ECHS1 Mutations Cause Encephalocardiomyopathy

skin, and muscle biopsy did not confirm a respiratory
chain defect in this child.

Patient #376 (F6, II:1, c.[98T>C];[176A>G], p.[Phe33-
Ser];[Asn59Ser]), a girl, was born after an uneventful
pregnancy at 39 weeks of gestation with normal birth
measurements (weight 3124 g, length 51 cm) as the first
child of unrelated Japanese parents. At the age of 2 days,
she had epileptic seizures and was treated with phenobar-
bitone. In her first months, developmental delay and
muscular hypotonia were noted. At the age of 8 months,
she developed respiratory failure and unconsciousness,
and was admitted to hospital. Transient lactic acidosis in
blood (8.0 mmol/L, lower limit of normal 1.8 mmol/L)
was found. Metabolic profiling (amino acid analysis, urine
organic acid analysis, and acylcarnitine analysis) was
unremarkable. Brain CT and MRI at 8 months showed
symmetrical, bilateral signal abnormalities in basal gan-
glia, and she was diagnosed with Leigh-like syndrome. At
the age of 1 year, she developed deafness, and at the age
of 3 years dilated cardiomyopathy. Muscle biopsy showed
mild deficiency of complex IV.

Patient #76656 (F7, 1II:2, c.[268G>A];[583G>A],
p-[Gly90Arg);[Gly195Ser]), a girl, is the child of healthy
unrelated German parents. After a normal pregnancy, she
was born at term with normal birth measurements. The early
motor development was normal, and she started walking at
the age of 14 months. The girl was referred at age 2 years
because of stiffness of gait and a tendency to fall. At admis-
sion, she showed muscular hypotonia, coordination prob-
lems, choreoathetotic ~movements, delayed speech
development, and sensorineural deafness, which had been
treated with hearing aids. Blood chemistry was normal
including lactate, amino acids and organic acids.

Brain MRI at age 2 years showed no cerebral, cerebel-
lar, or callosal atrophy but mild bilateral signal hyperin-
tensities of putamen, globus pallidus, nucleus caudatus,
and periventricular white matter. MR spectroscopy of
basal ganglia showed mild elevation of lactate.

A muscle biopsy showed only unspecific morphologic
findings, and biochemical analysis of respiratory chain
activities was unremarkable.

Patient #MRB166 (F8, IL:1, c.[161G>A];[394G>A],
p-[Arg54His];[Ala132Thr]), a girl, is the first child of
healthy unrelated German parents. Pregnancy was compli-
cated by oligohydramnion and a diagnosis of gastroschi-
sis. She was born by Cesarean section at 34 weeks of
gestation with normal birth measurements (weight 1490 g
[3rd percentile], length 41 cm [25th percentile], and head
circumference 31 cm [25th percentile]). Surgical correc-
tion of gastroschisis was performed. The girl needed
phototherapy for icterus neonatorum, tube feeding, and
assisted ventilation. Deafness was diagnosed with 2 years
of age and treated by cochlear implants. One seizure was
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observed at the age of 7 years. She showed truncal hypo-
tonia, gait ataxia, and severe developmental delay (crawl-
ing at 1.5 years, sitting at 3 years, assisted walking at
5 years of age and no speech at 8 years). She has an oval
face, a broad nasal tip, a large mouth, a high arched pal-
ate, and a receding chin. MLPA PWS/AS, UBE3A, and
MECP2 mutation analysis and microarray gave normal
results.

Patient #57277 (F9, II:2, c.[161G>A];{431dup],
p-[Arg54His];[Leul45Alafs*6]), a girl, is the second child
of healthy nonconsanguineous parents from Germany.
She was born after a normal pregnancy at 41 weeks of
gestation with normal body measurements. Early motor
development was delayed, and she never acquired the
ability to sit or walk independently. Acquisition of lan-
guage was impeded by sensorineural deafness for which
she was fitted with hearing aids. At 18 months parents
noted a pendular nystagmus with a rotatoric component
as well as loss of central vision due to optic atrophy.
Residual vision at 10 years was 0.3. From 2 years of age
her motor abilities deteriorated during episodes of febrile
illness and lactic acidemia when she developed a move-
ment disorder that undulated between dystonia (opisthot-
onus) and chorea. Treatment with Levodopa/Carbidopa
worsened her symptoms. She is presently 16 years old.
Her body length is at and her weight 1 kg below the third
percentile. Due to dysphagia and her inability to chew she
has to be fed minced food. Massive caries and enamel
defects from trismus required general dental repair and
reconstruction under anesthesia. She visits a secondary
school for disabled children, and communicates through
a voice computer by saying “yes” or “no” or by making
hand gestures.

Cranial MRI at the age of 1.5 years showed Leigh-like
lesions with increased T2-signal intensity in the putamen
and globus pallidus which became more prominent until
age 2.2 years (Fig. 3C). Proton spectroscopy in the basal
ganglia showed an increased lactate peak. Laboratory
examinations revealed mildly increased urine excretion of
lactate and lactic acidemia (2.5-4.0 mmol/L). The amino
acid profile was normal in cerebrospinal fluid (CSF) and
plasma. CPK was normal and muscle biopsy at 2 years of
age only showed unspecific myopathic changes. Biochemi-
cal investigation revealed normal activities for the OX-
PHOS complexes, CS, PDHc as well as in vitro pyruvate
oxidation.

Patient #52236 (F10, IL:1, c.[229G>C];[476A>G],
p.[Glu77GIn};[GIn159Arg]), a girl, is the first child of
healthy unrelated German parents. After a normal preg-
nancy, she was born at 42 weeks of gestation with normal
birth measurements (weight 3120 g, length 51 cm).
Motor development was considered normal during the
first months of life, and she started walking at the age of
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11 months. From this age, however, short episodes of fist
clenching, teeth gnashing, horizontal nystagmus and unre-
sponsiveness were noted. Although repeated EEG did not
show epileptic discharges, treatment with phenytoin was
started and maintained until age 5 years when the attacks
disappeared. From age 17 months, progressive gait abnor-
malities were observed. These were episodic in the begin-
ning, but evolved into a paraspastic gait in early
childhood, and the girl became wheelchair-dependent at
age 9.5 years. From age 2 years, visual problems became
evident, and examination showed bilateral optic atrophy.
Visual acuity at age 13 years was 1/50 for both eyes. From
age 7 years, progressive sensorineural deafness was found,
and the patient was supplied with hearing aids at age
9.5 years. At the same age, mild mental retardation and
dysarthria were noted. The patient completed a secondary
school for blind children, and has been working in a
workplace for disabled persons from age 18 years.

Examination at age 31 years showed short stature
(155 cm) and low body weight (40 kg). Visual acuity was
off-chart, the patient could only notice hand movements,
and there was a pendular nystagmus of the blind. Com-
munication was impeded by severe dysarthria. She had
generalized dystonia and a spastic tetraparesis, leading to
an inability to walk independently. Sensation was entirely
normal.

Electromyography (EMG), neurography and repeated
EEG were normal. Laboratory examinations showed
mildly elevated lactate (2.5 mmol/L, normal <1.8 mmol/
L) in CSF and inconsistently in serum (2.0-2.8 mmol/L,
normal <2.2 mmol/L). A muscle biopsy at age 9 years
showed some type II fiber atrophy due to immobilization
and a faint accumulation of lipid droplets in single fibers.
There were no ragged red fibers (RRF) and no cyto-
chrome ¢ oxidase (COX) deficiency, and biochemical
analysis of respiratory chain activities showed normal
results. Brain MRI at age 15 years showed exclusively
Leigh-like signal hyperintensities in the caput nuclei caud-
ati and putamen bilaterally (Fig. 3D). MR spectroscopy of
the left putamen showed no elevation of lactate.

