed only profound ID with normal brain MRIL*®

Collectively, these results suggest that SPTANI haploinsufficiency
alone does not cause epileptic encephalopathy or brainstem and
cerebellar lesions, and that only in-frame SPTANI mutations at
specific positions can cause specific phenotypes (SPTANI encephalo-
pathy) in a dominant negative manner. The p.Q2202 del mutation
may cause a milder form of SPTANI encephalopathy.

DIFFERENTIAL DIAGNOSIS

SPTANI encephalopathy may be differentiated from other diseases
associated with West syndrome and brainstem and cerebellar hypo-
plasia/atrophy or cerebral hypomyelination by MRI.

Clinical features in SPTANI encephalopathy are mostly shared with
progressive encephalopathy with edema, hypsarrhythmia and optic
atrophy (PEHO) syndrome.** Patients with PEHO syndrome exhibit
progressive encephalopathy, microcephaly, edema of the extremities,
infantile spasms, severe hypotonia and optic atrophy. Psychomotor
development ceases in early infancy and patients show profound
mental retardation. Poor or absent visual fixation from the first
months of life is also observed. Brain CT or MRI in PEHO syndrome
shows progressive generalized atrophy, more in cerebellar and
brainstem areas than in supratentorial regions. Underlying causes of
PEHO syndrome remain elusive. Patients suspected of PEHO syn-
drome are good candidates for SPTANT testing.

Pontocerebellar hypoplasia (PCH) is sometimes accompanied by
intractable epilepsy. PCH type 6 is caused by recessive mutations in
the gene encoding mitochondrial arginyl-tRNA synthetase (RARS2).
Some PEHO-like features were reported in a nonconsanguineous
British female patient with PCH type 6. The patient suffered
myoclonic seizures from the neonatal period onwards and her MRI
showed generalized hypoplasia, but hypsarrhythmia was absent.
Lactate levels in the plasma and cerebrospinal fluid were elevated,
implying mitochondrial dysfunction.

Recently, CASK aberrations were reported in two patients with
Ohtahara syndrome and cerebellar hypoplasia.*6 Both patients showed
epileptic encephalopathies with severe cerebellar hypoplasia along with
other congenital anomalies. Originally, CASK mutations were found in
four female patients with X-linked ID, microcephaly and PCH,¥ and
their phenotypes expanded to epileptic encephalopathy. In patients
with CASK mutations, the supratentorial region is not usually involved
according to MRI.

Haploinsufficiency of STXBPI is an important cause of Ohtahara
syndrome and West syndrome. In patients with STXBPI mutations,
delayed myelination in the cerebrum is observed 334 MRI shows
that patients with STXBP! mutations do not usually involve brainstem
and cerebellum, whereas those with SPTANI encephalopathy show
brainstem and cerebellum atrophy.

The clinical manifestations of 3-phosphoglycerate dehydrogenase
deficiency, which results from a defect of serine biosynthesis, mimic
those of SPTANI mutations.*® This disorder is characterized by
congenital microcephaly, profound mental retardation, hypertonia
and intractable seizures, and occasional West syndrome. 3-
Phosphoglycerate dehydrogenase is diagnosed by amino-acid analysis
of plasma and cerebrospinal fluid.

Molybdenum cofactor deficiency, which is due to the combined
enzymatic deficiency of xanthine oxidase and sulfite oxidase, presents
with epileptic encephalopathy and PCH with retrocerebellar cyst.’® In
this condition, epileptic encephalopathy usually occurs during the
neonatal period as neonatal seizures emerge. Brain MRI demonstrates
distinct features, such as cerebral infarction, symmetric involvement of
basal ganglia and cerebral atrophy, in addition to PCH. Molybdenum
cofactor deficiency can be screened for by the presence of urine sulfite
and low plasma urate.

Acquired white matter disorders during infancy, hypoxic-ischemic
disorders and congenital infectious disorders, such as cytomegalovirus,
can also be considered as differential diagnoses.

DISCUSSION :

SPTANI encephalopathy patients all had in-frame mutations in the
last two spectrin repeats of the C-terminal region. However, it remains
unclear which types of mutation are pathogenic. Three answers to this
question can be considered. First, mutations cluster at the C-terminal
region only by chance, and other types of mutation may result in the
same clinical phenotype. Second, other types of mutation, such as
missense mutations, may cause different phenotypes or no phenotype.
A de novo missense- mutation was found in a nonsyndromic ID
patient,”> and no SPTANI mutations have been found  despite
extensive genetic screening of epilepsy or ID patients. As mentioned
above, patients with SPTANT haploinsufficiency showed no epileptic
encephalopathy. Therefore, it is most likely that missense mutations or
haploinsufficiency of SPTANI results in different phenotypes. Third,
mutation in the N-terminal region could severely affect spectrin
function and result in lethality. It would be difficult to prove this
possibility through patient screening. Animal models harboring
various types of Sptanl mutation may provide further evidence for
impaired spectrin functions.

