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ARTICLE INFO ABSTRACT

Keywords:

Mitochondrial disease

Primary coenzyme Q¢ deficiency
Coenzyme Qg

Reduced/total CoQ;o

Forward electron transport
Reverse electron transport

Coenzyme Q19 (CoQ1o) is involved in ATP production through electron transfer in the mitochondrial respiratory
chain complex. CoQ; receives electrons from respiratory chain complex I and II to become the reduced form,
and then transfers electrons at complex III to become the oxidized form. The redox state of CoQo has been
reported to be a marker of the mitochondrial metabolic state, but to our knowledge, no reports have focused on
the individual quantification of reduced and oxidized CoQ; or the ratio of reduced to total CoQ;¢ (reduced/total
CoQjp) in patients with mitochondrial diseases.

We measured reduced and oxidized CoQpo in skin fibroblasts from 24 mitochondrial disease patients,
including 5 primary CoQ;¢ deficiency patients and 10 respiratory chain complex deficiency patients, and
determined the reduced/total CoQg ratio.

In primary CoQ;q deficiency patients, total CoQ; levels were significantly decreased, however, the reduced/
total CoQ;o ratio was not changed. On the other hand, in mitochondrial disease patients other than primary
CoQjo deficiency patients, total CoQ;q levels did not decrease. However, the reduced/total CoQo ratio in pa-
tients with respiratory chain complex IV and V deficiency was higher in comparison to those with respiratory
chain complex I deficiency.

Measurement of CoQ1 in fibroblasts proved useful for the diagnosis of primary CoQ;( deficiency. In addition,
the reduced/total CoQ;¢ ratio may reflect the metabolic status of mitochondrial disease.

1. Introduction

CoenzymeQiy (CoQig), also known as ubiquinone, is a lipophilic
molecule composed of a redox-active benzoquinone head group and
species-specific isoprenoid side chain (10 subunits in humans) [1,2].
CoQ takes three forms depending on the redox state of the benzoqui-
none ring; oxidized (CoQjg, Ubiquinone), fully-reduced (CoQioHo,
Ubiquinol), and semi-reduced (CoQiy, Semiubiquinone) forms [2]. It

presents ubiquitously in all cellular membranes and cells [3]. The
amount of CoQ;p and the proportion of reduced CoQ;¢ differ between
organs and cells; CoQq is distributed in high amounts in the heart,
kidneys, liver, and muscles, and the proportion of reduced CoQ; is
lower in the brain and lungs [3]. In cells, it is mostly localized in the
mitochondria [3].

CoQ;¢ has multiple functions. One of the main roles of CoQy is as a
component of the mitochondrial respiratory chain. As a mobile electron
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carrier, CoQio accepts electrons from complex I and II and transfers
them to complex III [2]. In the mitochondrial inner membrane, CoQ1 is
proposed to exist as two independent pools: a CoQnapy pool in the
super-complex (CI, CIII, CIV) involved in the oxidation of NADH; and a
CoQpapn pool involved in the oxidation of CII and other enzymes that
use CoQ as a cofactor [4]; CoQnapn receives electrons from NADH, and
CoQrapy receives electrons from FADH, and other enzymes, such as
glycerol phosphate dehydrogenase (GPDH), choline dehydrogenase
(CHDH), sulphide:quinone oxidoreductase (SQOR), dihydroorote de-
hydrogenase (DHODH), and electron transfer flavoprotein dehydroge-
nase (ETFDH), and is reduced [5]. In respiratory chain complex III,
electrons are transferred from reduced CoQjo to cytochrome c in a
process called the Q cycle. The Q cycle results in the oxidation of two
molecules of reduced CoQ;, the reduction of two molecules of cyto-
chrome c, and the formation of one additional molecule of reduced
CoQq9 [2]. This normal forward electron transfer results in the creation
of an electrical gradient and a pH gradient (proton gradient) between
the mitochondrial matrix and intermembrane space. The energy
generated by this proton motive force enables complex V(ATP synthase)
to synthesize ATP. On the other hand, reverse electron transfer (RET) of
CoQq is also known to occur; in RET, electrons from reduced CoQq¢ are
returned to complex I, reducing NAD+ to NADH, and generating ROS
[6] (Supplemental Fig. 1).