Genetic analysis

We used a dual approach of exome sequencing and panel
sequencing to analyze a cohort of patients with suspected
mitochondrial disorders. Seven index patients (#52236,
#57277, #68552, #68761, #73663, #76656, and #MRB166)
were investigated by exome sequencing in Germany as
described previously.> In brief, we used a SureSelect
Human All Exon 50 Mb Kit (Agilent) for enrichment and
a HiSeq2500 (Ilumina) for sequencing. Reads were
aligned to the human reference assembly (hgl9) with
BWA (version 0.5.8 Open source software, Wellcome
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Trust Sanger Institute). More than 90% of the exome was
covered at least 20x allowing for high-confidence variant
calls. Single-nucleotide variants (SNVs) and small inser-
tions and deletions were detected with SAMtools (version
0.1.7 Open source software, Wellcome Trust Sanger Insti-
tute). Variant prioritization was performed based on
the autosomal-recessive patterns of inheritance and the
notion that the clinical mitochondrial phenotype of the
patients is very rare. We therefore excluded variants with
a frequency higher than 0.1% in 3850 control exomes and
public databases and focused on genes encoding mito-
chondrial proteins'® carrying two potentially pathogenic
DNA variants. In two other patients (#346 and #376) we
used a TruSeq Exome kit from Illumina. A detailed
description of the bioinformatic pipeline and variant fil-
tering used for these two cases has been published
recently.'!

In patient #42031 we applied targeted enrichment of
1476 nuclear genes (including 1013 genes coding for
mitochondrial proteins according to the MitoCarta) using
an in-solution hybridization capture method (NimbleGen
Madison, WI, USA). Paired-end sequencing was per-
formed on a HiSeq2500 (Ilumina) to an average 178X
coverage. Sequence alignment and variant calling was
done with CLC Workbench v.7.0.4. CLC bio, Aarhus,
Denmark

We used Sanger sequencing to confirm all identified
ECHSI mutations and to test the carrier status of avail-
able family members. Primer sequences and PCR condi-
tions are available upon request.

Western blotting

Immunoblotting was performed using two different pro-
tocols. For the analysis of F2;Il:1 (#42031), F10, IL:2
(#52236), F9,I:2 (#57277), F5, II:3 (#73663) 45 ug of
protein of patients’ fibroblast cell homogenates were sepa-
rated on 13% sodiumdodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) along with a protein stan-
dard (Precision Plus Protein Kaleidoscope, Biorad Her-
cules, CA, USA) and blotted onto polyvinylidine fluoride
membranes (Immobilon, Merck Millipore Darmstadt,
Germany). Primary antibodies were as follows: ECHS1
(66117, Proteintech Chicago, IL, USA), fi-actin (ab13822,
Abcam Cambridge, UK). Chemiluminescence detection
was performed on an Odyssey Biomedical: Phoenix, AZ,
USA infrared imaging system according to the manufac-
turer’s instructions. For the analysis of F1, IL:2 (#346),
and F6, II:1 (#376) mitochondria were isolated by
homogenization of cells in mitochondrial isolation buffer
(20 mmol/L HEPES, 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid pH 7.4, 220 mmol/L mannitol, 70 mmol/L
sucrose, 1 mmol/L Ethylenediaminetetraacetic acid) with
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2 mg/mL Bovine serum albumin. Cell homogenates were
centrifuged at 700g at 4°C for 5 min and postnuclear
supernatant was collected. Mitochondria were pelleted by
centrifugation at 10,000g at 4°C for 5 min and
mitochondrial pellet was resuspended in mitochondrial
isolation buffer for subsequent size-separation on 10%
gels by SDS-PAGE, and transfer to a methanol-activated
PVDF membrane. Immunoblotting was performed with
primary antibodies from GeneTex (ECHS1) and Abcam
(HSP60). Chemiluminescence detection was achieved with
ECL Select (GE Healthcare, Little Chalfont, UK) and the
membrane was viewed with the LAS4000 (GE Healthcare,
Little Chalfont, UK), according to the manufacturer’s
instructions.

Analysis of 2-enoyl-CoA hydratase activity

2-enoyl-CoA hydratase (ECHS1) activity was measured
spectrophotometrically in fibroblast cell lysates following
the absorbance of the unsaturated substrate crotonyl-CoA
over time (15 min) as described.***? Briefly, trypsinized
fibroblasts were resuspended in reduced Triton-X-100
(0.2%) and lysed by sonification. Lysates were centrifuged
at 700g for 5 min to remove cellular debris and protein
concentrations were determined in supernatants by the
BCA method. The reaction mixture consisted of:
100 mmol/L potassium phosphate buffer (pH 8) for a
final concentration of, 0.1 mg/mL BSA and 50 uL of cell
homogenate for a total of 15 ug of protein. The reaction
was started with 50 uL of 250 umol/L crotonyl-CoA for a
final concentration of 25 pmol/L. Samples were measured
at 37°C in UV cuvettes at 263 nm in a Shimadzu spectro-
photometer. Enzymatic activity was calculated using a
molar extinction coefficient of 6700. Enzymatic activity
was normalized to the mitochondrial marker enzyme CS
as previously described.'* All reactions were performed in
at least three independent experiments in triplicates with
similar findings.

Palmitate loading assay

Palmitate loading in human skin fibroblasts of ECHS1
patients, healthy volunteers as negative controls and fibro-
blasts of patients with short- and medium-chain acyl-CoA
dehydrogenase (MCAD) deficiency as disease controls
were performed as previously described.'”” In brief, cell
cultures were maintained in Dulbecco’s modified Eagle
medium (Invitrogen, Darmstadt, Germany) supplemented
with 2 mmol/L glutamine, 10% fetal calf serum, 1% peni-
cillin/streptomycin, and Fungizone™ (all from Invitrogen)
at 37°C and 5% CO, in a humidified atmosphere until
confluency. Palmitate loading was performed in serum-
and glutamine-free minimal essential medium (Invitro-
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gen) containing palmitic acid (200 pmol/L; Sigma-Aldrich
Taufkirchen, Germany), L-carnitine (400 umol/L; Sigma),
and bovine serum albumin (0.4%; fatty acid-free; Sigma).
After the end of the 96 h-incubation period, 10 uL aliqu-
ots of the cell culture media were collected and mixed
with isotope-labeled internal standard (Cambridge Isotope
Laboratories, Tewksbury, MA 01876) in methanol
Twenty-five microliters of the butylated sample were used
to analyze the acylcarnitine profile by tandem mass spec-
trometry. For each sample at least two independent mea-
surements  were  performed. The  acylcarnitine
concentration was normalized to the protein content of
the fibroblast sample and expressed as nmol/mg protein.
For the analysis of palmitate-dependent mitochondrial
respiration, control and patient fibroblasts were seeded at
a density of 20,000 cells/well in 80 uL of high glucose Dul-
becco’s modified media (Gibco:Life Technologies, Darm-
stadt, Germany) supplemented with 10% fetal bovine
serum (Invitrogen), 1% penicillin-streptomycin (Invitro-
gen) and 200 pmol/L uridine (Sigma) in a XF 96-well cell
culture microplate (Seahorse Bioscience, North Billerica,
MA, USA) and incubated overnight at 37°C in 5% CO,.
Culture medium was replaced with 160 uL of serum- and
glutamine-free minimal essential medium (Invitrogen)
supplemented with r-carnitine (400 umol/L; Sigma), and
bovine serum albumin (0.4%; fatty acid-free; Sigma) and
cells were incubated for 24 h at 37°C in 5% CO,. Palmi-
tate-BSA complex was prepared according to the manufac-
turer’s  protocol  (Seahorse  Bioscience).  Oxygen
consumption rate (OCR) was measured using a XF16
Extracellular Flux Analyzer 2 (Seahorse Biosciences). OCR
was determined with no additions; after addition of BSA
(30 umol/L) or palmitate-BSA conjugate (180/30 pumol/L).