171

Journal of Human Genetics

— 660 —



Phenotypes and genotypes of SPTANI encephalopathy
J Tohyama et af

172

Regardless of severe neurological features caused by in-frame
SPTANI mutations, no apparent visceral organ involvement is known.
Only atrial septal defect in one patient and acquired myocarditis in
another are seen. Exceptionally, one patient developed coloboma-like
optic discs. It is not conclusive whether these complications were
coincidence or can be explained by incomplete penetrance and
variable expressivity of STPANI mutational effects. Identification
and characterization of more patients with STPANI mutations would
be required to investigate the phenotype spectrum and involvement of
other organs.

The onset of epilepsy ranged from 3 weeks to 3 months of age in
patients with West syndrome. In addition, one patient showed
neonatal seizure that disappeared without specific treatment. Epileptic
seizures were refractory to various antiepileptic drugs in all cases and
to adrenocorticotrophic hormone or hydrocortisone in one case.
Among the various antiepileptic drugs, clobazam, valproic acid and
topiramate were partially effective in some patients. In addition to
epileptic seizures, two patients showed dystonia or dystonic move-
ment. Recently, choreoballistic movement and generalized tremor
were reported in patients with STXBPI mutations,>>*®5! and ARX and
FOXGI mutations are also associated with movement disorders.>>>
In-frame SPTANI mutations may also be considered for epileptic
encephalopathy and involuntary movements.

CONCLUSION

SPTAN1 encephalopathy has distinct clinical and neuroradiological
phenotypes. Brainstern and cerebellar atrophy and cerebral hypomye-
lination, identified by MRI, are specific hallmarks of this disorder.
These phenotypes are caused by in-frame SPTANI mutations in the
C-terminal region that act in a dominant negative manner. Knowledge
of clinical profiles and MRI features in SPTANI encephalopathy will
help clinicians to perform efficient genetic testing and to identify
SPTANI mutations.
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ganglia and thalamus [1,2]. The symptoms of LS include psychomotor retardation, respiratory difficulties,
nystagmus, hypotonia, seizures, myoclonus, ataxia, dystonia, ptosis, ophthalmoplegia and high lactate levels
in the blood and cerebrospinal fluid. Mutations in both mitochondrial DNA (mDNA) and nuclear DNA cause LS
[3].

LS arises from a deficiency in the enzymes relating to energy production in the mitochondria, such (aé the
respiratory chain complexes I-V, and the pyruvate dehydrogenase complex. Among the enzymes, isolated
complex I deficiency is the most frequent oxidative phosphorylation (OXPHOS) defect in children with LS{4,5],
followed by a deficiency of complex IV (cytochrome C oxidase) and complex V (ATP synthase)..Complex [ is
composed of seven mDNA encoded NADH dehydrogenase (ND) subunits (ND1-6, ND4L) and at least 38
nuclear DNA subunits [4]. An isolated generalized defect of complex IV is the second most common biochemical
abnormalities found in patients with Leigh syndrome [6,7]. SURFI mutations, which encode the putative
assembly protein of complex IV, have been repeatedly reported [6].

Since a large number of genes are reportedly related to LS, molecular dlagnosxs appears challenging.
However, emerging drugs for LS demand prompt diagnostic confirmation of LS. Although exome sequencing is a
powerful method of suspected mitochondrial disorders, it is time and cost consummg, and impractical to be
applied to all patients with LS. Based on the reported mutation information, we designed a small set of 21
primers that cover the gene in which LS mutations have been frequently reparted [3]. In this study, we have
examined the efficacy of our Sanger sequencing method as a genetic screening for LS in 18 unrelated LS cases
from one children’s hospital. We identified 7 patients with point mutations in mDNA including 2 cases in the
ATP6 gene and five in the ND genes. We also elucidated 4 mutations in the nuclear encoded gene, including 3
patients with a mutation in SURFI and 1 patient with a mutation in PDHA1 (pyruvate dehydrogenase
Ela-subunit). Our data suggest that Sanger screening usmg 11m1ted sets ‘of primers is useful as first line screening
for LS. ;

2. Methods

We identified 18 patients from 16 families that met the criteria of LS at our institution (2005-2012).
Diagnoses of LS were defined as presenting progressive neurologic disease with signs and symptoms of brain
stem and/or basal ganglia abnormalities revealed on MR images. The clinical courses are summarized in
Table 1 and Supplementary text. We have designed 7 sets of primers encoding mitochondrial derived
subunits for complex [ (ND1-6, ND4L) [3 ] Primers were also designed on frequently reported gene SURF 1
from complex IV [7] and ATP synthase from complex V [8]. If the blood lactate/pyruvate ratio is less than 10,
we first sequenced the PDHAT gene (Suppl. Fig. 1) [8]. Methods of genetic analysis, enzyme assays and
determination of heteroplasm;c rate and associated references are available in the online version of the paper
(Suppl. text). 5

