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Abstract
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Background: Although mitochondrial respiratory chain disorders (MRCD) are one of the most common congenital
metabolic diseases, there is no cumulative data on enzymatic diagnosis and clinical manifestation for MRCD in Japan
and Asia.

Methods: We evaluated 675 Japanese patients having profound lactic acidemia, or patients having symptoms or signs
of multiple-organ origin simultaneously without lactic acidemia on respiratory chain enzyme activity assay and blue
native polyacrylamide gel electrophoresis. Quantitative polymerase chain reaction was used to diagnose mitochondrial
DNA depletion syndrome (MTDPS). Mutation analysis of several genes responsible for MTDPS was also performed.
Results: A total of 232 patients were diagnosed with a probable or definite MRCD. MRCD are common, afflicting one
in every several thousand people in Japan. More than one in 10 of the patients diagnosed lacked lactic acidemia. A
subsequent analysis of the causative genes of MTDPS identified novel mutations in six of the patients. A 335 bp deletion
in deoxyguanosine kinase (DGUOK; g.11692_12026del335 (p.A48{sX90)) was noted in two unrelated families, and
may therefore be a common mutation in Japanese people. The proportion of all patients with MTDPS, and particularly
those with recessive DNA polymerase y (POLG) mutations, appears to be lower in Japan than in other studies. This is
most likely due to the relatively high prevalence of ancient European POLG mutations in Caucasian populations. No
other significant differences were identified in a comparison of the enzymatic diagnoses, disease classifications or
prognoses in Japanese and Caucasian patients with MRCD.

Conclusion: MTDPS and other MRCD are common, but serious, diseases that occur across all races.

DGUOK deletion mutation, enzymatic diagnosis, mitochondrial DNA depletion syndrome, mitochondrial respiratory
chain disorder, racial difference.

Mitochondrial respiratory chain disorders (MRCD) are disorders
of the oxidative phosphorylation system, which is responsible
for ATP production. MRCD are the most common congenital
metabolic diseases, afflicting at least 1 in 5000 persons.!
Mitochondrial DNA depletion syndrome (MTDPS), in which
mitochondrial DNA (mtDNA) level is lower than normal, is one
of the major MRCD. A number of responsible genes of MTDPS
have been identified, and the pathophysiology of this disease is
partially characterized at the molecular level.>® We have previ-
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ously diagnosed and characterized MRCD cases in Japan using
respiratory chain enzyme analysis.5® Having recently analyzed
the molecular diagnoses and clinical manifestations of MRCD in
Japanese patients, and analyzing several genes responsible for
hepatocerebral MTDPS, we herein discuss and compare the col-
lected data to those reported for MRCD outside of Japan.

Methods
Patients and samples

The subjects consisted of patients clinically suspected of having
MRCD. We measured respiratory chain enzyme activity and
quantity for patients with profound lactic acidemia, or patients
with symptoms or signs of multiple-organ origin simultane-
ously without lactic acidemia. Other metabolic disorders were
excluded on plasma tandem mass spectrometry and urine organic
acid analysis. Approximately half of candidates were <1 year old,
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and nearly 90% were <10 years old. In total, 1051 samples from
675 patients in 657 families were analyzed. Of the samples, 479
were cultured skin fibroblast cells, 239 were liver samples, 208
were muscle samples, 84 were myocardial samples, and 41 were
other samples (including 25 kidney and seven brain samples).

Respiratory chain enzyme analysis

Both an in vitro respiratory chain enzyme activity assay'® and

blue native polyacrylamide gel electrophoresis (BN-PAGE)'!-"
were used to quantify the activity and amount of respiratory chain
enzyme complexes. A diagnosis of MRCD was made when the
results from the enzyme activity or BN-PAGE raised the diag-
nostic criteria assessment to definite or probable for MRCD
according to the diagnostic criteria of Bernier ef al.”

Entire miDNA analysis

DNA was purified according to standard methods. The
mitoSEQr™ system (Applied Biosystems, Foster City, CA,
USA) was used for entire mtDNA analysis in each patient diag-
nosed with MRCD.

Quantitative polymerase chain reaction for diagnosis
of MITDPS

Quantitative polymerase chain reaction (gPCR)¥ was used to
determine whether mtDNA depletion was present in patients with
decreased activity level of multiple respiratory chain enzymes
(the mtDNA gene MT-ND1I was compared against a nuclear gene,
CFTR exon 24). A diagnosis of MTDPS was made when the
relative copy number of mtDNA to nuclear DNA was <35% of
that in healthy control tissue using four independent experiments.

Mutation analysis of genes responsible for MTDPS

Mutation analysis was performed on the genomic DNA using
primers designed to amplify the coding exons and the exon—
intron boundaries of DNA polymerase Y (POLG; NM_002693.2),
deoxyguanosine  kinase (DGUOK; NM_080916.1 and
NM_080918.1), and MPV17 (NM_002437.4).!° Fragments were
analyzed by direct sequencing using ABI 3130XL (Applied
Biosystems, Melbourne, Vic., Australia). Long-range PCR
encompassing the 335 bp deletion was performed using primers
shown in Figure 1(a).

DNA from healihy Japanese conirols

A PSC Cell Line Purified DNA 100 set (Japan Health Sciences
Foundation, Tokyo, Japan) was used as control DNA for healthy
Japanese.

Statistical analysis
The log-rank test and Gehan-Breslow-Wilcoxon test were used to
test for statistically significant differences.

Ethics

This study was approved by the Institutional Review Board in
Saitama Medical University.
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Fig.1 Genomic sequence determination of 335bp deoxy-
guanosine kinase (DGUOK) deletion in the family of patients 1 and
2. (a) Capitalization, sequence of exon 2; two rectangles, long-range
polymerase chain reaction (PCR) primer sets; underline, 335 bp
deletion. The large 335 bp deletion encompassing from the end of
intron 1 to the beginning of exon 2 causes the complete skipping of
exon 2, and the resultant mRNA has a premature termination codon
(p.A48£sX90). (b) Lane 1, father; lane 2, mother; lane 3, middle
healthy sister; lane 4, normal control; lane 5, patient 1; lane 6, patient
2; lane 7, no sample; lane 8, molecular weight marker. The 1310 bp
band represents the normal sized PCR product. The 975 bp band
represents the PCR product with 335 bp DGUOK deletion in this
family.

Case reports: DGUOK deficiency in three
Japanese patienis

Patient 1

This Japanese girl was the first child to unrelated healthy parents
and was born without any complications at 40 weeks of gesta-
tional age, weighing 2510 g. At 3 months of age, she was referred
to hospital because of failure to thrive, nystagmus and incomplete
head control. Laboratory tests showed mild liver dysfunction
of unknown etiology. She was suspected to have hereditary
tyrosinemia because her blood tyrosine level was 800 nmol/mL
(cut-off, 500 nmol/mL), but urinary succinylacetone was not
detected. At the age of 18 months, her liver dysfunction deterio-
rated to the level of liver failure with prolonged coagulation time
(hepaplastin time 39%), and she underwent a liver transplanta-
tion, but died of cardiac tamponade at 19 months of age. Liver
respiratory chain enzyme assay showed low activity of com-
plexes I, ITI, and IV (0%, 9%, and 28% of normal control, respec-
tively). In contrast, complex II activity was normal and citrate
synthase was moderately increased (74% and 308%, respec-
tively). On BN-PAGE analysis, the band corresponding to assem-
bled complex I was invisible and those of complex III and IV
were strikingly weak (data not shown). On gPCR, liver mtDNA
was markedly decreased (3%), confirming a diagnosis of
hepatocerebral MTDPS.

© 2013 The Authors
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Patient 2

Ahealthy sister of patient 1 was born 2 years after her elder sister
died. A third girl was born 4 years after her eldest sister died,
without any complications at 40 weeks of gestation, with a weight
of 2750 g. At 2 days of age, she was referred to hospital due
to tachypnea, hypoglycemia, and metabolic acidosis. After that,
mild liver dysfunction was found (total bilirubin, 4.2 mg/dL;
direct bilirubin, 1.4 mg/dL; aspartate aminotransferase, 215 IU/L;
alanine aminotransferase, 49 IU/L; y-glutamyl transpeptidase,
842 IU/L) with hyperammonemia (180 pg/dL). Blood lactate
and pyruvate were 20.9 mmol/L, and 0.27 mmol/L, respectively.
Because of her eldest sister’s course, she did not undergo liver
transplantation and she died of liver failure at 9 months of age. The
liver showed low activity of complexes I, III, and IV (0%, 6%, and
17% of normal control, respectively). In contrast, complex II
activity was normal and citrate synthase was moderately increased
(105% and 281%, respectively), as for the eldest sister. On qPCR,
liver mtDNA was markedly decreased (6%) and she was diag-
nosed with hepatocerebral MTDPS.