Results

Exome sequencing identifies ECHS7
mutations

We applied whole exome sequencing in a cohort of 435
individuals with a suspected disorder of mitochondrial
energy metabolism and identified six unrelated affected
individuals carrying two heterozygous or homozygous rare
variants (minor allele frequency [MAF] <0.1%) in ECHSI
(Fig. 2). Applying the same variant selection criteria to
our in-house exome datasets from 3850 patients referred
with presumed nonmitochondrial phenotypes revealed
rare recessive-type ECHSI variants in one additional index
case, F8, I1.1 (#MRB166, Fig. 2). This patient was investi-
gated in the context of an intellectual disability study but
the relevance of the ECHSI variants was hitherto unclear.
Clinical follow-up and review of medical reports revealed,
however, that the neurologic features of this patient
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(deafness, seizures, hypotonia, ataxia, and developmental
delay) are very well compatible with a mitochondrial dis-
order. In contrast, it remains unclear whether the dysmor-
phic signs in this patient are related to the ECHSI
deficiency as dysmorphism is rather uncommon in mito-
chondrial diseases and was not found in any of the other
ECHS]1-deficient patients. The enrichment of rare biallelic
ECHS] variants in genomes of individuals with a sus-
pected mitochondrial disorder (n = 7) compared to 3850
control  genomes was  genome-wide  significant
(P < 1.1 x 1077, Fisher exact test). In addition, in several
individuals, ECHSI was the only gene coding for proteins
with a predicted or confirmed mitochondrial localization
harboring two rare DNA variants. We gained further evi-
dence for a disease association of ECHSI by exome
sequencing of 180 Japanese individuals with suspected
mitochondrial disorders which identified two additional
ECHSI-mutant individuals, F1, IL.2 (#346) and F6, II.1
(#376, Fig. 2). By panel sequencing in a further patient
with a similar clinical presentation we identified two het-
erozygous ECHSI mutations in F2, II:1 (#42031, Fig. 2).
The combined approaches of exome and candidate gene
sequencing identified a total of 13 different disease alleles
in ten index patients. Pedigrees of investigated families
and localization of identified ECHSI mutations as well as
the evolutionary conservation of affected amino acid resi-
dues are shown in Figure 2B. All ECHSI mutations were
confirmed by Sanger sequencing in the index patients.
Carrier testing of available parental samples confirmed a
biallelic localization of the mutations. DNA from the par-
ents was not available in families F4 and F6, however, in
the latter a compound heterozygous state of the mutations
was confirmed by haplotype phasing. The healthy siblings
of families F10, F9, F3, and F7 were either wild-types or
heterozygous carriers. For families F3, F5, and F1, family
history was positive for the occurrence of similar clinical
conditions but no DNA samples were available for molec-
ular tests from individuals F1, II:1 and F3, II:3.

Of the 13 different ECHSI mutations identified in our
cohort, only one, c.431dup, p.Leul45Alafs*6, predicts a
premature truncation and loss of function of the protein
(Table S1). All other detected mutations are missense
variants, indicating that a complete loss of ECHS! func-
tion may be embryonic lethal. With the exception of the
¢.268G>A, p.Gly90Arg variant, all are predicted to be dis-
ease-causing (MutationTaster2).'® Although all variants
are rare (MAF < 0.05%), three mutations were identified
in more than one family (c.161G>A, p.Arg54His, n = 3;
c176A>G, p.Asn59Ser, n=2; and c476A>G,
p-GInl59Arg, n = 2), in each case with different muta-
tions on the other allele. In addition, the c.476A>G,
p.GIn159Arg mutation was found in the homozygous
state in a third, consanguineous family. However, there is
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no mutational hotspot and the identified mutations are
distributed across all eight coding exons of ECHSI except
for exons 1 and 7 (Fig. 2B).

Functional consequences of ECHS1
mutations

Next, we analyzed the consequences of ECHSI mutations
in fibroblast cell lines. In six cell lines, we investigated
ECHS1 protein levels and in four of them we measured
2-enoyl-CoA hydratase activity. SDS-PAGE separation of
mitochondrial fractions and total cell lysates followed by
immunodetection with an antibody against ECHS1
revealed a severe decrease in ECHS1 steady-state levels in
all patient-derived fibroblast cell lines. To test the func-
tional impact of ECHSI mutations, we determined
2-enoyl-CoA hydratase activity in the fibroblasts cell ly-
sates from individuals F2, IL.1 (#42031), F10, II:2
(#52236), F9, I1:2 (#57277), and F5, II:3 (#73663). The 2-
enoyl-CoA hydratase activity was markedly reduced in
patients’ cell lines with residual activities varying between
14% and 50% of controls (Fig. 3B).

Palmitate loading in fibroblasts of three ECHS1
patients induced an acylcarnitine profile very similar to
that of short-chain acyl-CoA dehydrogenase (SCAD) defi-
ciency. The characteristic metabolite, butyrylcarnitine,
increased to 170%, 199%, or 273% of the upper normal
range of the controls. In another ECHS1-deficient patient,
however, butyrylcarnitine was within the range of controls
(48% of the upper normal range). In comparison, buty-
rylcarnitine increased to 388% of controls in patient fi-
broblasts with SCAD deficiency and 44% in MCAD
deficiency. These results indicate that ECHS1 deficiency
results in a mild functional disorder of short-chain fatty
acid oxidation.

This notion is further supported by the observation of
reduced palmitate-dependent respiration in patient-
derived fibroblasts compared to controls (Fig. 4C). Note-
worthy, in the three cell lines tested for both 2-enoyl-CoA
hydratase activity and palmitate-dependent respiration,
the severity of defects correlated. Together, these data
provide evidence for the pathogenicity of eleven ECHSI
alleles.

Organic acids in urine

In analogy, organic acid analysis by gas chromatography/
mass spectrometry in urine of patient #73663 revealed
slightly elevated concentrations of ethylmalonate, a key
metabolite of SCAD deficiency. Functional deficiency of
short-chain fatty acid oxidation was also shown by inter-
mittently elevated plasma fatty acids (250-780 umol/L;
normal <300 pmol/L) with concomitantly low normal
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Figure 4. Analysis of ECHS1 levels and enzymatic activity. (A) Analysis of ECHS1 steady state levels by immunoblotting show a decrease in the
amount of ECHS1 in patient-derived cell lines compared to controls. (B) Analysis of residual ECHS1 enzymatic activity indicates reduced 2-enoyl-
CoA hydratase activity in cell lysates from patients’ fibroblasts compared to controls. Results shown are from at least three experiments
performed in triplicates and controls (n = 4). Boxplot whiskers indicate range from 5th to 95th percentile. *P < 0.001; two-tailed unpaired t-test.
(C) Analysis of palmitate-dependent OCR in fibroblast cell lines revealed impaired respiration in patients’ cells in comparison to controls. The
experiment was performed several times with very similar results. The data are shown from one experiment performed with more than 10
replicates for each cell line grown and treated in parallel. Error bars indicate 1 SD. *P < 0.001; two-tailed unpaired t-test. ECHS1, short-chain

enoyl-CoA hydratase; OCR, oxygen consumption rate.

plasma ketone bodies (65-90 pmol/L; normal <200 pumol/
L) in postprandial state of some patients. However, keto-
genesis was only mildly impaired which was shown by a
mild increase in ketone bodies during catabolism (570—
630 pumol/L, normal <3000 gmol/L). In addition, we
identified 2-methyl-2,3-dihydroxybutyrate which likely
derives from acryloyl-CoA or, alternatively, methacrylyl-
CoA, both metabolites of valine oxidation, in urines of
four ECHS1 patients. This metabolite correlated with
disease severity as its concentration was 229-fold higher
than the median value in 35 controls in the severely
affected patient #42031 (onset at birth, died at
11 months), 39-fold higher in patient #73663 (onset on
day 5, alive at 2 years), sixfold higher in patient #76656
(onset at 2 years, alive at 5 years), and even in the
normal range in the mildest affected case #52236 (onset

at 11 months, alive at 31 years), the only patient who
survived into adulthood.

Phenotypic features of ECHS1 deficiency

In contrast to gene identification strategies in which an a
priori phenotypic stratification of the investigated cohort
was the main key to success,'” this group of ECHSI-
mutant individuals was identified by exome sequencing of
a large cohort of individuals with suspected mitochon-
drial disorders. This approach allows for a rather unbi-
ased assessment of the phenotypic spectrum associated
with ECHS1 deficiency.

Disease severity ranged from presentations with neona-
tal onset and death in early infancy to survival into adult-
hood. In nine of 10 affected individuals, pregnancy was
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normal and the children were born at term with normal
body measurements. First clinical signs appeared in the
prenatal period in one individual (oligohydramnios) and
in the neonatal period (first month) in seven. Presenting
signs included epileptic seizures, muscular hypotonia,
respiratory and cardiac failure, failure to thrive, elevated
lactate, and metabolic acidosis. In the two mildest affected
individuals, developmental delay (F9, II:2, #57277) or epi-
sodic neurological symptoms (F10, IL:1, #52236) were
noted in the first year of life and lactate elevations were
only intermittent and mild. While six of 10 affected indi-
viduals are still alive at the age of 2, 3, 5, 8, 16, and
31 years, four died at the age of 4, 11, 28, and 90 months,
respectively. Interestingly, cardiomyopathy was only found
in the individuals with a severe course and early death
and none of the patients over 3 years of age.