3. Results (Table 1, Supijl. Fig. 2)

Of 18 LS patients, we identified gene mutations in 11 patients from 11 families. mDNA mutations were
identified in 7 patients. An ND1 mutation of complex I (m3697G>A, p.Gly131Ser) was identified in 2
individuals‘Wi'th homoplasmy. Mutations in ND3 (m10158T>C, p.Ser34Pro; mutant rate 90% in white
blood cell), ND5 (m13513G>A, p.Asp393Asn; mutant rate 50% in white blood cell) and ND6 (m14459G>A,
p.Ala71Val, homoplasmic state) were identified in a single patient, respectively. One severe patient died at
1 year, and carried a mutation in ATP6 (m8993T>G, p.Leul56Arg) of complex V of OXPHOS as a
homoplasmic state. Instead of T>G, T>C mutation of the same nucleotide, m8993T>C p.Leu156Pro, was
observed with homoplasmy in a milder case.

Four patients were identified with mutations in nuclear DNA. SURF1 mutations were identified
in 3 cases, including 2 cases that were compound heterozygous (c.49-+ 1G>T/c.752_753delAG)
and (c.574C>T, p.Arg192Trp and ¢.743C>A, p.Ala248Asp) and 1 case that was homozygous (c.743C>A,
p.Ala248Asp). One male patient was identified with a hemizygous mutation (c.121T>C, p.Cys41
Arg) in PDHAI. Overall, we identified mutations in 61% of LS patients (11/18 individuals) in this
cohort.
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4, Discussion

Molecular elucidation of LS at the DNA level is challenging. LS has been associated with a variety of
genes in either mitochondrial or nuclear encoded DNA [3]. Surprisingly, we could reveal mutations in 61%
of LS patients (11/18 individuals).

We disclosed 7 patients with mDNA mutations. From mitochondrial ND1, we identified an m3697G>A
mutation in 2 unrelated patients, which has been reported previously in association with mltochondnal
myopathy, encephalopathy, lactic acidosis, stroke-like episodes (MELAS) [9] and Leber's herechtary optic
neuropathy (LHON) [10]. To our knowledge, this is the first report of the m3697G>A/ND1 gene mutation
causing Leigh syndrome. The heteroplasmy rate is reportedly 80% in patients with MELAS (skeletal muscle)
and was 56% with LOHN [9,10]. A high mutation load (100%), found in the blood of Pétienté’l and 2 may be
associated to severe phenotype in our patients [11]. Low level of m3697G>A mutation ( ~40%) was found in
the blood from an asymptomatic mother of Patient 1 (Suppl. Figs. 3 and 4). )

For ND3, we found a mutation of m10158T>C with 90% of heteroplasmic rate 1n"one patient showing
an early onset and very rapid progress. Severe clinical course and high mutant-loads are consistent with
reported cases with rapid progression and lethal consequences at early childhood [12]. A mutation of
m10158T>C was not detected in the mother of Patient 3 in several tissues examined.

We found one patient with ND5 mutation, m13513G>A which has been described as causing MELAS, LS or
overlapping features of the two syndromes [13-15]. We also found one LS patient with m14459G>A/ND6
mutation that was reported in patients with LHON, dystoma [16 nd LS [17]. So far, the phenotype of these
two patients is LS without MELAS, LHON. p

We found two patients with ATPase6 mDNA mutations; 1 8993T>G and T>C, that are frequently reported
in the literature [8]. A patient with a T>G mutation usually exhibits earlier onset and more rapid progression
compared to T>C mutation at m8993 that was compatible with our patients (Table 1).

We found 4 patients carrying nuclear encoded gene mutations. SURF1 deficiency is the most frequent
cause of LS with complex IV (cytochrome C ox1dase) deficiency [7]. We identified 3 patients with the
SURF1 mutations [18]. Pyruvate dehydrogenase deficiency (PDH) is a common cause of primary congenital
lactic acidosis. The biochemical features of PDH deficiency is elevated blood lactate and pyruvate levels
with a normal lactate/pyruvate ratio [19]. Accordmg to the genetic screening flowchart for Leigh syndrome
(Suppl. Fig. 1), we confirmed 1 patxent with a hemizygous mutation in the PDHAI gene with 7 sets of
primers.