Another important role of CoQjg is as an antioxidant. CoQqg is the
sole lipid-soluble antioxidant that is endogenously synthesized. Reduced
CoQq inhibits both the initiation and the propagation of lipid peroxi-
dation [7]. NADH-quinone oxidoreductase 1 and cytochrome b5
reductase, have been known to be the major oxidoreductases in the
plasma membrane [8]. In addition, ferroptosis suppressor protein 1
(FSP1) was also found to be an important oxidoreductase. FSP1 reduces
extra-mitochondrial CoQ;p and acts as a lipophilic radical-trapping
antioxidant to suppress lipid peroxides, resulting in the inhibition of
cell death, called ferroptosis [9,10]. Moreover, reduced CoQ;¢ also re-
generates the other antioxidants—a-tocopherol and ascorbate—into an
active reduced form [7]. CoQ; is also involved in the p-oxidation of
fatty acids [11], de novo pyrimidine biosynthesis [12], sulfide oxidation
[13], an essential cofactor for uncoupling proteins (UCPs) [14], and
modulation of the mitochondrial permeability transition pore [15].
Thus, the importance of the distinct state of CoQg is gaining growing
attention [5].

Primary CoenzymeQ;( (CoQ1o) deficiency is an autosomal recessive
mitochondrial disease caused by a decrease in CoQ;¢ due to mutations in
genes involved in CoQ;¢ biosynthesis (COQ genes) [16]. To date, defects
in at least 10 COQ genes (COQ2, COQ4, COQ5, COQ6, COQ7, COQS8A,
COQ8B, COQY, PDSS1, PDSS2) have been found to cause this disease
[17]. Primary CoQi¢ deficiency was first reported in 1989 as familial
mitochondrial encephalomyopathy [18]. Currently, over 280 patients
from 180 families have been reported [17]. Secondary CoQjq de-
ficiencies occur in a wider variety of pathologies, including mitochon-
drial disease [19,20]. Measuring the CoQ levels is known to be useful for
diagnosing CoQ;¢ deficiency [21]. As described above, the ratio of
reduction varies among organs and cells. As a result, in addition to the
total amount of CoQo, evaluating the reduced/oxidized CoQ¢ ratio
may also be useful for further elucidating various pathophysiological
states in cells.

Methods to measure CoQ;g in fibroblast and the reduced/oxidized
state of CoQ have been reported [22,23]. However, to our knowledge,
there are no reports on the measurement of the reduced/oxidized CoQ19
ratio in primary CoQ;¢ deficiency or mitochondrial diseases. Therefore,
we decided to measure the total CoQq levels as well as the levels of
reduced and oxidized CoQ; in skin fibroblasts from patients affected by
various mitochondrial diseases.

90

Molecular Genetics and Metabolism Reports 34 (2023) 100951
2. Material, methods, and patients
2.1. Subjects

We studied fibroblasts from 24 patients with mitochondrial disease,
including primary CoQ;q deficiency (Table 1). The inclusion criterion
for patients with primary CoQ;¢ deficiency was childhood onset with
biallelic pathogenic variants in the COQ gene encoding proteins for the
biosynthesis of CoQ [16]. Fibroblasts were obtained from patients at
Kanagawa Children’s Medical Center, Chiba Children’s Medical Center,
and Jichi Medical University under the approval of the Ethics Committee
of Jichi Medical University. Written informed consent was obtained
from the parents of each patient.

We obtained fibroblasts from five patients with primary CoQig
deficiency. One patient carries biallelic COQ2 variants with the c.[349G
> Cl;[912 + 1G > del] (Case 1). Four patients had biallelic COQ4 mu-
tations: one with compound heterozygous biallelic variants c.[718C >
T1;[421C > T] (Case 2) [24], one with ¢.[431C > A];[718C > T] (Case 3)
[25], and two with ¢.[190C > T];[479G > A] (Cases 4, 5).