Patient 3

A Japanese girl, unrelated to patients 1 and 2, was born as the
third child to unrelated healthy parents at 37 weeks of gestational
age weighing 1688 g. Symmetrical intrauterine growth retarda-
tion was noted from 30 weeks gestation. Her eldest brother died
at 1 year 4 months with a hepatic disorder of unknown origin.
Her elder sister was healthy. At 8 days of age, she was suffering
from feeding difficulty with liver dysfunction and nystagmus.
Developmental delay and failure to thrive gradually progressed.
At the age of 8 months, her liver dysfunction deteriorated to the
level of liver failure, and she underwent liver transplantation, but
died at 18 months of age. Liver respiratory chain enzyme assay
showed low activity of complexes L, III, and IV (12%, 12%, and
16% of normal control, respectively). In contrast, complex II and
citrate synthase activity were normal (68% and 106%, respec-
tively). On gPCR, liver mtDNA was markedly decreased (2%)
and she was diagnosed with hepatocerebral MTDPS.

Results

Characteristics of Japanese children diagnosed
with MRCD

In total, we diagnosed MRCD in 232 patients; these patients
comprised 34% of the study group. The age distribution of these
patients is as follows; nearly 40% before 1 month of age, three-
fourths by age 1 year, and >90% by age 7 years. One hundred and
twenty patients (52%) were male, and approximately half of the
diagnosed patients were deceased. Diverse clinical diagnoses are
shown in Figure 2. Eighty-seven patients (38%) had neurological
disorders consisting of Leigh syndrome, neurodegenerative dis-
orders, and so-called mitochondrial cytopathy. Fifty-nine (25%)
had a lethal or non-lethal infantile mitochondrial disorder.
Twenty-nine (13 %) had mitochondrial hepatopathy, and 17 (7%)
had mitochondrial cardiomyopathy. Among all MRCD, 28
patients (12%) lacked lactic acidemia, a feature that traditionally
prompts suspicion of MRCD. The entire mitochondrial DNA

© 2013 The Authors
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Fig. 2 Clinical diagnoses of mitochondrial respiratory chain disor-
der (MRCD) in Japan. Neurodegenerative disorders, neurode-
generative disorders unclassified to specific diseases. Patients with
non-lethal infantile mitochondrial disorder started with symptoms
such as lethal infantile mitochondrial disorder but survived beyond
1 year old. SIDS, sudden infant death syndrome; SUD, sudden unex-
plained death.

sequence was determined for 139 patients, but a causative genetic
abnormality was found in only 34 (24%) of these patients (data
not shown); indicating that, in most cases, the causative gene or
genes may be present in nuclear DNA.

The enzymatic diagnoses were compared with Australian data
(Fig. 3)."" In Japanese patients, a respiratory chain complex I
abnormality was most common (105 patients, 45%), followed, in
decreasing order of prevalence, by respiratory chain abnormal-
ities in multiple complexes (80 patients, 34%), a complex IV
abnormality (33 patients, 13%), and a complex III abnormality
(10 patients, 4%). No patient was given a probable or definitive

Australia
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Fig. 3 Percentage distribution of enzymatic diagnoses of
mitochondrial respiratory chain disorder (MRCD) in Japan and those
reported previously in Australia. The enzymatic diagnosis of MRCD
showed similar trends in prevalence between the Japanese and Aus-
tralian patients,'” with respiratory chain complex I being the most
common type of MRCD, followed by abnormalities in multiple
complexes, complex IV abnormalities, and complex III abnormal-
ities. Complex II abnormalities were very rare among the two
populations.
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diagnosis of a complex I abnormality. Similarly, according to the
Australian data, the most common abnormality was in complex I
(45%), followed by abnormalities in multiple complexes (28%),
complex IV (21%), and complex III (5%); only one patient had a
complex II abnormality.

Manifestations, genetic diagnoses, and prognoses
of MTDPS

A gPCR-based diagnosis of MTDPS was made for 16 of the 80
patients with an enzymatic diagnosis of a multiple complex
abnormality, and for seven of the 105 patients with an enzymatic
diagnosis of a respiratory chain complex I abnormality. Three of
these 23 patients died due to sudden infant death syndrome and
thus had no available records of clinical findings; the clinical
findings from the remaining 20 patients were further analyzed.
The disease types among these 20 patients were compared
with those reported by Sarzi et al.* (Fig. 4). Among the Japanese
patients, 13 (65%) had acute hepatocerebral MTDPS, two
(10%) had Alpers-like syndrome (delayed-onset hepatocerebral
MTDPS), and five (25%) had encephalomyopathic MTDPS. This
distribution is similar to that reported by Sarzi ef al. We must
note here that “Alpers-like” refers simply to delayed-onset
hepatocerebral MTDPS. This is because no true case of Alpers
syndrome has yet been identified in Japan. The results of analyses
of the three main genes responsible for MTDPS are shown in
Figure 5. Causative genetic anomalies were identified in six of
the 20 Japanese patients (30%). No abnormality was identified in
the three genes of the remaining 14 patients (70%). The respon-
sible genes were DGUOK in three patients whose clinical reports
are described in the previous section, MPVI7 in two patients,’
and POLG in one patient whose clinical report will be published
elsewhere. The individual genetic abnormalities are listed with
the clinical findings in Table 1. Although three of the patients

Japan Sarzi K et al.

n=50

n=20

Fig. 4 Percentage distribution of disease types of mitochondrial
DNA depletion syndrome (MTDPS) in Japan and those reported
by Sarzi eral. “Alpers-like” refers simply to delayed-onset
hepatocerebral MTDPS, because no true case of Alpers syndrome
has yet been identified in Japan. The distribution of disease
types in the present study did not differ from that reported by
Sarzi etal’. (i) Hepatocerebral, (%) Alpers-like syndrome, (&%)
Encephalomyopathic.
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Fig.5 Percentage distribution of responsible genes for
mitochondrial DNA depletion syndrome (MTDPS) in Japan and
those reported by Sarzi er al. The causative gene was not identified in
the majority of patients in each population. Four genes, DGUOK,
POLG, MPVI17, and TK2, contained 40% of the causative genetic
abnormalities identified by Sarzi et al.,* while three genes, DGUOK,
POLG, and MPV17, contained 30% of the abnormalities found in the
Japanese patients. () DGUOK, (i) POLG, MPVI17, (&) TK2,
(B8 unknown. DGUOK, deoxyguanosine kinase; POLG, DNA
polymerase Y.

underwent liver transplantation during infancy, five of them died
before 2 years of age. Patient 5 lived longer than the others
because of dietary and pharmaceutical treatment targeting the
mitochondrial respiratory chain complex IL7

The DGUOK-related patients were two sisters, with a
homozygous 335 bp deletion (Fig. 1a; g.11692_12026del335;
encompassing 308 bp of intron 1 and 27 bp at the start of exon 2),
and a compound heterozygote patient, genetically unrelated to
these sisters, with the same deletion and a ¢.743T>C (p.L248P)
missense mutation. The large 335 bp deletion encompassing
from intron 1 to exon 2 causes the complete skipping of exon 2,
and the resultant mRNA has a premature termination codon
(p-A48fsX90). Each parent and healthy sister is heterozygous
for this mutation (Fig.1b). The p.L248P variation is not
listed as a polymorphism in the ensembl _mart 47 database
(martdb.ensembl.org) and has not been reported as a disease-
causing mutation. Moreover, the alignment shows that Leu248 is
absolutely conserved in all species (Fig. 6)."*

The MPVI7 patients were previously reported compound
heterozygote siblings.” The POLG patient was a compound
heterozygote. The genetic mutations noted in these six patients
were confirmed to be absent in DNA of 100 healthy Japanese
controls (data not shown).

Like Sarzi et al., who did not find the responsible gene or
genes in 60% of the patients, we were unable to identify the
responsible gene or genmes in a majority of the cases. We
sequenced the whole exome of all the MTDPS patients to identify
the underlying nuclear disease genes using next-generation
sequencing system (data not shown). This did not identify patho-
genic mutations in any of the known genes associated with
MTDPS (TK2, SUCLA2, RRM2B, SUCLGI, MGMEI, CI0orf2,
TYMP, and AGK) in the present MTDPS patients.

© 2013 The Authors
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Table 1 Clinical and molecular characteristics for Japanese hepatocerebral MTDPS patients

Patient

Sex Initial symptoms (age)

F Feeding
difficulty
(8 days)

F Failure to thrive
(4 months)

Outcome
(age)

Dead
(1 year)

Dead
(7 months)

Clinical diagnosis

Mitochondrial
hepatopathy

Hepatic failure

Complications

Developmental delay,
failure to thrive

Hypotonia

Liver Blood lactate/
_ transplantation pyruvate (mmol/L)

Done 2.9/0.14

Not done 1.76/0.1

JomtDNA
in liver

Identified mutations

(g.11692_12026de1335
(p.A48£5X90)

POLG
(c.2869G>C (p.A957V)
/ ¢.3354T>C (p.11185T))

Ref

Shaded columns, two pairs of siblings. MTDPS, mitochondrial DNA depletion syndrome.
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Human 241 217
Pan Trog 241 217
Canin 243 2
Bog 241 17
Mus 241 277
Hat 241 277
Danio 233 259
Avabidopeis 403 832
oryza 408 CIMHSS IOV ALY ICRHDT DENNOTEAKRG 434

Fig. 6 ClustalW multiple sequence alignment of deoxyguanosine
kinase (DGUOK) orthologs. The alignment shows that amino acid
248Leu mutated in the patient is absolutely conserved in all species.
URLs: HomoloGene, http://www.ncbi.nlm.nih.gov/homologene (for
the DGUOK ortholog amino acid sequences of human [accession no.
NP_550438.1], Pan [accession no. XP_001153473.1], Canis [acces-
sion no. XP_533001.2], Bos [accession no. NP_001014888.2],
Mus [accession no. XP_001107072.1], Rat [accession no.
NP_001100072.1], Danio [accession no. XP_001093561.1],
Arabidopsis [accession no. NP_565032.2], Oryza [accession
no. NP_001044956.1]). ClustalW, http://www.ebi.ac.uk/Tools/
clustalw/.'®

Of the genetic mutations identified, POLG mutations were
less prevalent than in Caucasian subjects. Only one of the present
15 cases of Alpers syndrome or hepatocerebral MTDPS were
caused by recessive POLG mutations, compared with eight of 39
such cases diagnosed in France.