Recently, new drugs such as EPI-743 have been shown to improve neurological and neuromuscular
symptoms in LS [20,21]. Rapid genetlc confirmation of mitochondrial disease may help initiate such treatment
early. Next gene sequencing is revealing a wide range of dual mutations both mitochondrial and nuclear gene
from patients with mltochondnal disorders [22-24]. However, it is costly and time consuming. Aiming to
elucidate genetic basis of LS patlents we screened with our limited set of primers. Surprisingly, it allowed us
confirmation for more than half of the patients. Therefore, this method appears to be efficient as a primary
genetic screening; Our data also implicates that LS consisted of few “common” causative genes and a large
number of “rare” genes We are now undertaking whole mDNA and exome sequencing for negative cases of
this method. [22—24]. These data, together with increasing data of mutations, would help us improve our
screemng meth\
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Table 1 &
Genetically determined Leigh syndrome in our institution (2005-2012). %
Patient 1 2 3 4 5 6 7 8 9 10 11 g
o
Age, gender 6y,M 0y, F 9m,F 7y, M 11y, M 1yt M 2y, M 4y, F 9y, M 25y, M 17y, M ng‘
Type of gene Mito Mito Mito Mito Mito Mito Mito Nuclear Nuclear Nuclear Nuclear g
Gene ND1 ND1 ND3 ND5 ND6 ATPase6 ATPase6 SURF1 SURF1 SURF1 PDHA1 2‘
Complex I 1 I I I \ \% v I\ v )
Mutations m3697G>A m3697G>A  ml10158T>C m13513G>A m14459G>A m8993T>G m8993T>C c49+1G>T 743 C> C.574CT c.121T>C %
(p.G131S)  (p.G131S) (p.S34P) (p.D393N) (p.A71V) (p.L156R) (p.L156P) Ap.A248D pRI92ZW p.C41R =
Homo Homo Hetero Hetero Homo Homo Homo €.752-753delAG  ¢.743C> c.743CGA tlfg
(b) (b,s,h,n) (90%) (50%) (b) (b) (b) A p.A248D  p.A248D =
(b) (b) 3
Consanguinity N N N N N N N N Y N N %
Inheritance Maternal® N.A. De novo N.A. N.A. N.A. N.A. Maternal/ Maternal/ NA N.A. fi
hetero:40% paternal paternal 8
Age at onset 3y9m 3y0m Oy5m ly6m 2y0m 6m 1yOm 1y7m 1y9m 2y 1y0Om E
Initial Symptoms Hypertonia Ataxic gait Hypotonia  Dev. delay Fever — Dev. delay/ Fever — Ataxic gait Ataxic gait  Dev. delay Dev. delay g
Walk regre  Walk regre  Strabismus lethargy seizure lethargy Ataxia i
Tremor Hypotonia/ E
nystagmus
Status Walk Wheelchair  Tracheo Walk Wheelchair  (Respiratory No sitting ~ Tracheo Tracheo (Respiratory Walk
Normal Special class Mech. venti Normal failure) Mech. venti Mech. venti failure) Special
class class school
RC enzymes | L IV (m) LULIV(m) 1(f) Normal L I (m) L IV (m) N.A. N.A. vV (f) IV (m) N.A.
(m/f)
Morphological No RRF No RRF N.A. No RRF RRF N.A. N.A. N.A. N.A. RRF N.A.

findings in muscle




— L99 —

MRI

Basal ganglia Y Y Y Y Y Y Y Y Y Y Y
hyperintensities
Brainstem N Y Y N N N Y Y Y Y N
hyperintensities
Cerebellar atrophy N N N Y N N N N N Y Y
Symptoms
Dysmorphisms N N N N N N N Y Y N N
Developmental delay N N Y Y N N Y Y Y Y N
Regression Y Y Y N N Y Y Y Y Y N
Feeding problems N N Y N N Y N N N N N
Ptosis N N N N N N N Y N N N
Ophthalmople N N Y N N N N Y N Y N
Pyramidal symptoms Y Y Y Y Y N N Y Y N Y
Extrapyramidal Y Y Y Y N Y N Y Y N Y
symptoms
Dystonia Y Y Y N N N N Y Y N Y
Hypotonia N N Y Y N Y Y Y Y N Y
Ataxia Y Y Y Y N N N Y Y Y Y
Neuropathy N N N N N N N Y Y Y Y
Others WPW West syndrome Nystagmus
syndrome

y: year, m: month, M: male, F: female, mito: mitochondria, Complex: complex in oxidative phosphorylation, b: blood, s: saliva, h: hair, n: nail, RC: respiratory chain, m: muscle, f: fibroblast, RRF:
ragged red fibers, N.A.: not analyzed/not determined, N: no, negative, Y: yes, positive, regre: regression, Dev. delay: Developmental delay, Mech.venti: Mechanically ventilated, Ophthalmople:
Ophthalmoplegia, *: asymptomatic.
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: ABSTRACT The human ECHS 1 gene encodes the short»,

: ‘geted exome sequencmg of 776 mltochondn'_ , ]
genes encoded by nuclear DNA identified compound het-
‘erozygous mutations in ECHS1. ECHS1 protein expres-.
sion was severely depleted in the patient’s skeletal mus-
cle and patient-derived myoblasts; a marked decrease in'

~ enzyme activity was also evident in patient-derived my-

~ oblasts. Immottahzed patxentfderxved myoblasts that ex-
pressed exogenous w1ldrtype ECHS1 exhibited the recov-
ery of the ECHSI activity, 1nd1cat1ng that the gene defect
‘was pathogenic. ‘Mitochondrial resplratory complex ac-
tivity was also mostly restored in these cells, suggesting
that there was an unidentified link between deficiency of
ECHS1 and respiratory chain. Here, we describe the pa-

~ tient with ECHS1 deficiency; these findings will advance
our understandmg not only the patholog of mitochondr ‘J'@ -