In the course of the disease, neurological signs are most
prominent including sensorineural deafness (9/9), devel-
opmental delay (8/10), epileptic seizures (6/9), dystonia
(5/9), optic atrophy (6/10), muscular hypotonia (6/10),
and spastic paresis (2/10). Other clinical features include
cardiomyopathy (4/10) and respiratory failure (3/10).
Increased blood, urine, and CSF lactate levels were found
in seven of 10 individuals. Brain MRI was performed in
nine of 10 individuals and showed white matter changes
and brain atrophy in the very severe, early onset cases
(n =5) and Leigh-like bilateral T, hyperintensities in the
basal ganglia (nucleus caudatus, putamen, and globus pal-
lidus) in the less severely affected individuals (n = 4;
Fig. 3). MR spectroscopy of basal ganglia showed elevated
lactate concentrations in three of seven individuals.

Taken together, our findings identified ECHSI muta-
tions as a cause of a new clinical entity characterized by
an early onset, very severe (Leigh-like) mitochondrial
encephalopathy with deafness, epilepsy, optic atrophy,
and cardiomyopathy. Consistently elevated plasma con-
centrations of lactate indicate a dysfunction of the mito-
chondrial energy metabolism.

In view of the triad of (1) a severe progressive encepha-
lopathy, (2) associated with bilateral basal ganglia lesions
in MRI and autopsy, and (3) the mitochondrial dysfunc-
tion, ECHS1 deficiency is a new Leigh-like syndrome but
can be differentiated from other forms of Leigh syndrome
clinically and biochemically.

Analysis of OXPHOS enzymes in muscle
tissue and fibroblasts

Since the clinical presentation suggested a mitochondrial
disorder, eight of 10 patients received muscle and/or skin
biopsies with detailed analysis of respiratory chain com-
plexes, pyruvate dehydrogenase complex, ATP produc-
tion, and pyruvate oxidation. Despite the severe clinical
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presentation of ECHS1 patients, only four of them
showed mild and inconsistent changes in pyruvate oxida-
tion (patient #42031), ATP production (patient #68761),
and decreased activities of NADH:CoQ oxidoreductase
(complex I of the respiratory chain) or cytochrome ¢ oxi-
dase (complex IV of the respiratory chain). Noteworthy,
all these patients died (age of death: 4 months,
11 months, 3 years, 7.5 years), whereas four patients
without documented changes in these analyses (#52236,
#57277, #73663, #76656) have survived until now (age at
latest visit: 2, 5, 16, and 31 years of life).

Discussion

ECHS! is a mitochondrial matrix enzyme that is involved
in several metabolic pathways including fatty acids and
amino acids. Deficiency of this enzyme is expected to
result in impaired mitochondrial fatty acid oxidation.
However, as the membrane-bound enzymatic machinery
of long-chain fatty acids remains intact, ketogenesis
should not be completely disrupted in ECHSI1-deficient
individuals and, assumingly, the resulting clinical pheno-
type should be relatively benign — similar to SCAD defi-
ciency.m’19 In fact, ECHS1-deficient individuals showed
mild to moderate hypoketosis, but did neither present
with hypoketotic hypoglycemia and hypoglycemic enceph-
alopathy nor were acylcarnitine profiles in blood sugges-
tive of a mitochondrial f-oxidation disorder. Deficiency
of short-chain fatty acid oxidation, however, was
unmasked by palmitate loading of ECHS1-deficient fibro-
blasts (Fig. 4C). This metabolic challenge induced a selec-
tive increase in butyrylcarnitine in three of four patients
tested, which in combination with slightly increased ethyl-
malonate in urine reflects impaired oxidation of short-
chain fatty acids.

Despite this relatively mild metabolic derangement
(concerning mitochondrial f-oxidation), ECHS1-deficient
individuals presented with a severe clinical phenotype,
with a high frequency of Leigh-like syndrome, neonatal
lactic acidosis, sensorineural hearing loss, muscular hypo-
tonia, cardiomyopathy, and respiratory failure. Although
this combination of clinical findings, in particular the
leading neurological presentation, is rather uncommon
for fatty oxidation defects,’®?! there is some clinical over-
lap with long-chain acyl-CoA dehydrogenase (LCHAD)
deficiency and mitochondrial trifunctional protein (MTP)
deficiency which resemble a primary OXPHOS deficiency.
Affected individuals with LCHAD and MTP deficiency
show a high frequency of neurological signs and symp-
toms including developmental delay, muscular hypotonia,
epilepsy, and lipid storage myopathy as well as cardiomy-
opathy and sudden death in newborns and infants.**?
Similar to ECHS1 deficiency, elevated lactate is also often
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found in LCHAD/MTP deficiency suggesting mitochon-
drial dysfunction.”»*® In contrast to ECHS1 deficiency,
however, individuals with LCHAD/MTP deficiency often
present with hepatic dysfunction, retinopathy and periph-
eral neuropathy, but usually lack dystonia and sensorineu-
ral hearing loss. Interestingly, accumulating long-chain
fatty acids and acyl-CoA are thought to act as mitochon-
drial toxins inhibiting energy metabolism in individuals
with LCHAD and MTP deficiency.***

The striking discrepancy between an expected moderate
impairment of mitochondrial fatty acid oxidation and the
severe clinical presentation of ECHS1-deficient individuals
argues for an additional pathomechanism. In addition to
its function in fatty acid oxidation, ECHS1 has also been
suggested to be involved in the L-isoleucine, L-valine and
L-lysine oxidation using tiglyl-CoA, 2-methacrylyl-CoA or
crotonyl-CoA, respectively, as a substrate (Fig. 1).%° 2-
Methacrylyl-CoA is a highly reactive compound and read-
ily undergoes reactions with free sulthydryl groups thereby
inactivating important sulfhydryl-containing enzymes such
as respiratory chain complexes and pyruvate dehydroge-
nase complex.?® Accumulation of 2-methacrylyl-CoA has
been considered as toxic compound in HIBCH deficiency,
a disorder of the fifth step of valine oxidation with Leigh-
like neurological phenotype and combined deficiency of
multiple mitochondrial enzymes (Fig. 1).%* The neurologi-
cal phenotypes of individuals with ECHS1 deficiency and
HIBCH deficiency are strikingly similar. As ECHSI is sug-
gested to catalyze the fourth step of valine oxidation, accu-
mulation of 2-methacrylyl-CoA is expected and may be
responsible for some of the pathological changes. Indeed,
very recently, ECHSI mutations were reported in two sib-
lings with Leigh disease and remarkable clinical and bio-
chemical similarities to HIBCH deficiency,® with most
prominent elevations of methacrylate and acrylate metabo-
lites indicating deficiency of valine oxidation. Our observa-
tion of elevated levels of 2-methyl-2,3-dihydroxybutyrate
in the urinary organic acids, a likely derivative of valine
oxidation metabolites, provides further evidence for the
involvement of defective valine metabolism in the patho-
genesis of the disease. It may, in addition, be a useful bio-
marker of disease course as we observed some correlation
already with the disease severity. Despite the clinical and
biochemical similarities between ECHS1 and HIBCH defi-
ciency, patients with ECHS1 deficiency showed less often
impaired oxidative phosphorylation than those with HIB-
CH deficiency in the investigated fibroblasts or muscle
biopsy samples. However, those ECHS1 patients with
detectable OXPHOS deficiency had a severe course of dis-
ease and died during infancy or early childhood.

In conclusion, the identification of 10 unrelated indi-
viduals with ECHSI mutations allowed us to define the
phenotypic spectrum of this new mitochondrial disease

T. B. Haack et al.

entity which can be differentiated clinically and biochemi-
cally from other molecular causes of Leigh or Leigh-like
syndrome. Regarding pathogenesis, we found both a f-
oxidation defect and impaired valine oxidation. We
speculate that both defects contribute to the clinical and
biochemical phenotype of this newly defined disorder.
Intriguingly, ECHS1 deficiency may be amenable to
treatment, provided that the elevation of toxic 2-enoyl-
CoA compounds can be influenced by dietary intake. All
possibly affected amino acids (valine, isoleucine, and
lysine) in ECHSI1 deficiency are essential amino acids and
their dietary uptake can be expected to influence their
catabolism. In addition, maintenance of high glucose lev-
els, as recommended in fatty acid oxidation defects might
be protective for the heart in ECHS1 deficiency. Anyway,
further studies — preferably with an ECHS1 animal model
— are necessary to unravel the exact pathomechanisms in
ECHS1 deficiency and the efficacy and safety of possible
treatments.
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IAGNOSTIC PATHOLOGY

Pathological similarities between low birth
weight-related nephropathy and nephropathy
associated with mitochondrial cytopathy
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Abstract

PCR-Luminex assay.
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Background: Individuals born with a low birth weight (LBW) have a higher risk of developing kidney dysfunction
during their lifetime and sometimes exhibit focal segmental glomerulosclerosis (FSGS) lesions in their glomeruli. We
herein try to obtain other pathological characteristics of LBW-related nephropathy.