Sixteen of the 20 Japanese MTDPS patients were deceased.
Sarzi et al. reported that 29 of the 50 MTDPS patients they
analyzed were deceased. The data of the deceased patients were
plotted to obtain carves of the ages of death (in months) in the two
groups for comparison (Fig. 7). MTDPS patients had a short life in
both study groups; many died during or before reaching early
childhood. On log-rank test and Gehan-Breslow-Wilcoxon test no
significant differences were seen between the survival data.

Discussion

We started an enzyme diagnosis referral service for children
suspected of MRCD in 2007 and have diagnosed MRCD in

100

Percent survival

3

0 20 40 80 80 100
months Age of death

Fig.7 Comparison of the ages of death (in months) in the two
studies. A commonality between the Japanese patients and the Sarzi
et al. patients® was observed. No significant difference in disease
severity was identified (log-rank test, P = 0.3637; Gehan-Breslow-
Wilcoxon test, P = 0.2667). (ss) Japanese, n = 16/20; (»4) Sarzi
etal., n=29/50.
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30-40 patients from around Japan annually since then. In the last
year we have made >100 new MRCD diagnoses. Approximately
half of the diagnoses are for neonates. There are approximately
one million births in Japan annually. Under the assumption that
the patients referred for enzyme diagnosis represent approxi-
mately half of all Japanese MRCD patients, the prevalence of
neonatal-onset MRCD becomes 50 x 2/1 000 000 = 1/10 000.
When patients with juvenile-onset and adult-onset mitochondrial
disease are factored in, the prevalence of these diseases in Japan
becomes one in several thousand, which is comparable to the
prevalence in Western countries.'

It is noteworthy that >10% of the patients lacked lactic
acidemia, which many physicians still regard as synonymous
with mitochondrial disease. Hence, mitochondrial disease must
also be considered in lactic acidemia-free patients with unex-
plained signs and symptoms in multiple organs.

The enzymatic diagnosis of MRCD showed similar trends in
prevalence between Japanese and Australian patients, with res-
piratory chain complex I being the most common type of MRCD,
followed by abnormalities in multiple complexes, complex TV
abnormalities, and complex IIT abnormalities. Complex II abnor-
malities were very rare in both populations.

Twenty percent of the patients with multiple respiratory chain
disorders in the present study and 50% of the patients in the Sarzi
et al. study’ had MTDPS. Although MTDPS was the leading
cause of MRCD in both groups, MTDPS represented a
smaller proportion of the MRCD in Japan. According to the
Online Mendelian Inheritance in Man database, MTDPS can be
classified as encephalomyopathic, hepatocerebral, or specific
(a classification that includes mitochondrial neurogastrointes-
tinal encephalopathy [MNGIE] and Sengers syndrome).
Encephalomyopathic MTDPS features respiratory failure and
myopathy. Hepatocerebral MTDPS is characterized by liver dis-
orders, growth disorders, and hypoglycemia. The distribution of
the disease type classifications of the Japanese patients did not
differ from the distribution reported by Sarzi et al.

Four genes, DGUOK, POLG, MPV17, and TK2, contained
40% of the causative genetic abnormalities in the Sarzi er al.
study, while three genes, DGUOK, POLG, and MPVI7, con-
tained 30% of the abnormalities found in the Japanese patients.
The causative gene, however, was not identified in the majority of
patients in each study. The six Japanese hepatocerebral MTDPS
patients in whom the responsible gene was identified are listed in
Table 1. The serious nature of this disease is evident, given that
all six experienced onset as neonates or infants and died during or
before reaching early childhood.

Deoxyguanosine kinase deficiency was originally described
as the cause of infantile-onset hepatocerebral mitochondrial
disease, typically featuring hepatic failure, nystagmus and hypo-
tonia.”® Recently it has been shown that patients with DGUOK
mutation may present with neonatal hemochromatosis® or adult-
onset myopathy and mitochondrial DNA multiple deletions, with
or without liver involvement.?"** We found two novel DGUOK
mutations in two apparently unrelated Japanese families. Three
patients in two families had typical signs and symptoms of
hepatocerebral MTDPS, and both parents in each family were

© 2013 The Authors
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heterozygous for these mutations. A 335 bp deletion in DGUOK
was found in both families, and may therefore be a common
mutation in the Japanese population.

The present analysis of MTDPS patients concludes with a
comparison of the ages of death (in months) in the two groups
(Fig. 7). A commonality between the Japanese patients and the
Sarzi et al. patients was the early age of death: most patients died
during or before reaching early childhood. DGUOK deficiency
was most serious in both studies. Likewise, many patients in each
study experienced onset as neonates or infants. No significant
difference in disease severity was identified between the two
studies.

The present results indicate a lower prevalence of POLG
mutations in the Japanese population, which is likely attributable
to several common mutations found in Caucasian people that
appear to be ancient European founder mutations (p.A467T,
p.G848S, and p.W748S).” In children with recessive POLG
mutations, these three mutations represented seven of 16 mutant
alleles reported by Sarzi et al.* A recent study collated the preva-
lence of these three mutations in 10 studies reporting a total of
249 POLG patients and found that they represented 49% of
mutant alleles in predominantly Caucasian patients.?* Most Cau-
casian POLG patients will thus have at least one allele carrying
one of these three founder mutations, and Hakonen et al. sug-
gested that they may have been spread during Viking times.” The
carrier frequency of these mutations is as high as 2% in some
European countries. Their expected absence in Asian patients
likely explains a lower prevalence of recessive POLG disease in
Asian populations.

Conclusion

Mitochondrial DNA depletion syndrome and other mitochondrial
respiratory chain disorders are common, but serious, diseases that
occur across all races.
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ABSTRACT

BACKGROUND: Valproate-induced Fanconi syndrome is a rare adverse effect of valproate. Severely disabled patients
who require tube feeding are reported to be susceptible to valproate-induced Fanconi syndrome. Although most
patients with valproate-induced Fanconi syndrome are asymptomatic and detected incidentally with findings such
as hypophosphatemia, hypouricemia, increased urinary B2-microglobulin, and generalized hyperaminoaciduria,
clinical symptoms such as bone fracture, fever, tachypnea, and edema have been reported. PATIENT DESCRIPTION:
This 15-year-old, severely disabled, tube-fed, male patient with cytochrome oxidase deficiency had taken valproate
for 3 years when he developed fever for 3 weeks. Hypophosphatemia, hypouricemia, hypokalemia, increased
urinary B2-microglobulin, and generalized hyperaminoaciduria, as well as hypocarnitinemia, were found, indi-
cating that he had Fanconi syndrome. Valproate was the most likely cause of Fanconi syndrome in this patient.
After discontinuation of valproate, the fever resolved immediately, and the laboratory findings normalized.
CONCLUSION: Valproate-induced Fanconi syndrome should be considered when individuals taking valproate

develop fever of unknown origin.

Keywords: Fanconi syndrome, valproate, fever of unknown origin, side effects, valproate-induced Fanconi syndrome

Introduction

Fanconi syndrome is a generalized dysfunction of the
proximal renal tubules that causes urinary excretion of
amino acids, glucose, phosphate, bicarbonate, uric acid, and
other substances. Valproate (VPA)-induced Fanconi syn-
drome is a rare adverse effect of VPA.! Several case reports
have shown that severely disabled, tube-fed patients are
vulnerable to VPA-induced Fanconi syndrome.** Most pa-
tients with VPA-induced Fanconi syndrome are diagnosed
during routine or incidental laboratory examinations
without any obvious symptoms.” The case of a severely
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disabled, tube-fed patient with cytochrome oxidase defi-
ciency who presented with fever of unknown origin that
was most likely caused by VPA-induced Fanconi syndrome
is presented.

Patient Description

This 15-year-old boy was born at 41 weeks' gestation with a birth
weight of 3270 g. His Apgar score was 3 at 1 minute and 6 at 5 minutes.
He developed spastic tetraplegia and needed tube feeding. At age
4 months, he presented with infantile spasms. He was diagnosed with
probable Leigh syndrome because of high lactate levels in the blood
(39.6 mg/dL) and cerebrospinal fluid (34.5 mg/dL), as well as high-
intensity signals in bilateral basal ganglia and thalami on T2-weighted
magnetic resonance imaging at age 2 years. Pyruvate dehydrogenase
complex activities in the lymphocytes and respiratory chain complex
activities in the muscle, as well as histopathology of the skeletal muscle,
were normal. Screening for known mitochondrial DNA mutations was
negative. Seizure contro} was poor, and he had been on VPA and carba-
mazepine without l-carnitine supplementation from age 12 years. Two
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months before his admission at age 15 years, the VPA dose was increased
(34 mg/kg/day) because of seizure deterioration, and l-carnitine (6 mg/
kg/day) was added as a supplement to prevent secondary carnitine
deficiency.