~fatty acid B-oxidation disorders, but also the regulatlon of -

b mxtochondrlal metabohsm. -

“ Hum Mutat 36 232—239, 2015 © 2014 Wlley Penodmals, Inc

. KEYWORDS combmed resplratory cham deﬁmency, Lelgh.: -
syndrome, ECHSI fatty acid B-oxidation dlsorder
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Introduction

Mitochondrial fatty acid B-oxidation provides carbon substrates
for gluconeogenesis during the fasting state and contributes elec-
trons to the respiratory chain for energy production. Once a fatty
acid is activated to the acyl-coenzyme A (CoA) form and enters
the mitochondrial fatty acid B-oxidation pathway, it undergoes the
four following enzymatically catalyzed reaction steps during each
B-oxidation cycle (Supp. Table S1): (1) dehydrogenation, (2) hy-
dration, (3) a second dehydrogenation step, and finally (4) a thi-
olytic cleavage that generates one acetyl-CoA or, in certain cases,
one propionyl-CoA and an acyl-CoA that is two carbons shorter
than the acyl-CoA precursor. Each individual step involves spe-
cific enzymes encoded by different genes with different substrate
preferences (Supp. Table S1). The first dehydrogenation reaction is
catalyzed mainly by four enzymes—short-, medium-, long-, and
very long chain acyl-CoA dehydrogenases (SCAD, MCAD, LCAD,
and VLCAD)—with substrate optima of C4, C8, C12, and C16
acyl-CoA esters, respectively, still each dehydrogenase can utilize
other suboptimal substrates [Ikeda et al., 1983, 1985a, 1985b; Ense-
nauer et al., 2005]. The short-chain enoyl-CoA hydratase (ECHS1)
catalyzes the next step and has substrate optima of C4 2-trans-enoyl-
CoA, also called crotonyl-CoA. Although ECHS1 also catalyzes hy-
dration of medium chain substrates, longer acyl chains (e.g., C16-
intermediates) are hydrated by mitochondrial trifunctional protein
(MTP) [Uchida et al., 1992; Kamijo et al., 1993]. MTP consists of
an alpha-subunit with long-chain enoyl-CoA hydratase and long-
chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) activities and a
beta-subunit with long-chain 3-ketothiolase activity.

Mitochondrial fatty acid B-oxidation disorders generally cause
impaired energy production and accumulation of partially oxidized
fatty acid metabolites. They are clinically characterized by hypo-
glycemic seizures, hypotonia, cardiomyopathy, metabolic acidosis,
and liver dysfunction [Kompare and Rizzo, 2008]. The most com-
mon genetic defect in MTP is LCHAD deficiency [MIM #609016];
deficiency involving reduced activity of all three MTP enzymes
[MIM #609015] is reported much less frequently and is often asso-
ciated with infantile mortality secondary to severe cardiomyopathy
[Spiekerkoetter et al., 2004]. Deficiency of SCAD [MIM #201470],
which catalyzes the first dehydrogenation reaction and has simi-
lar substrate optima with regard to carbon chain as ECHS1, have
been studied for years, and the range of associated phenotypes in-
cludes failure to thrive, metabolic acidosis, ketotic hypoglycemia,
developmental delay, seizures, and neuromuscular symptoms such
as myopathy and hypotonia [Jethva et al., 2008].

© 2014 WILEY PERIODICALS, INC.
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Here, we describe a patient with ECHS1 deficiency who presented
with Leigh syndrome [MIM #256000] accompanied by hypotonia,
metabolic acidosis, and developmental delay. Additionally, the pa-
tient presented with combined respiratory chain deficiency, which is
not commonly described in most clinical reports of mitochondrial
fatty acid f-oxidation disorders. Finally, we discuss the pathology
of ECHS1 deficiency and possible interactions between mitochon-
drial fatty acid f-oxidation and the respiratory chain, which are two
important pathways in mitochondrial energy metabolism.

Materials and Methods

This study was approved by the ethical committee of National
Center of Neurology and Psychiatry. All the samples in this study
were taken and used with informed consent from the family.

Whole-mtDNA Genome Sequence Analysis

Long and accurate PCR amplification of mtDNA followed by
direct sequencing was performed according to the previous publi-
cation with a slight modification [Matsunaga et al., 2005].

Targeted Exome Sequencing

Almost all exonic regions of 776 nuclear genes (Supp. Table $2),
in total 7,368 regions, were sequenced using the Target Enrich-
ment System for next-generation sequencing (HaloPlex; Agilent
Technologies, Santa Clara, California, USA) and MiSeq platform
(Ilumina, San Diego, California, USA). Sequence read alignment
was performed with a Burrows—Wheeler Aligner (version 0.6.1) to
the human reference genome (version hgl9). Realignment and re-
calibration of base quality scores was performed with the Genome
Analysis Toolkit (version 1.6.13). Variants were detected and anno-
tated against dbSNP 135 and 1000 Genomes data (February 2012
release) by Quickannotator.