Ten patients had disorders of mitochondrial respiratory chain sub-
units. Seven patients had mutations related to complex I: one with a c.
[55C > T] mutation in NDUFA1 (Case 6) [26], one with an m.10158 T>C
mutation in MT-ND3 (Case 7) [26], Three with an m.13513G > A mu-
tation in MT-ND5 (Case 8) [27], (Case 9), (Case 10) [28], one with a c.
[811 T > G];[1766-2A > G] mutation in ACAD9 (Case 11), and one with
a ¢.[1150G > Al;[1817 T > A] mutation in ACAD9 (Case 12) [28].
NDUFA1, MT-ND3, and MT-ND5 are subunits of complex I, and ACAD9
is the assembly factor of complex I. Two patients had mutations related
to complex IV: one with a ¢.[743C>A] mutation in SURFI (Case 13)
[29], and one with a c.[367_368delAG]; [572delC] mutation in SURF1
(Case 14) [25]. SURF1 is the assembly factor of complex IV. One patient
had an m.8993 T > G mutation in MT-ATP6 (Case 15) [25]. MT-ATP6 is
a subunit of complex V.

Three patients had mitochondrial DNA (mtDNA) depletion syn-
drome: one with a ¢.[143-307_170del335];[143-307_170del335] mu-
tation in DGUOK (Case 16) [30], one with a ¢.[451dupC];[308_310del]
mutation (Case 17) [30] and one with a ¢.[148C > TJ;[149G > A]
mutation in MPV17 (Case 18) [30]. Both DGUOK and MPV17 are
involved in the maintenance of mtDNA. One patient had Kearns-Sayre
syndrome with a single mtDNA deletion (5513 bp del;
m.8290-13,802) (Case 19). Two patients had MELAS: one with an
m.3243 A > G mutation of tRNA-Leu (Case 20) [26] and one with an
m.5541C > T, mutation of tRNA-Trp (Case 21) [26]. One patient had
short-chain enoyl-CoA hydratase (ECHS1) deficiency with heterozygous
mutations in maternal ¢.[832G > A] in ECHS1 (Case 22) [31]. ECHS1
plays a role in valine and fatty acid catabolism in mitochondria. Two
patients had c.[287A > G]; [287A > G] mutation in BOLA3 (Cases 23)
[28],(Case 24). BOLA3 is related to iron-sulfur cluster production and is
involved in the assembly of the mitochondrial respiratory chain
complex.

Five fibroblasts from healthy individuals were purchased: two fi-
broblasts from the PromoCell Company (#C-12300, GmbH, Heidelberg,
Germany), two fibroblasts from Japanese Collection of Research Bio-
resources Cell Bank (#TIG-120, #HT-2020, Japan), and fibroblasts from
Lonza Japan (#CC-2509, Tokyo, Japan). Another five fibroblasts from
patients without mitochondrial disease were used as controls. Cells from
passages 4-29 were used for assays.