He was admitted to our hospital because of high-grade fever (39.1°C)
that had lasted for 3 days. Bronchial pneumonia was suspected, and
cefotaxime was administered. However, the fever persisted for 3 weeks.
His body weight decreased from 16.7 kg at admission to 14.8 kg during
the 3 weeks despite sufficient water (1800 mL/day) and caloric intake
(1500 kcal/day). The following laboratory examinations were normal:
white blood cell count, C-reactive protein, serological tests for viral or
mycoplasma infection, antinuclear antibodies, rheumatoid factor, thy-
roid hormones, lymphocyte stimulation test for VPA, and bacterial and
mycotic cultures. However, the erythrocyte sedimentation rate was high
(90 mm/hr). Whole-body [F'*]-fluorodeoxyglucose positron emission
tomography scan did not reveal any findings indicating focal inflam-
mation. On the other hand, hypophosphatemia (1.3 mg/dL; normal
2.6-6.3 mg/dL), hypokalemia (3.3 mEq/L; normal 3.6-5.2 mEq/L), and
hypouricemia (1.6 mg/dL; normal 2.0-7.0 mg/dL) were found, indicating
the possibility of proximal renal tubular dysfunction. Urinalysis showed
proteinuria, glycosuria, elevated p2-microglobulin (4460 pg/L;
normal <230 pg/L), and generalized hyperaminoaciduria. These results
confirmed Fanconi syndrome. In addition, hypocarnitinemia (19.0 pmol/
L) was found despite carnitine supplementation, indicating secondary
carnitine deficiency due either to VPA or Fanconi syndrome, or both. VPA
was discontinued at 18 days from the start of fever. Four days later, the
high fever resolved, and he gained 1 kg of weight. After the fever
resolved, the l-carnitine supplement was increased (40 mg/kg/day) to
treat hypocarnitinemia. Two months later, laboratory findings associated
with Fanconi syndrome were normal. After recovery, a skin biopsy
revealed cytochrome oxidase deficiency. The patient was not re-
challenged with VPA, and no recurrence of Fanconi syndrome has been
evident for more than 2 years.

Discussion

Fanconi syndrome is characterized by a general dysfunc-
tion of proximal renal tubules that causes urinary excretion
of amino acids, glucose phosphate, bicarbonate, uric acid,
and other substances.* Recently, VPA-induced Fanconi syn-
drome has been recognized mostly in severely disabled pa-
tients.”* The fever of unknown origin and weight loss in the
present patient were likely the manifestations of VPA-
induced Fanconi syndrome due to (1) the patient’s vulnera-
bility to this condition due to his diagnosis of cytochrome
oxidase deficiency and severe disability requiring tube
feeding, and (2) the fact that fever of unknown origin, weight
loss, and laboratory findings indicative of Fanconi syndrome
normalized after discontinuation of VPA.

A search of the PubMed database and the Japan Medical
Abstract Society website for articles using the keywords
“Fanconi syndrome” and “valproate” or “valproic acid”
identified 20 reports of 49 patients (Table).!"?% In these, sex
and age were described in 37 patients (19 males and 18
females), with ages ranging from 2 to 32 years (median age,
8 years). As previously reported,® a high percentage of
Japanese patients (36 of 49 patients) was evident. Among
the 49 patients identified, 47 were described as being
severely disabled (n = 42) or not (n = 5); in addition,
feeding was described in 41 of the 49 patients, with 36 re-
ported as being tube-fed. The duration of VPA treatment
ranged from 3 months to 21 years (median, 4 years), and the
VPA blood levels ranged from 21 to 141 pg/mL (median,
77.6 ug/mL). When VPA was discontinued, 45 of 47 patients
recovered completely from VPA-induced Fanconi

syndrome.

The duration needed for recovery ranged from 1 week to
18 months (median, 4 months). Two patients developed
renal failure or contmumg proteinuria despite the discon-
tinuation of VPA.S" Thus, the clinical course of VPA-
induced Fanconi syndrome in the present patient was
similar to the previous reports. Among the 13 patients in
whom serum carnitine levels or carnitine supplementation
was described, 3 patients had hypocarmtmerma“““3 191
patient had a normal carnitine level,” and 9 patients with
no description of serum carnitine levels had carnitine sup-
plementation.'**!7!® None of the patients whose serum
carnitine levels were described had fever of unknown
origin. Thus, there was no apparent association between
hypocarnitinemia and prolonged fever, as appeared in the
present patient. Furthermore, the weight loss and elevated
erythrocyte sedimentation rate found in the present patient
were not described in the other reported patients with VPA-
induced Fanconi syndrome.

Overall, in 19 of the 49 reported patients, VPA-induced
Fanconi syndrome was found on routine or incidental lab-
oratory examinations without any obvious symptoms. In
the remaining 30 patients, the initial clinical manifestations
led to the diagnosis: 11 had fracture, 9 had fever, 3 had
tachypnea, 2 had edema, 2 had weakness, 1 had anorexia,
abdominal pain, and myopathy-like symptoms, 1 had hy-
pertension, and 1 had fatigue and confusion. Among the 9
patients with fever,®?#520 2 had prolonged fever
described as fever of unknown origin.® In the remaining 7
patients, VPA-induced Fanconi syndrome was diagnosed
and treated before the fever became prolonged.

In the present case, it took time to suspect VPA-induced
Fanconi syndrome because fever is a common symptom in
severely disabled patients. After infection was ruled out,
more time was taken to rule out various other causes. The
present case report, therefore, suggests the importance of
considering VPA-induced Fanconi syndrome in severely
disabled patients on VPA who develop prolonged fever and
of measuring serum phosphate, uric acid, and electrolyte
levels, as well as urinalysis including B2-microglobulin. The
present case also suggested that supplementation with less
than 10 mg/kg of carnitine is insufficient in these patients.