Sanger Sequencing

Sanger sequencing of candidate genes was performed with the
BigDye Terminators v1.1 Cycle Sequencing kit (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) as per manufacturer’s pro-
tocol. Details of primers and conditions are available upon request.
DNA sequences from the patients were compared against the RefSeq
sequence and the sequences of a healthy control or parents those
were sequenced in parallel.

Cell Culture

The patient-derived primary myoblasts were established from
the biopsy of patient’s skeletal muscle and cultured in DMEM/F-
12 (Thermo Fisher Scientific) supplemented with 20% (v/v) heat-
inactivated fetal bovine serum (FBS, Thermo Fisher Scientific).
DLD-1 (human colon carcinoma) cells were provided by Taiho
pharmaceutical company (Tokyo, Japan) and cells were cultured
in RPMI-1640 (Thermo Fisher Scientific) supplemented with 10%
(v/v) heat-inactivated FBS (Thermo Fisher Scientific). All cells were
cultured in 5% CO, at 37°C.

Preparation of Mitochondrial Fraction

Mitochondrial fractions from patient’s skeletal muscle and
patient-derived myoblasts were prepared according to the literature
with a slight modification [Frezza et al., 2007].

Immunoblotting

Mitochondrial fraction and protein lysates were prepared from
patient’s skeletal muscle and patient-derived Myoblasts. Thirty mi-
crograms of protein of mitochondrial fraction or 50 micrograms
of protein lysate was separated on 4%-12% Bis-Tris gradient gels
(Thermo Fisher Scientific) and transferred to polyvinylidene flu-
oride membranes. Primary antibodies used were against ECHS1
(Sigma-Aldrich, St. Louis, Missouri, USA), complex II 70 kDa sub-
unit (Abcam, Cambridge, England), S-actin (Santa Cruz, Biotech-
nology, Dallas, Texas, USA), HA (Wako, Tokyo, Japan), and AcGFP
(Thermo Fisher Scientific).

Enzyme Assays

Enzyme activities of mitochondrial respiratory complexes I-V
and citrate synthase (CS) were measured in mitochondrial frac-
tion prepared from patient’s specimens. The assays for complexes
I-IV and CS were performed as described previously [Shimazaki
etal, 2012]. The assay for complex V was carried out following the
method by Morava and his colleagues with modifications [Morava
et al., 2006]. The enoyl-CoA hydratase activity was assayed by the
hydration of crotonyl-CoA by a slight modification of the proce-
dure described earlier [Steinman and Hill, 1975]. Five micrograms
of protein of the mitochondrial fraction prepared from patient-
derived myoblasts was added to 0.3 M Tris—-HC1, pH 7.4, containing
5 mM EDTA (Ethylenediaminetetraacetic acid). The reaction was
started by the addition of 200 uM crotonyl-CoA and the decrease
in absorbance at 280 nm was monitored at 30°C.

Construction of the Immortalized Patient-Derived
Myeblasts

The patient-derived myoblasts and control myoblasts were trans-
fected with pEF321-T vector (A kind gift from Dr. Sumio Sugano,
University of Tokyo) and the cells were cultured serially for more
than ten population doublings until the morphological alteration
was observed [Kim et al., 1990].

Expression Vector Preparation and Transfection

For construction of a mammalian expression vector, full-length
ECHS1 (GenBank accession number NM_004092.3) was amplified
from a cDNA prepared from control subject using PrimeSTAR GXL
DNA polymerase (TaKaRa, Tokyo, Japan). The PCR product was
cloned into pEBMulti-Pur (Wako) and the clone was verified by
Sanger sequencing. The empty expression vector or an ECHS1 ex-
pression vector was transfected into immortalized patient-derived
myoblasts using Lipofectamine LTX Reagent (Thermo Fisher Sci-
entific). Each of the two missense variants, ¢.2T>G; p.M1R and
¢.5C>T; p.A2V, was independently introduced into the clone by
PCR-based site-directed mutagenesis. Each insert with C-terminal
HA tag was cloned into pIRES2-AcGFP1 (Clontech Laboratories,
Mountain View, California, USA) and the clones were verified
by Sanger sequencing. WT and mutant ECHS1 expression vector
were transfected into DLD-1 cells using Lipofectamine LTX Reagent
(Thermo Fisher Scientific). Twenty-four hours later, the cell lysate
was subjected to immunoblotting.

Results

The patient reported here was a boy born to unrelated, healthy
parents after a 40-week pregnancy (weight 3,300 g, length 52 cm,
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Figure 1. T2-weighted magnetic resonance scan image and enzyme activities of mitochondrial respiratory complexes. A: T2-weighted magnetic
resonance scan image {(MRI) shows bilaterally symmetrical hyperintensities in the putamen (arrows in the image); these are characteristic of
Leigh syndrome. B: Enzymatic activities of five mitochondrial respiratory complexes {1, II, I, IV, and V) were measured in mitochondrial fractions
prepared from the patient’s skeletal muscle. Respiratory complexes activities were normalized to citrate synthase activity. Black bars show patient
values and white bars show control values. Control values were mean values obtained from five healthy individuals. Patient activity values for
complexes |, 11l and IV were 39%, 34%, and 64% of the control values, respectively. Error bars represent standard deviations.