2.2. Cell culture and growth conditions

The fibroblasts were maintained in 1.0 g/L low glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) (Life Technologies, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS), 100 units/mL
penicillin, and 100 pg/mL streptomycin. Cells were incubated at 37 °C
under 5% COs.
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Table 1
Fibroblast cell lines from patients with mitochondrial disease, including primary CoQ;, deficiency.
Case [ref]  diagnosis DNA mutation  variants, heteroplasmy rate” function
1 primary CoQ; deficiency coQ2 ¢.[349G > CJ;[912 + 1G > del] CoQ; biosynthesis
2 [24] primary CoQ10 deficiency CcoQ4 c.[718C > T1;[421C > T] CoQ; biosynthesis
3 [25] primary CoQ; deficiency CcoQ4 c.[431C > A];[718C > T] CoQq biosynthesis
4 primary CoQ; deficiency CcoQ4 ¢.[190C > T1;[479G > A] CoQ; biosynthesis
5 primary CoQ; deficiency coQ4 ¢.[190C > T1;[479G > A] CoQ; biosynthesis
6 [26] Leigh syndrome NDUFA1 c.[55C > T1, 100% (X-linked) Respiratory chain subunits, complex I
7 [26] Leigh syndrome MT-ND3 m.10158 T>C, heteroplasmic (F; 90%) Respiratory chain subunits, complex I
8 [27] neonatal cardiomyopathy MT-ND5 m.13513G > A, heteroplasmic (F; 78.87%) Respiratory chain subunits, complex I
9 infantile mitochondrial disease MT-ND5 m.13513G > A, heteroplasmic (B; 77%) Respiratory chain subunits, complex I
10 [28] Leigh syndrome MT-ND5 m.13513G > A, heteroplasmic (F; 26%) Respiratory chain subunits, complex I
11 mitochondrial cardiomyopathy ACAD9 c.[811 T > GI;[1766-2A > G] Respiratory chain assembly factor, complex I
12 [28] Z?SZ-::etha] infantile mitochondrial ACAD9 c.[1150G > A];[1817 T > A] Respiratory chain assembly factor, complex I
13 [29] Leigh syndrome SURF1 c.[743C>A], homoplasmy Respiratory chain assembly factor, complex IV
14 [25] Leigh syndrome SURF1 c.[367_368delAG];[572delC] Respiratory chain assembly factor, complex IV
15 [25] Leigh syndrome MT-ATP6 m.8993 T > G, homoplasmy Respiratory chain subunits, complex V
16 [30] mtDNA depletion syndrome DGUOK ¢.[143-307_170del335];[143-307_170del335] Deoxynucleotide triphosphate synthesis
17 [30] mtDNA depletion syndrome MPV17 ¢.[451dupC];[308_310del] mitochondrial protein synthesis
18 [30] mtDNA depletion syndrome MPV17 c.[148C > T1;[149G > A] mitochondrial protein synthesis
19 Kearns-Sayre syndrome Single mtDNA deletion (5513 bp del; m.8290-13,802)
20 [26] MELAS (tRNA-Leu) m.3243 A > G, heteroplasmic (F; 21%) Mitochondrial tRNA
21 [26] MELAS (tRNA-Trp) m.5541C > T, heteroplasmic (F; 49%) Mitochondrial tRNA
22 [31] ECHS1 deficiency ECHS1 c.[832G > A] Metabolism of toxic compounds
23 [28] cardiomyopathy BOLA3 c.[287A > G];[287A > G] Iron-sulfur protein assembly
24 cardiomyopathy BOLA3 c.[287A > G];[287A > G] Iron-sulfur protein assembly

2 F, fibroblasts, B; blood

2.3. CoQjp measurement in fibroblasts

2.3.1. CoQ extraction

The methods for the extraction CoQ;o were based on a previously
reported method with slight modifications [32]. To extract CoQ;( from
fibroblast in 60 mm dishes, cells were washed twice with PBS, and
pellets were re-suspended in 500 pL of lysis buffer (0.25 mM Sucrose, 2
mM EDTA, 10 mM Tris, and 100 Ul/mL heparin, pH 7.4.), and sonicated
twice for 5 s. These homogenates were also used to citrate synthase and
protein quantification. To measure CoQjo, nine hundred microliters of
ethanol containing internal standard CoQ;o-d9 (IsoSciences, Ambler,
PA) and 20 pM tert-butyl hydroquinone (TBHQ) (FUJIFILM Wako,
Osaka, Japan) was added to 100 pL of homogenates. TBHQ was added to
prevent oxidation of reduced CoQ1¢. The cell suspensions were vortexed
and centrifuged at 15,700 xg for 10 min (4 °C).

2.3.2. Reduction of ubiquinone

Reduced CoQjo was required for use in the calibration curve mea-
surement. However, since reduced CoQ; is easily oxidized, reduced
CoQ; was prepared just before the analysis by reducing oxidized CoQ1¢
following a previously reported method with slight modification [33].
Briefly, 50 pL of CoQio was diluted in 1.95 mL hexane in a glass tube.
Twenty milligrams of NaBH4 was added and followed by the addition of
100 pL methanol, vortexed for 3 min, then placed in the dark for 5 min at
room temperature. After reduction, 1 mL of water containing 100 pM
EDTA was added to stop the reaction, vortexed for 1 min, and centri-
fuged 1500 xg for 5 min at 4 °C. The upper layer containing reduced
CoQjo was transferred to a glass tube.