Although the precise pathogenic mechanism of VPA-
induced Fanconi syndrome remains unknown, a mito-
chondrial abnormality in the proximal renal tubules is a
typical finding of drug-induced Fanconi syndrome. There
are at least three hypotheses for the pathogenesis of the
renal tubular dysfunction. The first is an inhibition of B-
oxidation in the mitochondria of the proximal renal tu-
bules either directly by VPA or indirectl}/ by the secondary
carnitine deficiency caused by VPA.™> The second is
tubulo-interstitial nephritis (TIN) caused by hypersensi-
tivity to VPA or a direct toxic effect of VPA.>® The third is
increased oxidative stress due to the VPA-induced
decrease in plasma glutathione peroxidase activity,
which causes mitochondrial dysfunction in the tubules.!
The mechanisms of fever in VPA-induced Fanconi syn-
drome are unknown. Only two reported patients had
prolonged fever of unknown origin, and TIN was found in
one patient.® Because TIN can cause fever and weight loss,®
fever of unknown origin and weight loss in the present
patient might have been caused by TIN, but it could not be
confirmed without renal biopsy. Another possibility is
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TABLE.
Previously Published Cases of VPA-induced Fanconi Syndrome
Patient  Age (y)/ Clinical remarks Severe Tube VPA duration  VPA blood Other AEDs Time to Opportunity that Reference
number  Sex disability feeding level, pg/mL recovery disclosed FS
1 27[F Epilepsy No No 5y 136 None 1wk Fatigue, confusion R
2 6/M Cerebral palsy Yes Yes 512y 81.4 PHT, CLB 6 mo Edema 2
3 15/M Cerebral palsy Yes Yes 1412y 75 CBZ, CLB 3 mo Laboratory study 2
4 10/F Cerebral palsy, lissencephaly Yes - 16 mo 69.8 PB, GBP 5 mo Laboratory study K
5 9/M Anoxic encephalopathy Yes Yes Several years 49.3 PB, DZP 4 mo Laboratory study 2
6 4/F Perinatal anoxic Yes Yes 312y 60.2 CBZ 4 mo Laboratory study ?
encephalopathy
7 8/M West syndrome Yes - 7y 64 CZP, TPM 2 mo Laboratory study 3
8 6/F Cerebral retardation Yes - 212y - CLB 14 mo Weakness *
9 12/M Petit mal epilepsy No No 19 mo - PB 6 mo abdominal pain, 4
myopathy-like
10 10/M Severe and global Yes - 10 mo - PHT, lorazepam 3 mo Hypertension 5
neurolgic impairment
11 10/M Epilepsy No No 18 mo - None Renal failure  Laboratory study 8
12 9.5/M Birth asphyxia - - 8y - CZP, CBZ 4 mo Fracture 7
13 19/M Cerebral palsy - - - - PB - Fracture 7
14 15/M Near-drowning Yes Yes 13y 89.2 None 3 mo Laboratory study 8
15 6/F Neonatal asphyxia Yes Yes 6y 73.9 CLB 2 mo Laboratory study #
16 6/F Neonatal asphyxia Yes Yes 6y 119.8 None 2 mo Laboratory study &
17 2[F Early infantile epileptic Yes Yes 12 mo 94.7 ZNS, CLB 3 mo Fever of unknown §
encephalopathy origin
18 4/M Pachygyria Yes Yes 4y 62 None 18 mo Laboratory study &
19 8/F Neonatal asphyxia Yes Yes 8y 95 None 2 mo Laboratory study 8
20 13/F Neonatal asphyxia Yes Yes 7y 141 None 12 mo Fever of unknown 8
origin
21 8/F Chromosome abnormality Yes Yes 6y 98.96 - 2 mo fever ¢
22 4/M West syndrome Yes Yes 3y 40 PB, ZNS 9 mo Laboratory study 10
23 10/M Partial epilepsy No No 12 mo 21 None 18 mo Laboratory study 10
24 7/M Lissencephaly Yes Yes 7y 129.7 PB, CZP 2 mo Edema 0
25 7/F Near-drowning Yes Yes 2y 57.2 CBZ 15 mo Laboratory study 0
26 9/F Hypoxic ischemic Yes Yes 8y 81.6 - 4 mo Laboratory study w
encephalopathy
27 22/M West syndrome Yes Yes 21y - - 1 mo Laboratory study 12
28 - Encephalopathy sequelae Yes Yes 2y - ZNS 3 mo Fracture 3
29 - Encephalopathy sequelae Yes Yes 4y - ZNS 3 mo Fracture 13
30 - Chromosome abnormality Yes Yes 4y - CBZ, PHT Proteinuria Laboratory study &
31 - Epilepsy Yes Yes 3y - KBr 1 mo Laboratory study &
32 - Brain malformation Yes Yes 9y - PB 3 mo Fracture "
33 - Cerebral palsy Yes Yes 4y - ZNS 6 mo Tachypnea 3
34 - Cerebral palsy Yes Yes 8y - none 9 mo Fracture 3
35 - Cerebral palsy Yes Yes 3y - CLB, ZNS, PB,KBr 9 mo Fracture i3
36 - Neurodegenerative disease Yes Yes 3y - CZP, PB, DZP 6 mo Fracture =
37 - Cerebral palsy Yes Yes 3y - ZNS, PB 2 mo Fracture 2
38 - Encephalopathy sequelae Yes Yes 3 mo - ZNS, PB 6 mo Tachypnea =
39 - Neurocutaneous syndrome Yes Yes 12 mo - ZNS 6 mo Tachypnea ‘3
40 4/M Congenital myopathy Yes Yes - - None 3 mo Lower respiratory tract **
infection
41 8/F West syndrome Yes Yes 6y 74.2 PHT, PB, CZP, ZNS 5 mo Pneumonia 15
42 2[F Chromosome abnormality Yes Yes 2y 122.7 CBZ, CLB 2 mo Gastroenteritis 8
43 3M Epilepsy Yes Yes 3y 65.6 ZNS, GBP 1 mo Upper respiratory =
infection
44 8/F Myoclonic epilepsy Yes Yes 7y - CLB 12 mo Fracture 8
45 14/M Epilepsy No No 2y = - 6 mo Weakness 17
46 10/F Partial deletion of Yes Yes 9y - TPM 12 mo Laboratory study '
chromosome 4p
47 2[F Type 2 Gaucher disease Yes Yes 2y 80.2 CLB, TPM 2 mo Fracture i
48 11M Cerebral palsy, epilepsy Yes - 11y - PB, ZNS CLB, KBr A couple of Respiratory illness 20
weeks
49 32/F Neonatal asphyxia Yes - - - - - Pneumonia 20
Abbreviations:
AEDs = Antiepileptic drugs
CBZ = Carbamazepine

CLB = Clobazam
CZP = C(lonazepam

DZP = Diazepam

FS = Fanconi syndrome
GBP = Gabapentin

KBr = Potassium bromide
PB = Phenobarbital

PHT = Phenytoin

TPM = Topiramate

VPA = Valproate

ZNS = Zonisamide

Severe disability means bedridden or wheelchair-bound.
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uncoupling or “loose coupling” of oxidative phosphoryla-
tion in the mitochondria, which may cause fever and
weight loss because of hypermetabolism, as found in Luft’s
disease.”! However, valproate is not known to have an
uncoupling effect. Our patient had a cytochrome oxidase
deficiency, which itself could cause Fanconi syndrome.
However, the fact that Fanconi syndrome resolved with
VPA withdrawal indicated that the mitochondrial disease
was not a direct cause of Fanconi syndrome in the present
patient.

In conclusion, VPA-induced Fanconi syndrome should be
considered when patients taking VPA develop fever of un-
known origin. Furthermore, individuals taking VPA, espe-
cially those who are severely disabled and tube-fed, should
be given carnitine supplementation and be periodically
screened for Fanconi syndrome.
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and Welfare (MHLW) of Japan to A. O. and K. M. Dr Murayama was supported by the
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Primary coenzyme Q10 (CoQ;0) deficiencies are rare, clinically heterogeneous disorders caused by mutations in several genes encoding
proteins involved in CoQ; biosynthesis. CoQjo is an essential component of the electron transport chain (ETC), where it shuttles elec-
trons from complex I or II to complex III. By whole-exome sequencing, we identified five individuals carrying biallelic mutations
in COQ4. The precise function of human COQ4 is not known, but it seems to play a structural role in stabilizing a multiheteromeric
complex that contains most of the CoQ;o biosynthetic enzymes. The clinical phenotypes of the five subjects varied widely, but four
had a prenatal or perinatal onset with early fatal outcome. Two unrelated individuals presented with severe hypotonia, bradycardia,
respiratory insufficiency, and heart failure; two sisters showed antenatal cerebellar hypoplasia, neonatal respiratory-distress syndrome,
and epileptic encephalopathy. The fifth subject had an early-onset but slowly progressive clinical course dominated by neurological dete-
rioration with hardly any involvement of other organs. All available specimens from affected subjects showed reduced amounts of
CoQ,0 and often displayed a decrease in CoQ;o-dependent ETC complex activities. The pathogenic role of all identified mutations
was experimentally validated in a recombinant yeast model; oxidative growth, strongly impaired in strains lacking COQ4, was corrected
by expression of human wild-type COQ4 cDNA but failed to be corrected by expression of COQ4 cDNAs with any of the mutations iden-
tified in affected subjects. COQ4 mutations are responsible for early-onset mitochondrial diseases with heterogeneous clinical presenta-
tions and associated with CoQ10 deficiency.

Coenzyme Q (CoQ), or ubiquinone, is a lipophilic com- tion pathways. CoQ can also act as an antioxidant and a

ponent of the electron transport chain (ETC), where it
shuttles electrons derived from NADH and FADH, to ETC
complex IIT (cIII) or ubiquinone-cytochrome ¢ reductase.
The main electron donors to CoQ are ETC complexes [
(cI) and II (cII) but also include other mitochondrial flavo-
proteins, for instance, electron transfer flavoprotein-ubi-
quinone oxidoreductase, mitochondrial (ETF-dehydroge-
nase [ETFDH]), which is the terminal component of fatty
acid B-oxidation and branched-chain amino acid oxida-

membrane stabilizer, is a cofactor of additional mitochon-
drial enzymes (e.g., uncoupling protein UCP1),%? and
plays an indispensable role in the de novo pyrimidine
biosynthesis as the electron acceptor from dihydroorotate
dehydrogenase.*™

CoQ is a 1,4-benzoquinone with a tail of 10 isoprenyl
units in humans (CoQj0) but of variable length in other
species (e.g., CoQg in yeast). The synthesis of the iso-
prenoid moieties proceeds via either mevalonate or
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Figure 1.

Pedigrees of Investigated Families and COQ4 Structure and Conservation of Identified Mutations

(A) Pedigrees of four families affected by mutations in COQ4. The mutation status of affected and unaffected family members is indicated

by closed and open symbols, respectively.

(B) COQ4 structure showing the identified mutations. The structure of the gene product, COQ4, is also shown with known domains and
localization and conservation of amino acid residues affected by the mutations. Intronic regions are not drawn to scale.

2-C-methyl-D-erythritol 4-phosphate pathways, whereas
the aromatic precursor of the CoQ benzoquinone ring is
p-hydroxybenzoate, derived from tyrosine.® After the iso-
prenoid “tail” is bound to the aromatic “head,” the ring
undergoes sequential modification. At least ten enzymes
participate in CoQ biosynthesis; in yeast, and possibly
mammals as well, these enzymes are all localized in
mitochondria.

Primary CoQ;q deficiency is the biochemical signature
of a group of rare, clinically heterogeneous autosomal-
recessive disorders caused by mutations in several genes
encoding proteins involved in CoQ;o biosynthesis.” Muta-
tions in COQ2 (MIM 609825), COQ6 (MIM 614647),
ADCK3 (COQ8 [MIM 606980]), ADCK4 (MIM 615573),
COQ9 (MIM 612837), PDSS1 (MIM 607429), and PDSS2
(MIM 610564) have been reported in subjects with severe
infantile mitochondrial syndromes associated with severe
tissue CoQ;o deficiency, whereas the genetic bases under-
pinning adult-onset CoQ;¢ deficiency remain mostly un-
defined.*® COQ4 (MIM 612898) codes for a ubiquitously
expressed 265-amino-acid protein that is peripherally asso-
ciated with the mitochondrial inner membrane on the ma-
trix side;*° the precise function of human COQ4 is not
known, but the yeast ortholog seems to play a structural

role crucial in the stabilization of a multiheteromeric com-
plex including several, if not all, of the CoQ biosynthetic
enzymes.''