Table 1. Urinary Organic Acid Profiling

Patient RPA (%) Controls RPA (%)

TCA cycle intermediates

«-Ketoglutarate 4.52 3.00-102.90

Aconitate 20.37 15.10-86.10

Isocitrate 8.98 8.30-29.00
Other metabolites

Lactate 11.83% <4.70

Pyruvate 3.18 <24.10

3-Hydroxyisobutyric acid 1.95 <9.00

Methylcitric acid 0.14* Less than trace amount

p-Hydroxy-phenyllactic acid 40.05* <7.00

Glyoxylate 37.712 <6.10

*Values outside the normal range.
RPA(%), relative peak area to the area of internal standard (heptadecanoic acid, HDA).

occipitofrontal circumference (OFC) 34.5 cm). Auditory screen-
ing test at 2 months of age revealed hearing impairment, and he
began to use a hearing aid at 6 months of age. Psychomotor de-
velopmental delay was noted at 5 months of age; he could not sit
alone, or speak a meaningful word as of 4 years of age. Nystagmus
was noted at 10 months of age. Muscle hypotonia, spasticity, and
athetotic trunk movement became prominent after 1 year of age. His
plasma (20.2 mg/dl) and a cerebrospinal fluid lactate were elevated
(25.3 mg/dl, control below 15 mg/dl). Urinary organic acid profil-
ing reveals significantly elevated excretion of glyoxylate (Table 1).
Analysis of blood acylcarnitines showed no abnormalities. Brain
magnetic resonance scan image showed bilateral T2 hyperintensity
of the putamen, typical for Leigh syndrome (Fig. 1A). Because Leigh
syndrome is generally caused by defects in the mitochondrial respi-
ratory chain or the pyruvate dehydrogenase complex, we performed
amuscle biopsy to measure enzyme activities of mitochondrial res-
piratory complexes in the patient. Mitochondrial fractions prepared
from patient or control specimens were used for all activity measure-
ments. Activity of each respiratory complex was normalized relative
to CS activity; normalized values for complexes I, ITI, and IV activity
were decreased to 39%, 34%, and 64% of control values, respectively
(Fig. 1B). Moreover, we performed blue native PAGE (BN-PAGE)
to examine if the assembly of respiratory complexes were altered in
the patient. As a result, there were no clear difference between the
patient and the control (Supp. Fig. S1).
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Mitochondrial respiratory chain defects can be due to pathogenic
mutations in mitochondrial DNA (mtDNA) or nuclear DNA
(nDNA) coding for mitochondrial components. Initially, long and
accurate PCR amplification of mtDNA followed by direct sequenc-
ing was performed and no mutations known to be associated with
Leigh syndrome were identified, but previously reported polymor-
phisms were found (Supp. Table S3). Therefore, to identify the re-
sponsible mutations in nDNA, targeted exome sequencing was per-
formed. Coverage was at least 10x for 86.2% of the target regions,
and 30x or more for 73.4%. In all, 5,640 potential variants were
identified; these included 811 splice-site or nonsynonymous vari-
ants. Among those 811 variants, 562 were on the mismapping reads
that contained multiple apparent mismatches to the reference DNA
sequence. Of the remaining 249 variants, nine that were on target re-
gions with less than 10 x coverage were eliminated because data reli-
ability was low. Filtering against dbSNP 135 and 1000 Genomes data,
this number was reduced to 13 including compound heterozygous
variants in the ECHSI [MIM #602292] and 11 heterozygous vari-
antsin 11 separate genes (Supp. Table S4). Those variants have been
submitted to dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). Because
most mitochondrial diseases caused by known nDNA mutations
are inherited in an autosomal recessive manner, we focused on the
compound heterozygous variants in ECHSI—c¢.2T>G; p.M1R and
¢.5C>T; p.A2V—as primary candidates.

To confirm the targeted exome sequencing results, we performed
Sanger sequencing of genomic ECHSI DNA and ECHSI cDNA from
the patient and his parents. We identified both variants, c.2T>G and
¢.5C>T, and the respective normal alleles in genomic DNA and
cDNA from the patient (Fig. 2A and B) and no other ECHS]I vari-
ants were detected except for common SNPs in the open reading
frame. Analysis of genomic DNA from the patient’s parents showed
that patient’s father was heterozygous for only one variant, ¢.2T>G,
and the patient’s mother for only the other variant, ¢.5C>T (Fig. 2A).
These results indicated that the patient inherited each variant sep-
arately and that both mutant alleles were expressed in the patient
(Fig. 2B). Each variant was nonsynonymous and in the region en-
coding the mitochondrial transit peptide (1-27 amino acids) of
ECHSI [Hochstrasser et al., 1992]; moreover, ¢.2T>G; p.M1R was a
start codon variant (Fig. 2C).