2.3.3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis

The method for measuring reduced and oxidized CoQ;o was based on
the previously reported method with slight modifications [23]. An LC-
MS/MS analysis was performed on an LC-electrospray ionization-MS
(LC-ESI-MS) with triple quadrupole (Nexera X2 and LCMS-8060, Shi-
madzu, Kyoto, Japan). A Kinetex C18 column (100 mm x 2.1 mm, 2.6
pm, Phenomenex) and a guard column filled with the same packing
material were used. The column temperature was kept at 40 °C. The
mobile phase was isocratic with 2 mM ammonium formate in methanol.
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The flow rate was 0.8 mL/min, the injection volume was 2 pL, and the
run time was 6 min. The interface temperature was 300 °C, the des-
olvation line temperature was 250 °C, and the heat block temperature
was 400 °C. The nebulizing gas flow was 3 L/min, the heating gas flow
was 10 L/min, and the drying gas flow was 10 L/min. The samples were
kept at 4 °C before injection by the autosampler. The MS/MS conditions
for each target were optimized using the automated multiple reaction
monitoring (MRM) optimization procedures in LabSolutions (Shi-
madzu). The MRM used for quantification was m/z 880.5 > 197.1 for
oxidized CoQ19, 882.4 > 197.0 for reduced CoQ;¢, and 890.4 > 206.2
for CoQ10-d9 (internal standard). Standards and samples were quanti-
fied using the LabSolutions software program to determine the peak area
for oxidized CoQ1g, reduced CoQ19, CoQ10-d9, and the standard curves
were used to determine the total amount of CoQ present in the samples.

Intra-assay coefficients of validation (CVs) and relative errors (REs),
as measurements of precision and accuracy, respectively, were deter-
mined in five parallel analyses of the same cell. To evaluate inter-assay
precision and accuracy, one cell line was independently evaluated on
three different days. Precision was calculated as (standard deviation/
mean concentration) x 100 (%), and accuracy was calculated as
(quantitative value/theoretical value) x 100 (%). The intra-assay pre-
cision (CV) of reduced CoQ1 and oxidized CoQ;¢ was 0.58% and 1.39%,
respectively. The intra-assay accuracy (RE) of reduced CoQio and
oxidized CoQ;¢ was 4.20% and 2.50%, respectively. The inter-assay
precision (CV) of reduced CoQio and oxidized CoQio was 1.27% and
1.84%, respectively. The intra-assay accuracy (RE) of reduced CoQ;q
and oxidized CoQ;o was 10.54% and 1.18%, respectively (Supplemental
Table 1, QC1).

2.3.4. Citrate synthase and protein quantification

Fibroblast CoQ1 levels were expressed as citrate synthase (CS) ac-
tivity (measured CoQ;¢ values/CS units, nmol/CS units). CS activity was
measured spectrophotometrically referring to the method described by
Srere (1969), with 0.1 mM DTNB, 0.3 mM Acetyl-CoA, 0.5 mM Oxalo-
acetate, and 12-20 pg protein in 200 pL total incubation volume. CS
units are determined as follows: CS Units (pmol/min/mL) = (AA412/min
xV (mL) x dil)/ 13.6 x L (cm) X Vep, (mL), V (mL); the reaction volume,
dil; the dilution factor of the original sample, 13.6(mM ! em™); the
extinction coefficient of TNB at 412 nm, L (cm); pathlength for
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absorbance measurement (0.552 cm), Vep,(mL); the volume of the
enzyme sample. Protein concentrations were quantified using Qubit™
Protein Assay Kits and a Qubit® 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA).

2.4. Statistical analyses

Statistical analyses were performed using the GraphPad Prism soft-
ware program (version 9.01, GraphPad Software Inc., La Jolla, CA).
Comparisons between samples were performed using a one-way
ANOVA. The results are expressed as the mean (standard deviation). P
values of <0.05 were considered to indicate statistical significance.