We report here the identification of pathogenic biallelic
COQ4 mutations in a total of five individuals from four
families; these subjects were part of a cohort of severe mito-
chondrial cases where the CoQ;q defect was not antici-
pated. The family pedigrees are shown in Figure 1A.

Subject 1 (S1; 1I-3, family 1), a boy, was the third of four
siblings and was born to healthy, non-consanguineous
Italian parents after an uncomplicated pregnancy and
elective cesarean delivery. His oldest sister (II-1), who pre-
sented with bradycardia and hypotonia, died at birth,
and his 16-year-old second sister and his 5-year-old brother
are alive and well. At birth, S1 had a weight of 3,410 g, a
length of 49.5 cm, and a head circumference of 34.5 cm.
Apgar scores were 7 and 10 at 1 and 5 min after birth,
respectively. At birth, his condition appeared critical, given
that he showed severe hypotonia, areflexia, acrocyanosis,
bradycardia, and respiratory insufficiency. Ultrasound ex-
amination revealed markedly decreased motility of the
left ventricle with an ejection fraction of 20%-25%. No
evidence of hepatic or renal impairment was observed. Do-
butamine infusion via an umbilical venous catheter was
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Table 1. Mitochondrial ETC Activities in Muscle
Subject cl/cs* ci+ni/cs® cli/cs® cli+H/Cs* clit/cs? clvV/Cs* cs®
Muscle biopsy S1¢ 36 24 N 34 N N 64
82¢ 6 ND 42 43 10 30 57
S3 N N N 55 N 50 54
S4 145 N N 222 189 109
S5 <5 ND N 30 50 N 65

Abbreviations are as follows: N, value in the control range; ND, not done; cl, complex I; cll, complex 1f; clll, complex Il}; clV, complex IV; cl+lll, coupled activity of
complexes | and 11I; and cli-+Ill, coupled activity of complexes Il and lil. The analyses were performed in different laboratories, and the reference values are diverse
(they usually range between 60% and 140% of the mean control value). The values of ETC complex activities out of the control range (specific to each enzymatic

activity and to each laboratory) are reported.

#Mean control value (%) of CS-normalized ETC complex activities.
Ppercentage of mean control value.

“Sample from autopsy.

ineffective, and the baby died 4 hr after birth. His blood
glucose level was normal, as were renal and hepatic param-
eters; plasma creatine kinase was moderately elevated
(861 U/l; normal value [n.v.] < 400), and blood lactate
was extremely high (20.1 mM; n.v. < 2). Analysis of uri-
nary organic acids showed elevated levels of 2-OH glutaric
acid, whereas plasma and urinary amino acids were within
normal ranges. The autopsy examination revealed left ven-
tricular hypoplasia with septum hypertrophy and a patent
ductus arteriosus. No brain examination was performed.

The activities of the ETC complexes in autoptic skeletal-
muscle homogenate showed severe defects of both coupled
cl+cllI and cII+cllI reactions, normalized to citrate syn-
thase (CS), and a decrease in CS-normalized cI (Table 1).
In both liver and cultured fibroblasts, the CS-normalized
activities of each of the individual ETC complexes were
in the control range. Although the coupled cI+clIlI activity
cannot be reliably assayed in cultured cells,’* the coupled
cll+cIIl activity was clearly decreased in S1 fibroblasts
(65% of the control mean).

S2 (II-1, family 2) was born at the 34™ week of gestation
and was the female first child of non-consanguineous
Japanese parents. Her birth weight was 1,120 g (—2.2 SDs).
Apgar scores were 7 and 8 at 1 and 5 minutes after birth,
respectively. There was no family history of neurological
or cardiac disease. The pregnancy was complicated by severe
intrauterine growth delay and ultrasound-documented hy-
pertrophic cardiomyopathy. On S2’s first day of life, she
became apnoeic and was intubated as a result of respiratory
failure. She initially displayed moderate lactic acidosis,
but soon after her admission to Neonatal Medical Center,
her lactic acidosis rapidly worsened (blood lactate = 11.2—
18.8 mM; n.v. < 2); her hypertrophic cardiomyopathy
evolved into severe heart failure, leading to death at the
age of 1 day.

The metabolic profile (urinary and plasmatic amino acids,
organic acids, and acylcarnitines) showed no significant
findings. A liver autoptic specimen showed a severe defi-
ciency of cI (cI/CS ratio = 2.9%); autoptic skeletal-muscle
homogenate also showed a cI deficiency together with less
pronounced reductions of other ETC complexes (Table 1).

Sisters S3 (II-1, family 3) and S4 (II-3, family 3) are the
first and third, respectively, of three siblings and were
born to healthy, non-consanguineous Austrian parents.
Their brother (II-2) is a healthy, unaffected boy. S3 and
S4 were born prematurely at gestational ages of 32 weeks
(birth weight = 1,550 g) and 34 weeks (birth weight =
2,170 g), respectively.

Performed at the 20™ week of gestation, prenatal organ
screening of S3 revealed a suspected malformation of the
cerebellum. A postnatal cranial ultrasound showed cere-
bellar hypoplasia. After birth, she showed distal arthrogry-
posis, but no other dysmorphic features. At birth, she suf-
fered from respiratory-distress syndrome, and a few hours
later, a severe myoclonic epileptic encephalopathy ensued;
blood lactic acid at 36 hr of age was 6.4 mM and rose to
14 mM prior to her death by multiorgan failure on the
third day of life. Echocardiography showed a normal heart.
Metabolic investigations (amino acids in plasma, acyl-
carnitine profile, and standard newborn screening) were
essentially normal. Analysis of organic acids in urine
showed excretion of glycerol and 2-OH-glutarate. In frozen
postmortem muscle (obtained within 30 min after death),
ETC enzyme activities were slightly decreased (Table 1). An
autopsy of the brain revealed severe olivopontocerebellar
and thalamic hypoplasia and scattered cavitations in the
white matter; the visceral organs appeared normal for the
gestational age.

Six years later, prenatal organ screening of the sister, $4,
showed cerebellar hypoplasia, suggesting the same disease
as in S3. Similar to her sister, S4 suffered from neonatal res-
piratory distress. No dysmorphic features were present.
Echocardiography was normal. A cranial ultrasound con-
firmed cerebellar hypoplasia. Six hours after birth, epileptic
encephalopathy ensued; blood lactic acid was 3.5 mM at
2 hr of age and rose to 9 mM at death on the second
day of life. Metabolic investigations showed normal
newborn-screening results and a normal acylcarnitine pro-
file. Amino acids in plasma were grossly elevated but
showed no specific pattern. Analysis of urinary organic
acids showed excretion of a “mitochondrial dysfunctional
pattern” with malate, fumarate, and 2-OH-glutarate, as
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well as vitamin B6 metabolites and N-acetyl-tyrosine. Anal-
ysis of frozen postmortem muscle showed elevated levels
of ETC activities (Table 1). In both girls, blood glucose con-
centration and renal and hepatic parameters were in the
normal range.

S5 (1I-1, family 4) is an 18-year-old young man and is the
only offspring of healthy Italian parents who deny consan-
guinity and originate from a medium-size town in south-
ern Italy. Pregnancy was normal, and delivery was via ce-
sarean section because of a podalic presentation. He was
born at term, and his weight at birth was 4,100 g. Weight
and motor development were reportedly normal in his first
year of life, but he started to show slowly progressive motor
deterioration after the age of 10 months, when he mani-
fested unsteadiness in maintaining acquired sitting posi-
tion. He achieved the ability to walk with a spastic ataxic
gait at 3 years of age but lost ambulation by 6 years of
age and has been wheelchair bound since then. At 12 years
of age, he started manifesting epileptic seizures in the form
of prolonged right-side hemiclonic seizures. MRI showed
bilateral increased signal intensity in fluid-attenuated-
inversion-recovery and T2-weighted sequences in both oc-
cipital-cortical and juxtacortical areas (Figures S1A-S1D).
Around the same period, he started to have swallowing dif-
ficulties. He was admitted for extensive investigation.
Thorough blood tests excluded liver and kidney involve-
ment and did not show lactic acidosis. A specific pattern
of organic aciduria was excluded. Electrophysiological ex-
amination showed a sensory motor polyneuropathy with
slowed conduction velocities. During a 5-year follow-up,
he showed a slowly progressive downhill course with
recurrent treatment-resistant seizures, worsened swallow-
ing impairment, progressive scoliosis, and cognitive deteri-
oration. A muscle biopsy was performed when he was
12 years old. Spectrophotometric assays of the ETC com-
plexes in muscle homogenate showed virtually undetect-
able cI/CS ratios and reduced clI+clII/CS and cIll/CS ratios.
The other ETC complex activities were within control
limits (Table 1). Since the age of 15 years, he has used a
percutaneous-endoscopic-gastronomy tube and has devel-
oped severe scoliosis with a Cobb angle of 75°. Control
MRI performed when he was 17 years old showed cere-
bellar atrophy, widening of ventricular brain spaces, and
scars from cortical necrotic lesions in both occipital areas
(Figures S1TE-S1H).