Next, immunoblotting with primary antibodies against ECHS1
was performed to assess protein expression. Mitochondrial
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Figure 2. ECHST Sanger sequencing analysis and ECHS1 functional domains. A: Sequence chromatograms from part of exon 1 of ECHST were
generated by Sanger sequencing of genomic DNA. Each parent had one wild-type allele; the patient’s father also harbored a ¢.2T>G variant, and the
patient’'s mother a ¢.5C>T variant. The patient inherited each variant allele and was a compound heterozygote. B: Sequence chromatograms from
partof ECHSTexon 1 obtained by Sanger sequencing of cDNA prepared from patient mRNA. The same variants seen in genomic DNA were observed
in the ¢cDNA. C: A schematic diagram of the functional domains in ECHS1 and the locations of the mutations. MTP, mitochondrial transit peptide.

fractions prepared from patient and control skeletal muscle were
used; whole-cell lysates or mitochondrial fractions prepared from
patient-derived or control myoblasts were also used. All experiments
using these specimens showed that the expression level of ECHS1
protein of the patient was too low to detect by immunoblotting
even though the expression level of SDHA was almost the same as
controls (Fig. 3A~C). These findings indicated that ¢.2T>G; p.MIR
and ¢.5C>T; p.A2V mutations caused a remarkable reduction in
ECHSI1 protein expression. Notably, patient-derived and control
myoblasts were similar with regard to ECHSI mRNA expression
(Fig. 3D), indicating that the mutations apparently affected ECHS1
protein expression directly. Next, we measured ECHS1 enzyme ac-
tivity in mitochondrial fractions prepared from patient-derived and
control myoblasts. ECHS1 activity was normalized to CS activity,
and activity in patient-derived myoblasts was 13% of that in con-
trol myoblasts (Fig. 3E). Therefore, the mutations caused a severe
depletion of ECHSI protein expression thereby decreasing ECHS1
enzyme activity.

To examine the stability of each mutated protein, we constructed
three pIRES2-AcGFP1 expression plasmids, each expressed a dif-
ferent HA-tagged protein: wild-type, M1R-mutant, or A2V-mutant
ECHS1. The expression of AcGFP was used as a transfection control.
After the transfection into DLD-1 cells, immunoblotting of whole-
cell lysate with anti-HA and GFP antibodies showed markedly
higher expression of wild-type ECHSI1 than of either mutant pro-
tein; all ECHSI expression was normalized to AcGFP expression
(Fig. 4, Supp. Fig. S2). This result indicated that ECHSI protein
expression was significantly reduced in the patient because of each
mutation.

To confirm that the patient had ECHS1 deficiency, we performed
a cellular complementation experiment. Patient-derived myoblasts
had to be immortalized for these experiments because nonimmor-
talized cells exhibited poor growth and finite proliferation. The
patient-derived myoblasts and control myoblasts were transfected
with pEF321-T vector (a kind gift from Dr. Sumio Sugano, Uni-

versity of Tokyo). We then ascertained that ECHS1 protein expres-
sion and activity were lower in immortalized patient-derived my-
oblasts than in controls (Fig. 5A and B). We then transduced an
empty expression vector, pEBMulti-Pur (Wako), or a pEBMulti-Pur
construct containing a full-length, wild-type ECHSI cDNA into
the immortalized patient-derived myoblasts; cells with the vector
only or the ECHS1-expression construct are hereafter called vector-
only and rescued myoblasts, respectively. ECHS1 protein expres-
sion level and enzyme activity were analyzed in mitochondrial frac-
tions prepared from rescued myoblasts. Relative expression level
of ECHSI in rescued myoblasts was 11 times higher than that
in vector-only myoblasts (Fig. 5A), and ECHS! activity normal-
ized to CS activity in rescued myoblasts was 49 times higher than
that in vector-only myoblasts (Fig. 5B). From these cellular com-
plementation experiments, we concluded the patient had ECHSI
deficiency.

Since the patient showed the combined mitochondrial respira-
tory chain deficiency in the skeletal muscle as mentioned above, we
used a cellular complementation experiment to determine whether
wild-type ECHSI rescued the respiratory chain defect in patient-
derived myoblasts. First, we measured enzyme activities of each
mitochondrial respiratory complex in mitochondrial fractions pre-
pared from immortalized patient-derived myoblasts. CS activity
normalized values for complexes I, IV, and V activity in immor-
talized patient-derived myoblasts were decreased to 17%, 39%, and
43% of the mean values of immortalized control myoblasts (Fig. 5C).
Then, we measured enzyme activity in mitochondrial fractions pre-
pared from rescued myoblasts and found that each activity of com-
plexes I, IV, and V was mostly restored relative to that in vector-only
myoblasts. In rescued myoblasts, CS activity normalized values of
complexes I, IV, and V were 3.5, 1.3, and 2.2 times higher than those
in vector-only myoblasts (Fig. 5C). Mitochondrial respiratory com-
plex activity was mostly restored in rescued myoblasts, suggesting
that there was an unidentified link between deficiency of ECHS1
and respiratory chain.
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