3. Results

3.1. Total CoQjg levels were observed to decrease in all patients with
primary CoQ; deficiency

We showed the reduced, oxidized, and total (sum of reduced and
oxidized) CoQ;o values corrected for the CS unit (nmol/CS unit)
(Table 2). In addition, we also measured the CoQ1q values corrected for
protein levels (nmol/g protein) (Supplemental Table 2). Six patients
showed decreased the total CoQq¢ values (<70% of the control): five
with primary CoQ;¢ deficiency (Cases 1-5), and one with Kearns-Sayre
syndrome (Case 19) (Table 2). The total CoQ; levels were significantly
decreased in primary CoQ;¢ deficiency than in controls (primary CoQ;o
deficiency(n = 5)1.00 + 0.19 nmol / CS unit (mean + SD), controls (n =
10)2.30 + 0.24 nmol / CS unit, p < 0.0001) (Fig. 1). However, total
CoQ19 levels were the same in mitochondrial disease other than primary
CoQq deficiency as in controls (mitochondrial disease(n = 19)2.23 +
0.26 nmol / CS unit, p = 0.93).

Table 2
Reduced and oxidized CoQ;¢ values and total CoQ deficiency in fibroblasts.
Case reduced oxidized total CoQ19 % CoQ
CoQio CoQ1o (nmol/CS deficiency
unit) (%)
mean SD mean SD mean SD

1 0.37 0.15 0.37 0.02 0.74 0.13 32

2 0.12 0.00 0.16 0.00 0.28 0.00 12

3 0.57 0.45 0.59 0.18 1.16 0.63 50

4 0.64 0.03 0.74 0.20 1.38 0.17 60

5 0.78 0.01 0.64 0.02 1.42 0.01 62

6 0.48 0.01 1.65 0.00 213 0.01

7 1.03 0.04 1.00 0.32 2.03 0.29

8 1.22 0.04 0.82 0.18 2.04 0.22

9 1.40 0.54 0.96 0.03 2.36 0.51

10 0.86 0.16 1.34 0.30 2.20 0.46

11 1.02 0.08 2.17 0.53 3.19 0.44

12 1.18 0.56 1.31 0.17 2.49 0.38

13 1.33 0.03 0.57 0.02 1.90 0.00

14 1.77 0.31 0.58 0.10 2.35 0.21

15 1.54 0.09 0.71 0.00 2.25 0.09

16 0.86 0.02 1.46 0.01 2.32 0.01

17 1.37 0.40 1.28 0.14 2.65 0.25

18 1.01 0.20 1.52 0.08 2.53 0.29

19 0.57 0.01 0.72 0.02 1.29 0.02 56

20 1.41 0.40 0.51 0.11 1.92 0.51

21 1.24 0.28 0.65 0.28 1.89 0.56

22 1.19 0.11 0.87 0.23 2.06 0.34

23 0.81 0.19 1.84 0.46 2.65 0.27

24 0.92 0.01 1.23 0.00 2.15 0.01

Reierl‘i)“;e M 119 015 111 010 230 024

% CoQ deficiency: <70% of control CoQ; value.
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3.2. The reduced/total CoQjg ratio was unchanged in primary CoQjg
deficiency, but was higher in complex IV or V deficiency

We showed the ratio of reduced CoQ to total CoQ1¢ (reduced/total
CoQ19) of fibroblasts (Table 3). The ratio of reduced and oxidized CoQ1¢
to total CoQ;¢ in control fibroblasts was 52% and 48%, respectively
(Table 3). In primary CoQq deficiency, the reduced/total CoQ; ratio
did not change compared to the control (reduced/total CoQ; ratio of
primary CoQ;q deficiency (n = 5) 49 + 7% (mean =+ SD), controls (n =
10) 52 + 1%, p = 0.92) (Fig. 2). Regarding the cases with respiratory
chain complex deficiency, there was no difference between control and
complex I deficiency (reduced/total CoQq ratio of complex I deficiency
(n=7) 44 £ 7%, p = 0.37). However, the reduced/total CoQ; ratio in
complex IV or V deficiency was increased in comparison to the control
(complex IV or V deficiency (n = 3) 71 + 3%, p = 0.022). In addition, the
reduced/total CoQjg ratio in complex IV or V deficiency was higher in
comparison to complex I deficiency and primary CoQ;( deficiency
(complex IV or V deficiency vs. complex I deficiency: p = 0.0021,
complex IV or V deficiency vs. primary CoQ;( deficiency: p = 0.015).