Methods: We retrospectively evaluated the renal pathology of four patients demonstrating FSGS with a history of
LBW. Two mitochondrial cytopathy patients were also analyzed. DNA mutations were surveyed using a

Results: In all four FSGS patients with a history of LBW, focal segmental glomerulosclerosis were detected.
Interestingly, granular swollen epithelial cells (GSECs), which have previously been reported exclusively in patients
with mitochondrial cytopathy, were also observed in the distal tubules and/or collecting ducts of all four patients
with a history of low birth weight in this study. Electron microscopy revealed that these granular swollen epithelial
cells included an increased number of enlarged mitochondria. Furthermore, cytochrome ¢ oxidase subunit IV
staining of patients with a history of low birth weight and patients with mitochondrial DNA mutations showed
unbalanced expression patterns in glomeruli and a part of tubular cells. However, no mitochondrial gene mutations
were detected in any of our four patients with low birth weight-related nephropathy.

Conclusions: This is the first report to show the pathological similarities not only in glomeruli but also tubuli
between nephropathy with a LBW history and nephropathy with mitochondrial cytopathy.

Virtual Slides: The virtual slide(s) for this article can be found here: http.//www.diagnosticpathology.diagnomx.eu/

Keywords: Focal segmental glomerulosclerosis, Low birth weight, Mitochondria, Granular swollen epithelial cell

Background

Low-birth-weight (LBW) is also associated with an in-
creased risk of end-stage renal disease (ESRD) [1]. Studies
of both humans and animals have shown LBW to be sig-
nificantly associated with a decreased number of nephrons
[2-4]. Brenner proposed the glomerular hyperfiltration
theory in which adaptive mechanisms activated in
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response to nephron loss increases the capillary pressure
and the incidence of glomerular hypertrophy [5,6]. This
intraglomerular hypertension results in accelerated dam-
age to nephrons with further nephron loss. This vicious
cycle promotes the further progression of chronic kidney
disease (CKD).

In particular, it is well known that representative glom-
erular changes in LBW individuals include focal segmental
glomerulosclerosis (FSGS) [7]. Although intraglomerular
hypertension is associated with the pathogenesis of FSGS,
the clear mechanisms by which FSGS lesions are formed
have not been clarified. Because detail pathological ana-
lysis sometimes gives a clue to assess the pathogenesis, we

© 2014 Imasawa et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http/creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
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herein evaluated LBW-related nephropathy (LBWN) in
order to obtain more detail pathological characteristics.

Methods

Patients

From January 2006 to December 2011, we performed
472 kidney biopsies in our division. In these cases, there
were four cases of FSGS among patients born with a
birth weight under 2,500 g (according to the WHO
definition of LBW). These four patients (LBW 1-4) were
retrospectively evaluated pathologically and genetically.
In addition, two patients (Mt 1 and 2) who were found
to have mitochondrial DNA (mtDNA) mutations and
underwent kidney biopsies to investigate the cause of
their proteinuria were also evaluated. As normal controls
for staining (N = 3), kidneys dissected because of kidney
cancer were used.

Histological analysis

Briefly, kidney specimens fixed in 10% neutral buffer for-
malin followed by embedding in paraffin were used for a
light microscopy analysis with routine staining, as fol-
lows: hematoxylin and eosin (HE), periodic acid-Schiff
(PAS), Masson’s trichrome stain and periodic acid-
methenamine-silver (PAM)-HE stain. The kidney spec-
imens used for the electron microscopy analysis were
fixed in 2% glutaraldehyde (pH 7.3-7.4) followed by 2%
osmium tetroxide (pH 7.3-7.4). For cytochrome c oxi-
dase subunit IV (COX IV) staining, paraffin-embedded
specimens were used. Following deparaffinization and
antigen activation using 10 mM of boiled citrate buffer
(pH 6.0), rabbit anti-COX-IV antibodies (clone 3E11)
(Cell Signaling Technology, Inc., Danvers, MA) were
used as the primary antibody. SignalStain® Boost IHC
Detection Reagent (HRP, Rabbit) (Cell Signaling Tech-
nology, Inc.) was used to detect the rabbit primary
antibody, according to the manufacturer’s instructions.

Assay for detecting mitochondrial gene mutations

Blood samples (1 ml/each analysis) were collected in
EDTA-2Na tubes. Following centrifugation, the pellets
were used for the analysis. For the analysis of urine sedi-
ments, over 100 ml of urine was collected from each pa-
tient, and the pellets obtained after centrifugation were
used for the analysis. Five slices (4 um) of frozen kidney
sections were used for the genetic analysis. A PCR-
Luminex assay, which can be used to survey 61 different
pathogenic mtDNA mutations, was performed according
to our previously reported method [8].

Ethical considerations

This study was conducted in accordance with the “Ethical
Guidelines for Clinical Studies” (Revised on December 28,
2004, Ministry of Health, Labour and Welfare of Japan).

Page 2 of 9

All medical professionals involved in this study were
required to comply with these ethical standards. The local
Ethics Committee of Chiba-East Hospital approved the
study protocol (No. 22), and all subjects provided their
informed consent to participate in this study.

Results

All four LBW-related nephropathy patients exhibited
perihilar variants of FSGS in their glomeruli

The background characteristics of the patients are sum-
marized in Table 1. All four LBWN patients underwent
kidney biopsies in order to determine the etiology of their
persistent proteinuria. All four LBWN patients were male,
with a mean birth weight of 1,692 g. The gestational ages
and the reasons for the low birth weight could not be fully
assessed in these cases (The gestational age of LBW1 was
28 weeks and that of LBW2 was 38 weeks). No subjects
had symptoms of myopathy or encephalopathy, a history
of stroke-like episodes or difficulty hearing. Although all
patients had no subjective symptoms, they were found to
have proteinuria on perjodic medical examinations. Only
one (LBW 3) of the LBWN patients suffered from diabetes
mellitus (with a five-year history). The kidney size tended
to be smaller than normal, except in LBW 3 (Table 1).
The light microscopy analysis revealed that the glomeruli
of all LBWN patients exhibited FSGS (Figure 1). Patient
Mt 1 was initially found to have proteinuria at 39 weeks of
gestation and was subsequently referred to our hospital
because the proteinuria persisted for one year after delivery.
Although she had no symptoms of MELAS (mitochondrial
myopathy, encephalopathy, lactic acidosis, stroke-like epi-
sodes), we found increased morphologically abnormal
mitochondria in her podocytes (Figure 2A). Therefore, we
evaluated her mtDNA at our hospital and detected an
mtDNA mutation (3243 A > G). Patient Mt 2 was found to
have proteinuria on a periodic medical checkup at 19 years
of age. She also had no symptoms of MELAS. She refused
an assessment of her serum lactate level. However, she
had a brother with MELAS (3243 A > @), and a kidney
biopsy revealed that her podocytes included increased
mitochondria (data not shown). Her mtDNA mutation
(3243 A > G) was diagnosed at another hospital. Although
the characteristic glomerular change in patients with mito-
chondrial cytopathy is FSGS, as previously described in
several reports [9-11], neither of our two patients with
mtDNA mutations had apparent FSGS lesions in the eval-
uated glomeruli (data not shown). An electron microscopy
analysis of the two patients with mtDNA mutations re-
vealed that the glomerular epithelial cells contained an
increased number of enlarged mitochondria and mild foot
process effacement. On the other hand, we found no mor-
phological abnormalities or increments in the number of
mitochondria in any of the observed sections obtained
from the LBWN patients (Figure 2B-D). However, the
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Table 1 Summary of patients

Case Age Sex BMI' Birth BP? eGFR® Urinary Serum lactate® Long axis Number of Global Segmental Glomerular  Foot process mtDNA
weight (g) (mmHg) (ml/min/1.73m?) protein®* (mg/dl) of kidney® total sclerosis” (%) sclerosis® (%) hypertrophy® effacement mutation'
(g/gCr) (mm) glomeruli

LBW1 21 M 220 978 120/65 98 0.34 15.2 880 24 83 16.7 + + none

IBW2 20 M 210 1900 126/82 46 0.56 nd. 848 4 0 25 + + none

LBW3 36 M 312 1400 125/75 74 135 nd. 1208 14 429 7.1 + + none

LBW4 41 M 245 2465 121/70 63 083 158 988 20 15 10 + + none

M1 34 F 176 2720 115/63 48 0.29 9.1 936 11 455 0 - + 3243 A>G
M2 28 F 175 3630 96/63 118 139 nd. 953 16 0 0 B + 3243 A>G

'BMI, body max index at the time of kidney biopsy.