In agreement with the Declaration of Helsinki, informed
consent for genetic and biochemical studies was signed by
the parents of all subjects, and the ethics committee of the
Technische Universitdt Miinchen approved the study.

We performed whole-exome sequencing (WES) to inves-
tigate the molecular bases of the mitochondrial disease
presentations of S1, S4, and S5, as described previously.**
Coding DNA sequences were enriched with a SureSelect
Human All Exon 50 Mb V4 or V5 Kit (Agilent) and subse-
quently sequenced on a HiSeq2500 system (lllumina).
Read alignment to the human reference assembly (UCSC
Genome Browser hgl9) was done with the Burrows-

Wheeler Aligner (version 0.7.5), and single-nucleotide var-
iants and small insertions and deletions were identified
with SAMtools (version 0.1.19). On the basis of the rare dis-
ease phenotype and a pattern concordant with autosomal-
recessive inheritance, we sought genes carrying rare (minor
allele frequency [MAF] < 0.1% in 4,500 control exomes)
variants predicted to be compound heterozygous or homo-
zygous. We then prioritized variants in genes coding for
proteins with known or predicted mitochondrial localiza-
tion."* This filtering strategy led to the identification of
recessive variants in COQ4, coding for a mitochondrial
protein involved in CoQ;o biosynthesis,'’ in all three
subjects. In S2, we used the SeqCap EZ Library (version
1.0; Roche NimbleGen). Details on the bioinformatics
pipeline and variant filtering have been reported re-
cently.'® Sequencing statistics are provided in Table S1.

We identified COQ4 mutations (RefSeq accession num-
ber NM_016035.3) in four individuals (Figure 1). In S1,
we identified a homozygous missense variant, ¢.433C>G
(p.Arg145Gly). Both parents and a healthy sister are het-
erozygous carriers, and a healthy brother has two reference
alleles. No material was available from the deceased sister.
S2 was found to be compound heterozygous for anonsense
variant on the paternal allele and a missense variant on
the maternal allele: c.[421C>T};[718C>T], p.[Argl41*];
[Arg240Cys]. S4 was found to be compound heterozygous
for a missense mutation and an exon 5 in-frame deletion:
c.[155T>CJ;[521_523delCCA], p.[Leu52Ser];[Thr174del].
Both variants were also confirmed in the DNA of S3,
whereas the parents are heterozygous for only one variant
each (the father carries the missense mutation, and the
mother carries the deletion). In S5, we identified a homo-
zygous mutation, c¢.190C>T (p.Pro64Ser). Both parents
are heterozygous for this mutation.

None of the identified variants are present in our exome
database, which contains 4,500 samples, or in public SNP
databases, including dbSNP, the NHLBI Exome Sequencing
Project Exome Variant Server, and the Exome Aggregation
Consortium (ExAC) Browser. The only exception is the
¢.718C>T variant (rs143441644), which is reported to
have an extremely low frequency (MAF = 0.00023; 28/
12,0330 alleles) in the ExAC Browser. Moreover, all
missense changes are predicted to be deleterious by several
bioinformatics tools (Table S2).

Because of the identified genetic defects, we tested
CoQy levels in available specimens from the subjects. In
a muscle biopsy from S1, we detected a clear reduction of
CoQjo (32.9 nmol CoQo/g protein; n.v. = 101-183;
1.16 nmol CoQ;0/CS; n.v. = 1.75-3.46). In fibroblasts
from S1, the levels of CoQ1o were also lower than CoQ;q
levels in neonatal control fibroblasts (54% of control
mean). In frozen muscle from S3, CoQ;¢ was reduced
(13.5 nmol CoQ;0/g protein; n.v. = 160-1,200; 0.3 nmol
CoQ10/CS; n.v. = 2.7-7); in muscle from S4, CoQ;o was
profoundly reduced (25.7 nmol CoQ;¢/g protein; n.v. =
160-1,200; 0.1 nmol CoQ;,/CS; n.v. = 2.7-7), whereas in
S5 muscle, the amount of CoQqo was slightly decreased
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(88.9 ng CoQqo/g protein; n.v. = 101-183; 1.70 pg nmol
CoQ10/CS; n.v. = 1.75-3.46) (Figure 2A). No residual sam-
ple from the muscle biopsy of S2 was available. Together,
these findings are consistent with a deleterious role of
the mutations identified in COQ4.

By Seaheorse micro-oxygraphy,'® we detected that
maximal respiratory rates were lower in 81, 4, and S5 fi-
broblasts than in control cells (Figure 2B). Moreover, a
drastic decrease in the amount of COQ4 was detected by
immunoblot analysis in S1, S4, and S5 fibroblasts (Fig-
ure 2C), confirming that the identified COQ4 nucleotide
variants are deleterious.

The Saccharomyces cerevisiae ortholog of human COQ4 is
yCOQ4; yCOQ4-null strains have been reported to be effec-
tively complemented by human COQ4.*" In order to func-
tionally test the effect of all the mutations found in our
cohort, we transformed a COQ4-null strain (4coq4) by in-
serting the following hCOQ4 variants into the multicopy
PYES2.1 vector: pYES:2COQ4™T (human wild-type [WT]),
pYES2.1 (empty vector), pYES:;yCOQ4™" (positive con-
trol), pYES:hcoq4P-A81456 (mutation ¢.433C>G), pYES:
hcoq4P-A8141% (¢ 421C>T), pYES:hcoq4P-A8240Cys (. 718C
>T), pYES:hcog4PLeu525¢r (¢ 155T>C), pYES:hcog4P- Thr174del
(c.521_523delCCA), and pYES:hcog4P %45 (¢, 190C>T).
In addition, to replicate the compound-heterozygous con-
dition found in probands of families 2 and 3, we trans-
formed the Acog4 strain via a pYES construct harboring
both the ¢.155T>C and the c.521_523delCCA mutations
(pYES:hcoq4Pleus2ser/p.Thrl74dely anq 3 pYES construct ex-
pressing the c.421C>T and ¢.718C>T mutations (pYES:
hcog4P-A181414/p-A1g240Cys) - A 'WT strain transformed with
the pYES2.1 empty vector was also included as an addi-
tional control. In order to reveal a possible respiratory
defect, we compared the growth of our transformant
strains cultured in either glucose (a fermentable carbon
source) or glycerol (a non-fermentable carbon source) after

Figure 2. Biochemical Studies in COQ4
Mutant Muscle and Fibroblasts

(A) CoQpin muscle from affected subjects
S1 and S3-85 is reported as a percentage of
the mean of control values (the analyses
were performed in different laboratories,
and the reference values are diverse; see
text). Data are reported after normaliza-
tion to protein content or CS activity.

(B) Maximal respiration rate (MRR)
measured in fibroblasts from subjects S1,
S4, and S5; MRR values are expressed as
percentages of MRR values obtained in
control fibroblasts. The graphs represent
the mean values from two independent
experiments, each with six to eight repli-
cates. Error bars represent the SD.

(C) Immunoblot analysis of COQ4 in fi-
broblasts from subjects S1, S4, and S5-and
control individuals (Ct). Arrowheads indi-
cate the band corresponding to COQ4.
An antibody against tubulin was used as
a loading control.

inducing gene expression with galactose for 4 hr. Notably,
whereas the growth of the pYES2.1:hCOQ4"™ transformant
strain was comparable to that of the pYES2.1:;yCOQ4™T
transformant strain, the strains transformed with the
hCOQ4 mutant vectors grew as slowly as that transformed
with pYES2.1 (Figure 3A). This result clearly indicates that
each mutation reported in our probands leads to a virtually
complete loss of function of the corresponding protein,
COQ4. Next, we found that the CoQg content in one
Acog4 mutant strain, hcoq4P*8*5SY was markedly dec-
reased, whereas Acog4 strains transformed with either
pYES2.1:yCOQ4 or pYES2.1:hCOQ4 had CoQg levels similar
to those in the WT strain (Figure 3B). This result indicates
that mutant hicog4P-*#*>%Y impairs CoQ biosynthesis.
Primary CoQ;, deficiency, caused by genetic defects in
CoQqo biosynthesis, is a clinically heterogeneous condition
associated with a spectrum of different phenotypes, in-
cluding encephalomyopathic forms with seizures and/or
ataxia,”** multisystem infantile forms with encephalo-
myopathy and renal failure,” nephrotic syndrome with
sensorineural deafness,”*** adult Leigh syndrome,?* and
isolated myopathic forms.** Mutations in seven genes
encoding proteins involved in CoQjo biosynthesis have
been reported in single families or in a few singleton
cases;”® the genetic defect has not been determined in
most of the cases of CoQ;o deficiency, and only a few
data are available regarding specific genotype-phenotype
correlations. Secondary CoQ; ¢ deficiency has been reported
in association with glutaric aciduria type IIC (MIM
231680), caused by mutations in ETFDH (MIM 231675; en-
coding electron-transfer dehydrogenase); ataxia-oculomo-
tor apraxia syndrome (MIM 208920), caused by mutations
in APTX (MIM 606350; encoding aprataxin); a cardio-
facio-cutaneous syndrome caused by a mutation in BRAF
(MIM 115150; encoding serine/threonine-protein kinase
B-Raf)*®; and glucose transporter GLUT1 deficiency.?’
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Figure 3. Yeast Studies