In individual cases, the reduced/total CoQ;g ratio decreased (<80%
of the reduced/total CoQ;¢ ratio in the control) in six cases; three cases
with complex I deficiency (Cases 6, 10, 11), two cases with mtDNA
depletion syndrome (Cases 16, 18), one case with BOLA3 mutation (Case
23)(Table 3). On the other hand, the reduced/total CoQ;¢ ratio
increased (>120% of the reduced/total CoQg ratio in the control) in
five cases; two cases with complex IV deficiency (Cases 13, 14), two
cases with MELAS(Cases 20, 21), one case with complex V deficiency
(Case 15) (Table 3).

4. Discussion

We showed here that the total CoQq¢ values of fibroblasts were
significantly lower in patients with primary CoQ;o deficiency. In this
syndrome, early recognition and therapy can stop progression and
improve the prognosis; however, established severe symptoms cannot be
reversed [16,34]. Biochemical measurements of low CoQj( levels in
muscle biopsy have been utilized for the diagnosis of this syndrome

ns
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Fig. 1. Total CoQ;¢ values.

Total (sum of reduced and oxidized) CoQio values of mitochondrial patient
fibroblasts. CoQ;¢ deficiency (CoQ;¢ levels <70% of control CoQ;0) was found
in six cases. All cases of primary CoQ;o deficiency showed decreased CoQiq
levels. In mitochondrial disease, CoQ;o values were not decreased, with the
exception of Case 19 (Kearns-Sayre syndrome). Data are expressed as **** P <
0.0001, and n.s. indicates no significance.
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Table 3
Ratio of reduced / total CoQ1o.

Case reduced/total Reduced/total CoQ; in cases
CoQq9 (%) versus reduced/total CoQ; in controls (%)
mean SD

1 50 11 96

2 43 1 83

3 49 14 95

4 47 8 90

5 55 1 106

6 23 0 44

7 51 9 97

8 60 4 115

9 59 10 114

10 39 1 75

11 32 7 61

12 47 15 91

13 70 1 135

14 75 7 145

15 68 1 131

16 37 1 71

17 52 10 100

18 40 3 77

19 44 0 85

20 74 1 142

21 66 5 127

22 58 4 111

23 30 10 59

24 43 0 83

Reference (n = 10) 52 1

The reduced/total CoQ; ratio decreased (< 80% of control value); cases 6, 10,
11, 16, 18, 23.

The reduced/total CoQq ratio increased (120% < of control value); cases 13, 14,
15, 20, 21.

*
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Fig. 2. Comparison of the reduced/total CoQ; ratio.

Comparison of the reduced/total CoQ;o ratio in cases with primary CoQo
deficiency, complex I deficiency, and complex IV or V deficiency. In primary
CoQ;p deficiency, the reduced/total CoQ;q ratio was the same as that of the
controls. In complex I deficiency, 3/7 cases showed a decreased (< 80% of
control value) reduced/total CoQ; ratio. In complex IV or V deficiency, 3/3
cases showed an increased (120% < of control value) reduced/total CoQ;o
ratio. Data are expressed as *P < 0.05, **P < 0.01, and n.s. indicates no
significance.

[16]. Moreover, the identification of biallelic pathogenic variants in the
COQ genes, which encode proteins involved in coenzyme Q biosyn-
thesis, enables a definitive diagnosis [16]. However, the invasiveness of
muscle biopsy hampers this procedure and can delay the diagnosis.
CoQq levels in fibroblasts were examined and implicated in their use-
fulness [21]. Our data with LC-MS/MS for the measurement of CoQ1g
from fibroblasts also supported the usefulness for detecting CoQig

93

Molecular Genetics and Metabolism Reports 34 (2023) 100951

deficiency [32,35]. The fibroblasts from Case 2 showed the lowest
CoQ; o concentration and showed a very severe phenotype. A correlation
between CoQ;g levels and phenotype has been suggested [24,36,37].
Therefore, the CoQ1¢ value from skin fibroblast may reflect the clinical
severity.