2BP, blood pressure: BP at the time of kidney biopsy is expressed as systolic/diastolic.

3eGFR, estimated glomerular filtration: eGFR is calculated by Japanese GFR equation [12] from serum creatinine value, age, and sex at the kidney biopsy.

“The data of urinary protein is based on a urinalysis on the day of the kidney biopsy.

5Serum lactate is measured by an enzymatic assay (normal range: 3-17mg/dl). We did not measure the lactate values in three of six patients {expressed as “n.d.").

The long axis of the left kidney was measured by an echogram just before the kidney biopsy.

The rate of the number of globally sclerosed glomeruli/total glomeruli in the observed section is expressed.

8 The rate of the number of segmentally sclerosed glomeruli/remnant glomeruli (total glomerular number minus GS glomeruli) is expressed.

%The existence of glomerular hypertrophy is defined when the diameter of capillary area is over 250pm [13].
""mtDNA mutation was surveyed in blood, urine, and kidney specimens by the PCR-Luminex method [11] except Mit2 patient, who was already diagnosed by a gene analysis in the other hospital.

181/1/6/1uaiuod/bio-Abojoyrednsoubelp mmm//:dny

181:6 ‘¥L0T ABojoyivd nsoubpiqg v 32 emesewl|

6 Jo ¢ abeq



Imasawa et al. Diagnostic Pathology 2014, 9:181
http://www.diagnosticpathology.org/content/9/1/181

Page 4 of 9

Figure 1 Representative photos of glomeruli in the FSGS patients born with LBW. (A): Exudative and sclerotic lesions are indicated in the
perihilar area by arrows (LBW 1, PAM-HE stain). (B): Segmental sclerosis in the perihilar area is indicated by the arrow (LBW 2, Masson's Trichrome stain).
(Q): Segmental sclerosis is indicated by the arrow (LBW 3, Masson's Trichrome stain). (D): Segmental sclerosis in the perihilar area is indicated by the
arrow (LBW 4, PAS stain).

podocytes of the four LBWN patients showed mild foot
process effacement (Figure 2B-D), similar to that observed
in the patients with mtDNA mutations (Figure 2A).

All four patients with LBW-related nephropathy and the
two patients with mtDNA mutations had granular swollen
epithelial cells in their collecting ducts or distal tubules
The presence of granular swollen epithelial cells (GSECs)
in the collecting ducts or distal tubules was recently
reported to be a characteristic pathological change in pa-
tients with mitochondria cytopathy [14]. All four patients
with LBWN as well as the two patients with mtDNA mu-
tations had GSECs in their collecting ducts and/or distal
tubules (Figure 3A-F). In addition, a portion of these
GSECs had dropped out of the arrangement of the tu-
bules. The electron microscopy analysis revealed that
these GSECs contained an increased number of enlarged
mitochondria (Figure 3G, H), and the nuclei occasionally
seemed to be condensed.

The expression of Complex IV exhibited a mosaic pattern
of staining in the glomeruli and tubules of both the
LBW-related nephropathy patients and mtDNA

mutation patients

Complex IV, which is composed of 13 subunits, is the
terminal of the electron transfer chain in mitochondria.
It was reported that the complex IV activity of podocytes
changes in pathological conditions [15]. Therefore, we
here stained for COX IV, which is one of the subunits. A
COX IV expression analysis of normal controls showed
that podocytes should be almost equally positive in the
glomerulus (Figure 4A) and that tubular cells are also
equally positive at the same luminal level (Figure 4B).
However, in the LBWN patients, the expression of COX IV
in the podocytes was unbalanced. Only a few podocytes
appeared to intensely express COX IV, although the others
expressed less COX IV (Figure 4C, E). In addition, the
COX 1V staining in a part of tubules of the LBWN patients
exhibited a mosaic pattern, even at the same luminal level
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SRR el { = . -
Figure 2 Electron microscopy of the glomeruli. (A): In Mt 1, a glomerular podocyte (indicated by the arrow) exhibits an increased number of

mitochondria. The podocytes show patchy foot process effacement (arrowheads). (B-D): In LBW 1 (B), LBW 2 (C), and LBW 3 (D), the number and
morphology of mitochondria in the glomerular podocytes are normal. However, the podocytes show patchy foot process effacement (arrowheads).
N

(Figure 4D)F). The cells strongly expressing COX IV
appeared to correspond to GSECs. The expression patterns
both of the glomerular podocytes and tubules in the
patients with mtDNA mutations showed a mosaic pattern
(Figure 4G, H), similar to that observed in the LBWN
patients. The degree of the mosaic patterns in glomeruli
and tubular cells should be more intense in patients with
mtDNA mutations compared with LBWN patients.

The LBW-related nephropathy patients did not have any
mitochondrial gene mutations

According to the PCR-Luminex assay, none of the 61
mtDNA mutations were detected in the blood, urine or
kidney sections of the four LBWN patients (Table 1).
However, an mtDNA mutation (3243 A > G) was clearly
detected in all samples of blood, urine sediment and
kidney sections in patient Mit 1. Because another patient
(Mit 2) had already been found to have 3243 A>G
mtDNA at another hospital, we did not perform an
mtDNA mutation analysis using RCR-Luminex due to
ethical considerations.

Discussion

Table 2 presents a summary of our results. The character-
istic feature of glomerular involvement observed in pa-
tients with mitochondrial cytopathy is focal segmental
glomerulosclerosis (FSGS), as previously described in a
considerable number of reports [9-11]. In addition, it was
recently reported that the presence of granular swollen
epithelial cells (GSECs), in which enlarged mitochondria
increase, in the distal tubules or collecting ducts is a spe-
cific pathological change in patients with mitochondrial
cytopathy [14]. On the other hand, adults born with LBW
have a high risk of kidney damage [1,16] and sometimes
exhibit FSGS lesions in their glomeruli [7]. In this report,
we showed that the pathological findings of kidney biopsy
specimens were similar between patients with mtDNA
mutations and those with LBWN with respect to the
following three points (Table 2): 1. glomerular changes
involve the presence of FSGS lesions and podocytes with
foot process effacement; 2. a portion of tubular cells dis-
play characteristics of GSECs, in which the number of en-
larged mitochondria is increased; and 3. The complex IV
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Figure 3 Photos of tubules in patients of LBW-related nephropathy and patients with mtDNA mutation; (A)-(F): Masson’s Trichrome
stain, (G) and (H): electron microscopy (original magnification: x 3000). GESCs are present in collecting ducts or distal tubules of LBW 1
(A), LBW 2 (B), LBW 3 (C), LBW 4 (D), Mt 1 (E), and Mt 2 (F). In LBW 4 (G), the number of mitochondria with morphological abnormalities is
increased in the collecting duct. One nucleus appears to be condensed. In Mt 2 (H), increased mitochondria are also observed in the

cytoplasm of collecting duct.

expression shows an unbalanced expression pattern in a
portion of podocytes and tubular cells. In fact, although
our two patients with mtDNA mutations had no FSGS
lesions, there is a possibility of sampling error. As another
possibility, because these two patients had no other symp-
toms of mitochondrial cytopathy, the glomerular lesions
could be slight. Furthermore, although we evaluated 5
obesity-related nephropathy with FSGS lesions (all patients
are under 40-year-old), there were no GSECs.