(A) Glycerol (YPG) growth of transformed 4COQ4 yeast with the different mutated versions of human COQ4 (pYES2.1, empty vector;
hCOQ4, pYES:hCOQ4W!; yCOQ4, pYESyCOQ4™Y; ¢.433C>G, pYES:hcoqd?MB1456Y; ¢ 421C>T, pYES:hcogdP V814, ¢.718C>T, pYES:
heogaP A0S, ¢ 155T>C, pYES:hcogdP "52%% ¢ 521 523delCCA, pYES:hcogdP ™M 744 ¢ 190C>T, pYES:hcogdP T 0% ¢ 155T>C
and ¢.521_523delCCA, pYES:hcog4P-eus2se/pIhal7adel andq ¢ 421C>T and ¢.718C>T, pYES:hcogdP-Ae-41+/p-582300y% W indicates the
wild-type yeast transformed with the YES2.1 empty vector. Cells were grown in selective medium for 16 hr, induced in galactose for
4 hr, and inoculated in YPG at 0.1 U of optical density (OD) at 600 nm. Growth at 30°C was monitored over 5 days by measurement
of OD cultures at 600 nm.

(B) Yeast mitochondrial CoQj levels. Purified mitochondria lipid extraction and high-performance-liquid-chromatography quantifica-
tion of CoQg was performed in the 4COQ4 strain transformed with the empty vector (pYES2.1), WT yeast (yCOQ4), or human (hCOQ4)

or hcogdP-ME1456
represent the SD.

Interestingly, although the mechanisms linking these het-
erogeneous genetic conditions to a decrease in CoQqo
remain obscure, most of these individuals benefitted from
CoQy supplementation.***

We found six COQ4 mutations in five affected sub-
jects from four unrelated families. All these individuals car-
ried homozygous or compound-heterozygous mutations,
clearly indicating that the resulting disease is an auto-
somal-recessive trait. Two alleles carried nonsense muta-
tions, which are both transmitted by descent in com-
bination with missense COQ4 mutations to different
individuals (S2 and sisters S3 and S4) and are predicted to
lead to a truncated and aberrant COQ4. Given that the het-
erozygous parents carrying the nonsense mutations are
alive and well, it is unlikely that COQ4 haploinsufficiency
is pathogenic, even though a previous study reported on a
boy carrying a de novo heterozygous deletion, including
COQ4, in chromosomal region 9q34."" Because the biosyn-
thetic pathway of CoQ is conserved throughout evolution
from human to Saccharomyces cerevisiae, we modeled in
yeast the mutations found in our subjects. Using this sys-
tem, we demonstrated that each mutation, or the allelic
combinations found in S2 and siblings S3 and S4, was asso-
ciated with a severe defect of oxidative growth. In parallel,
we also showed that COQ4 was strongly reduced in mutant
fibroblast cell lines-from S1, S4, and S5. In the skeletal mus-
cle of S1 and S3-S5, the CoQ;o content was reduced as well.
Taken together, these results demonstrate the pathogenic
role of the COQ4 mutations found in our cohort.

In keeping with the essential role of COQ4, four of our
five subjects had a prenatal or perinatal onset with a fatal
outcome in the first days of life. S1 and S2 presented

¥ (c.433C>G) COQ4 genes. AWT strain transformed with the empty vector was included as a positive control. Error bars

with severe hypotonia, bradycardia, and respiratory in-
sufficiency at birth; in S2, hypertrophic cardiomyopathy
had been evident since fetal development. A markedly
different, albeit equally severe, clinical presentation domi-
nated by premature delivery, antenatal cerebellar hypopla-
sia, neonatal respiratory-distress syndrome, and epileptic
encephalopathy characterized sisters S3 and S4. Rapidly
progressive, severe lactic acidosis was a common feature
in all four affected newborn subjects and is likely to have
determined their fatal outcome. Involvement of the heart
has been very rarely documented in CoQ;q-deficient sub-
jects, often as part of multisystem phenotypes, where car-
diomyopathy develops later than brain, muscle, or kidney
impairment.zo For instance, a homozygous nonsense mu-
tation in COQ9 was described in a baby who presented
with neonatal lactic acidosis and later developed hypertro-
phic cardiomyopathy as part of a multisystem disease
including intractable seizures, global developmental delay,
and renal tubular dysfunction.” In spite of his early onset,
the clinical course of S5 was slowly progressive and domi-
nated by neurological deterioration with hardly any
involvement of other organs, including the heart and
kidneys.

Although the link between specific genetic defects and
phenotypes is often unclear in mitochondrial disorders, or-
gans with the highest energy requirements, such as the
heart, kidneys, and brain, have the highest CoQ,, concen-
trations® and are the most frequently affected by CoQo
deficiency. The level of expression of COQ genes in
different cells seems to correlate poorly with the primarily
affected tissue or organ; for instance, COQZ2, mutations of
which typically cause renal impairment, has expression
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levels that are relatively higher in skeletal muscle and the
heart than in other organs,** whereas COQ4, mutated in
our subjects with cardiac or brain failure, is ubiquitously
expressed and has relatively higher levels in the liver,
lungs, and pancreas.

Because cardiomyocytes have a remarkably high energy
requirement, and cardiomyopathy is quite common in in-
dividuals with various inherited mitochondrial disorders,
the cardiac involvement in subjects with mutations in
COQ genes can be overlooked. Indeed, the crucial role of
CoQ;p in cardiomyocyte function has been recognized
for a very long time; for instance, myocardial biopsies
from individuals with congestive heart failure®® or cardio-
myopathy**** show low CoQo levels, which correlate
with the severity of heart damage.*® Moreover, statins,
cholesterol-lowering drugs that inhibit HMG-CoA reduc-
tase (the key enzyme common to the biosynthesis of
both cholesterol and CoQ;0) can cause CoQq deficiency,
ultimately leading to cardiomyopathy;*’ interestingly,
this harmful side effect can be overcome by oral CoQ;q
supplementation.*® Moreover, long-term CoQjo treat-
ment of individuals with chronic heart failure is safe,
improves symptoms, and reduces major adverse car-
diovascular events.”” These observations all converge
on a strict association between CoQ;o deficiency and
cardiomyopathy.

Notably, S3-S5 showed no sign of heart involvement,
whereas the clinical phenotype was dominated by enceph-
alopathy with seizures and a more progressive, but mainly
neurological, syndrome is the clinical hallmark of S5, indi-
cating the heterogeneity of the clinical presentations asso-
ciated with COQ4 defects. The variable specificity of organ
failure (e.g., heart versus brain) in the neonatal cases of our
cohort could be due to the fulminant course of the disease,
which prevented the deployment of multisystem involve-
ment. In support of this view, although cardiomyopathy
dominated the clinical picture, the presence of severe hy-
potonia and hyporeflexia suggests concomitant involve-
ment of the nervous system in S1 and S2 as well. Clinical
heterogeneity was accompanied by an equally striking
variability of the biochemical findings, which ranged
from multiple (S1 and S5) to isolated (52 and S3) ETC de-
fects in muscle and fibroblasts to hardly any detectable
defect at all (S4). This biochemical diversity could be due
to differences in individual adaptive responses to reduced
CoQ;q availability or could reflect the striking tissue spec-
ificity observed in the clinical presentations, but at the
moment, a mechanistic explanation for these observations
is lacking. Poor correlation with the clinical and biochem-
ical phenotypes has also been reported for other genes
related to CoQ;q biosynthesis. For instance, mutations in
C0Q2, the first mutated gene identified in affected individ-
uals with primary CoQ;, deficiency, have been associated
with a wide range of clinical presentations, often including
nephrotic syndrome but also including fatal neonatal mul-
tisystemic disorder, Leigh syndrome, myoclonic epilepsy,
hypertrophic cardiomyopathy, deafness, and adult-onset

multisystem atrophy.”>*° In any case, the identification

of COQ4 mutations in subjects with such a wide spectrum
of clinical and biochemical abnormalities is a further indi-
cation of the advantage of unbiased screening such as WES
for the identification of genes newly associated with mito-
chondrial disorders.

Unfortunately, the fulminant fatal outcome in S1-S4
was so rapid that it prevented both the diagnosis of
CoQ;q deficiency and the start of CoQ; supplementation.
Prompt diagnosis is a main challenge for syndromes of pri-
mary CoQ10 deficiency but is very important given that
co-factor deficiencies are virtually the only group of mito-
chondrial disorders for which beneficial pharmacological
treatment is currently available. Treatment of the long-sur-
viving subject, S5, has now started and will hopefully pro-
vide some useful indication of its efficacy in the near
future.

Supplemental Data

Supplemental Data include one figure and two tables and can be
found with this article online at http://dx.dol.org/10.1016/].
ajhg.2014.12.023.
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