Because the presence of GSECs in the tubules was previ-
ously described to be an exclusive characteristic change in
patients with mitochondrial cytopathy (12), we initially
suspected that the four patients with LBWN had certain
mtDNA mutations. However, based on the PCR-Luminex
method [8], which can be used to detect 61 different
pathogenic mtDNA mutations, no mtDNA mutations were
detected in the blood, urine sediment or kidney sections of
the four patients with LBWN. Although these 61 mtDNA
mutations include most mtDNA mutations previously
reported in Japan [8], we cannot completely deny the
existence of other mtDNA mutations in the four LBWN
patients. The sensitivity of this method for surveying

mtDNA mutations has previously been documented [8].
In addition, this method of detecting mtDNA mutations
using blood, urine sediment and kidney sections was able
to clearly detect the 3243 A>G mtDNA mutation in
patient Mt 1. This report also provides a new strategy for
detecting mtDNA mutations in nephropathy patients
carrying mtDNA mutations using urine samples. This
method is based on the observation that urine sediment
consists of certain components derived from podocytes
and/or tubular cells.

Why do patients with LBWN exhibit similar patho-
logical changes to those observed in nephropathy patients
with mtDNA mutations? It appears that the mitochondrial
function of podocytes is involved in the formation of FSGS
lesions, as we and others also recently proposed [17-21].
Although we cannot exactly evaluate the degree of foot
process effacement by the limitation of sampling, mild
foot process effacement were observed all our cases of
LBWN. In the present study, we did not observe any in-
crements in the number of mitochondria in the podocytes
of the patients with LBWN, which is indeed a different
pathology from that observed in mitochondrial cytopathy

Normal

LBW 3243 A>G

glom

tubuli

= =

Figure 4 COX IV staining of the glomeruli and tubules. A: In the glomeruli of a normal control, the podocytes almost equally express COX IV.
B. In the tubules of a normal control, the tubular cells at the same luminal level almost equally express COX IV. C. In the glomeruli of LBW 1, only
one podocyte (arrow) expresses more COX IV than the other podocytes. D. In the tubules of LBW 1, unbalanced strong staining for COX IV is
detected (arrows). Only a part of tubular cells express extremely intense COX IV compared with other tubular cells at the same luminal level. E: In
the glomeruli of LBW 4, only one podocyte (arrow) expresses more COX IV than the other podocytes. F. In the tubules of LBW 4, staining for COX
IV in a part of tubular lumens exhibits a mosaic pattern. The GSECs should express intense COX IV staining (arrows). G: In the glomeruli of Mt 1, a
portion of podocytes (arrows) express more COX IV than the other podocytes. H: In the tubules of Mt 1, a portion of tubular cells are intensely
stained (arrows) compared with the other cells in the same lumen. These cells should coincide with GSECsO02E.

— 633 —



Imasawa et al. Diagnostic Pathology 2014, 9:181
http://www.diagnosticpathology.org/content/9/1/181

Page 8 of 9

Table 2 Summary of the findings of nephropathy in the mitochondrial cytopathy and LBW-related nephropathy

patients
Normal Mitochondrial cytopathy LBW-related nephropathy
mtDNA mutation No Yes No
FSGS lesion No Yes' Yes
Glomerular hypertrophy No Yes or No Yes
Foot process effacement No Yes Yes
Increased mitochondria in podocyte No Yes No
GSECs in tubules No Yes Yes
COX IV expression in glomeruli uniform mosaic pattern weak (but intense in a few podocytes)
COX IV expression in tubules uniform partially mosaic pattern partially mosaic pattern

TAlthough the two patients with mitochondrial cytopathy had no FSGS lesions in the glomeruli, the presence of FSGS lesions is a characteristic glomerular change

in mitochondrial cytopathy patients, as reported in many previous reports.

patients. However, an increased number of mitochon-
dria is only one phenomenon underlying mitochondrial
abnormalities and is easily detected pathologically. In
fact, mitochondrial biogenesis is controlled by complex
mechanisms [22]; therefore, we cannot deny the possi-
bility of mitochondrial dysfunction in LBWN patients,
even when an increased number of mitochondria is not
observed. COX IV is one of the major components of
complex IV, the last enzyme in the respiratory electron
transport chain in mitochondria [23]. When we stained
the kidney sections using anti-COX-IV antibodies, the
staining intensity of podocytes and tubular cells ay the
same luminal levels were uniform. However, in patients
with mtDNA mutations, COX IV expression, which was
mainly expressed by podocytes in glomeruli, showed
mosaic patterns. Furthermore, a part of tubular cells
with mtDNA mutations extremely expressed COX IV
compared with other tubular cells at the same luminal
levels (Figure 4). COX IV expression was not uniform
in glomeruli of LBWN patients, too. A few podocytes
expressed stronger COX IV compared with most of
other podocytes. Only a part of tubular cells in LBWN
patients expressed extremely intense COX IV as like
those in patients with mtDNA mutations (Figure 4). Al-
though we cannot judge whether an unbalanced COX
IV expression directly affects the pathogenesis of kidney
disease, our results suggest the possibility that the mito-
chondprial function, not mitochondrial DNA mutations,
is associated with the etiopathogenesis of low birth
weight-related nephropathy.

In addition, GSECs could be occasionally observed in
aged patients. Therefore, GSECs might not be specific
findings. However, because all of LBWN patients had
GSECs in a part of their tubular cells, we think that
GSECs in LBWN should be “meaningful” pathological
changes. Furthermore, if GSECs are observed, especially
in young patients, the analysis of mtDNA might be
needed [24]. Now, we cannot explain why GSECs par-
tially appear. Furthermore, it is obscure that a part of

tubular cells show intense COX IV expression although
most of tubular cells uniformly express COX IV at the
same luminal levels. Although we now hypothesize that
unbalance between high energy demand and low energy
supply might result in mitochondrial dysfunction, fur-
ther studies must be needed.

We cannot exclude the possibility that our four
patients with LBWN had similar pathological lesions to
those observed in the patients with mitochondrial cyto-
pathy “by chance”. In spite of these limitations, some
specific cases with characteristic pathological findings
should provide new aspects [25-27]. This report provides
new clues regarding mitochondria to prompt investiga-
tions of the pathomechanisms underlying the renal dys-
function associated with LBW.

Conclusion

This is the first report to show the pathological similar-
ities not only in glomeruli but also tubuli between
nephropathy with a LBW history and nephropathy with
mitochondrial cytopathy.
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Abstract

The presence of granular swollen epithelial cells (GSECs) in tubular cells was recently reported
to be a specific change associated with mitochondrial cytopathy. However, at present, GSEC is
not routinely evaluated. We, in this study, present a case of glomerulosclerosis, in which the
presence of GSECs should provide us one clue to understand the pathogenesis of its
progressive decline of renal function. A 54-year-old Japanese female, who had been diagnosed
with Graves’' disease, was referred for the examination and treatment of her proteinuria
(5.4 g/gCre at the first visit to our hospital). A kidney biopsy showed 28.6% of the glomeruli to
be globally sclerosed and 10.7% of the glomeruli to have completely collapsed. However,
according to a light microscopic analysis, all other glomeruli showed an almost normal
appearance, except for some slight enlargement. Almost 30% of the interstitium was damaged
by fibrosis. Characteristically, GSECs were observed in the medulla collecting ducts. Although
she had no symptoms of either myopathy or encephalopathy, no history of stroke-like episodes
or difficulty in hearing, her serum concentrations of lactate and pyruvate were both elevated.
Therefore, mitochondrial DNA sequencing was performed to assess the etiopathogenesis of her
nephropathy. Consequently, a homoplasmic 7501 T>A replacement, which has not been
previously reported in patients with renal diseases, was detected. This case suggests that the
routine evaluation of GSECs can provide important clues to assess the etiopathogenesis of
cryptogenic glomerulosclerosis.
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mitochondrial DNA
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Introduction

The 3243 A>G mutation is one of the most frequently diseases, was detected.

which has not been previously reported in patients with renal

observed mutations of mitochondrial DNA (mtDNA). In the
past two decades, many reports have described that the 3243
A to G mutation could cause focal segmental sclerosis
(FSGS).' By electron microscopy, some podocytes were
found to have an increased number of enlarged mitochondria
in their cytoplasm. It was recently reported that patients with
mitochondrial cytopathy have pathological changes not only
in glomeruli but also in tubules. The characteristic patho-
logical cells were designated as granular swollen epithelial
cells (GSECs), because the cells include increased and
enlarged mitochondria in their cytoplasm, which makes
them look ‘“‘swollen’”.*

We herein present a case of glomerulosclerosis
accompanied with GSECs, in whom a new mtDNA variant,

Address correspondence to Toshiyuki Imasawa, MD, PhD, Kidney and
Diabetes Center, National Hospital Organization Chiba-East Hospital,
673 Nitona-cho, Chuoh-ku, Chiba 260-8712, Japan. Tel: +81 43 261
5171; Fax: +81 43 268 2613; E-mail: imasawa@cehpnet.com
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Case

This case was a 54-year-old Japanese female, who was
referred to Chiba-East Hospital by her primary doctor in order
to examine and treat her proteinuria. When she was 50 years
old, cardiomegaly had been pointed out by the chest X-ray
taken during an annual health check-up, although she had no
symptoms. She visited her primary doctor and was diagnosed
to have Basedow’s disease (thyroid-stimulating hormone;
TSH <0.002 pIU/mL, FT3 6.0pg/mL, FT4 2.4ng/mL, TSH
receptor antibody 50.5%) and atrial fibrillation (Af).
Therefore, she had been prescribed propylthiouracil (PTU)
and digoxin. At 52 years of age, her blood glucose level was
elevated, and she was diagnosed with diabetes mellitus (DM).
Thereafter, she had also been taking a dipeptidyl peptidase 4
inhibitor. Beginning when she was 53 years old, the patient’s
urinary examination by the test tape started to show protein-
uria from 1+ to 3+4. She had also been prescribed an
angiotensin II receptor blocker to treat hypertension for three
months until the first visit to Chiba-East Hospital. At the first
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visit, her blood pressure was 157/117 and the proteinuria was
5.4 g/gCre, although the serum albumin level was 4 mg/dL.
She had moderate pretibial pitting edema (PTPE).

Because she reported consuming a lot of salt, she was
recommended to start a low salt diet (under 6 g/day of salt).
One month after the first visit to our hospital, she was
admitted in order to undergo examinations due to proteinuria.
At this admission, her blood pressure was 139/93 without any
change in the drugs being administered at the first visit, and
her PTPE had disappeared. The proteinuria also had
decreased to 1.5g/gCre. A physical examination showed a
height of 153.1cm, body weight of 54.1kg and body mass
index of 23.1. No crackles or murmurs were detected on chest
auscultation. Although she had been suffering from DM for
two years, no evidence of diabetic neuropathy was observed.
No skin lesions were detected. An ophthalmologic examin-
ation detected neither diabetic retinopathy nor hypertensive
retinopathy. Thyroid enlargement was also not detected by
palpation.

The patient’s birth weight had been 3500 g at 40 weeks of
gestation. Her mother suffered from DM, and her father
suffered from a kidney disease whose etiology had not been
assessed. She was not a smoker. Laboratory tests on
admission (Table 1) showed slightly elevated serum creatinine
and positive myeloperoxidase-anti-neutrophil cytoplasmic
antibody (MPO-ANCA). However, no signs of vasculitis
were detected. We concluded that PTU likely triggered this
MPO elevation.”

Electrocardiography showed Af (heart rate: 51 bpm) and
moderate down-sloping ST depression and inverted T waves
on leads I, II, aVF, V4-6, which could be explained by the
digitalis effect. On chest X-rays, although severe cardiomeg-
aly (cardiothoracic ratio, 67.1%) was detected, there was

Table 1. The findings of laboratory tests performed on admission.
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neither enlargement of the pulmonary artery shadow nor
pleural effusion. An echogram of the thyroid revealed no
swelling on either side and no masses. We performed a
percutaneous renal biopsy under ultrasound guidance two
days after admission to investigate the etiology of the heavy
proteinuria.

The light microscopic photos of the kidney biopsy
specimen are shown in Figure 1. We obtained 28 glomeruli.
There were eight glomeruli (28.6%) with global sclerosis and
three glomeruli (10.7%) whose tufts were completely
collapsed. However, all other glomeruli showed an almost
normal appearance without any sclerotic lesions, tuft adhe-
sions, endocapillary proliferation or crescent formations.
Slight enlargement of all glomeruli was detected. Almost
30% of the area of the interstitium was damaged with fibrosis,
but there were no inflammatory cells. Interestingly, GSECs
were observed in the medulla collecting ducts (Figure 1). The
arteriole endothelium showed slight hyalinosis, and the
vascular smooth muscle cells of the arterioles were enlarged.
Endothelial hyalinosis was previously reported as a patho-
logical finding of mitochondria cytopathy. An electron
microscopic analysis (Figure 2) showed moderate foot process
effacement and moderate thickening of glomerular basement
membrane. In all podocytes observed, there were no increases
in the numbers of mitochondria in the cytoplasm. However,
we found an increase number of enlarged mitochondria in the
tubular cells.

As GSEC was previously reported to be a specific change
associated with mitochondrial cytopathy, we measured serum
lactate and pyruvate concentrations. These serum concentra-
tions were elevated at 22.9mg/dL. (normal: 3.0-17.0) and
2.10mg/dL (normal: 0.30-0.94), respectively. Therefore, we
suspected a mtDNA mutation and examined the patient’s

Blood cell count Blood chemistry Immunology Hormones
WBC 8000/mL TP 8.1 g/dL ASO 56 U/mL TSH 1.45 pIU/ml
RBC 5.10 x 10%mlL Alb 43 g/dL C3 133 mg/dL fT3 2.97 pg/ml
Hb 14.9 g/dL. AST 24TU/L c4 22.3mg/dL fT4 1.45ng/d]
Hect 45.2% ALT 18IU/L IeG 1891 mg/dL
MCV 8911 LDH 225IU/L IgA 183 mg/dL Urinalysis
MCHC 33.0% ALP 1501U/L IgM 248 mg/dL Gravity 1.010
Platelet 25.1 x 10*mL Thil 0.9 mg/dL RA test -) pH 5.5
BUN 15.6 mg/dL ANA -) RBC 0-1/HPF
Coagulation Cr 0.76 mg/dL, M protein () WBC 0-1/HPF
APTT 34.0sec UA 9.4 mg/dL, HBs antigen -) Cer (24 hr) 63.3 ml/min
PT(%) 86% Tcho 214 mg/dL HCYV antibody - Protein 0.68 g/day
INR 1.1INR CRP 0.22mg/dL MPO-ANCA 67.5EU NAG 43U/L
EBS 126 mg/dL PR3-ANCA <10EU p2-MG <20mg/L
HbAlc 1.5% TSHrAb 381U/ BIP =)
digoxin 1.4 ng/ml

Aberrant values are underlined.

WBC, white blood cells; RBC, red blood cells; Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; MCHC, mean corpuscular
hemoglobin; APTT, activated partial thromboplastin time; PT, prothrombin time; INR, international normalized ratio; TP, total protein; Alb, albumin;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; Tbil, total bilirubin; BUN,
blood urea nitrogen; Cr, creatinine; UA, uric acid; Tcho, total cholesterol; CRP, C-reactive protein; FBS, fasting blood sugar; HbAlc, hemoglobin
Alc (NGSP); ASO, antistreptolysin-O; C3, complement 3; IgG, immunoglobulin G; RA, rheumatoid arthritis; ANA, antinuclear antibody; M protein,
monoclonal protein; HBs, hepatitis B surface; HCV, hepatitis C virus; MPO-ANCA, myeloperoxidase-anti-neutrophil cytoplasmic antibody; PR3,
proteinase 3; TSHrAb, thyroid-stimulating hormone receptor antibodies; fT3, free triiodothyronine; fT4, free thyroxin; Cer, creatinine clearance;
NAG, N-acetylglutamate; MG, microglobulin; BJP, Bence Jones protein. To convert Hb, TP and Alb in g/dL to g/L, multiply by 10; Tbil in mg/dL to
pmol/L, multiply by 17.1; BUN in mg/dL to mmol/L, multiply by 0.357; Cr in mg/dL to pmol/L, multiply by 88.4; UA in mg/dL to pmol/L, multiply
by 59.48; Tcho in mg/dL to mumol/L, multiply by 0.02586; C3, C4, IgG, IgA and IgM in mg/dL to g/I., multiply by 0.01; and Ccr in mL/min to

ml/sec, multiply by 0.01667.
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