In addition to primary CoQio deficiency, various mitochondrial
diseases have also been reported to decrease CoQ;q in fibroblasts and
muscle, particularly in mtDNA depletion syndrome [20,38]. However,
in our analysis, three patients with mtDNA depletion, including DGUOK
and MPV17 mutations, showed no decrease in CoQ;o (Cases 16-18).
Only one patient with large deletions of mtDNA showed markedly
decreased CoQio (Case 19). Therefore, decreased CoQio was only a
constant feature in primary CoQ;¢ deficiency syndrome in our analysis.
Our results support the widely accepted idea that early CoQ;o therapy
should is therefore indicated if decreased levels of CoQq are found in
the fibroblasts of patients with suspected mitochondrial disease.

To our knowledge, this is the first report to describe the reduced/
total CoQ;¢ ratios in patients with mitochondrial diseases, including
primary CoQio deficiency. In primary CoQ;¢ deficiency, the reduced/
total CoQ1g ratio did not change. On the other hand, the reduced/total
CoQq ratio was decreased in 3/7 of cases of complex I deficiency and
was increased in 3/3 of cases of complex IV or V deficiency. Primary
CoQ; deficiency is caused by impaired CoQ;o biosynthesis, which re-
sults in a decrease in the absolute value of CoQ1¢; however, as expected,
our data suggest that it does not affect the redox reaction in mitochon-
dria. Since CoQ1¢ changes from the oxidized form to the reduced form by
accepting electrons from complex I, complex II and other de-
hydrogenases, the reduced/total CoQq ratio is expected to decrease in
complex I deficiency. However, only 3 out of 7 complex I patients in our
cohort showed disturbed Q reduced/total ratios. In contrast, CoQq
changes from the reduced form to the oxidized form in complex III, and
the reduced/total CoQg ratio is expected to increase in complex III and
later complex deficiencies (Supplemental Fig. 1, left panel). In fact, the
reduced CoQ( ratio was significantly decreased with complex I inhib-
itor, whereas the reduced CoQ;g ratio was increased with complex IV
inhibitor [23]. Some (but not all) of our results support these observa-
tions. Among complex I deficiency patients, patients with isolated
complex I deficiency tended to have a decreased reduced/total CoQg
ratio (3/4 cases; Cases 6, 10, 11) (Supplemental Table 3). On the other
hand, the reduced/total CoQ;¢ ratio was unchanged in a patient who
also had a decreased complex III and IV enzyme activity (Case 8), in a
patient without a decreased CI enzyme activity in fibroblasts (Case 12),
and in a patient with a decreased CI enzyme activity in muscle (Case 7).

In recent years, it has been reported that the reduced/oxidized CoQ1o
ratio may be a marker of mitochondrial metabolic status [39]. In situ-
ations where CoQpapy can be excessively reduced, RET is induced, and
the production of reactive oxygen species (ROS) from complex I is
stimulated, which causes complex I destruction [4,6]. On the other
hand, oxidizing the CoQ pool by alternative oxidase (AOX) of Ciona
intestinalis xenotopically expressed in mouse mitochondria induces for-
ward electron transport (FET) from RET [40]. Our system of measuring
the reduced/total CoQ; ratio of skin fibroblasts provide the amount and
redox states of CoQ1o.

As a limitation of our study, CoQ; is mostly localized in the mito-
chondria in subcellular fractions but it has also been shown to localize in
Golgi, lysosomes, and other organelles [3]. In this study, we measured
the whole cell CoQ;q level without separating the mitochondrial and
non-mitochondrial fractions. Moreover, we examined an only limited
number of patients affected by only some mitochondrial diseases, which
can be caused by >400 gene mutations [41].

In conclusion, we measured the reduced/total CoQ; ratio in fibro-
blasts from a cohort of patients with mitochondrial disease for the first
time. The reduced/total CoQ¢ ratio tended to show no change in many
of the cells that we measured. However, the reduced/total CoQq¢ ratio
was increased in complex IV or V deficiency, while the reduced/total
CoQ ratio tended to decrease in some cases of complex I deficiency.
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ARTICLE INFO ABSTRACT
Keywords: NADH dehydrogenase 5 (ND5) is one of 44 subunits composed of Complex I in mitochondrial respiratory chain.
Focal segmental glomerulosclerosis Therefore, a mitochondrially encoded ND5 (MT-ND5) gene mutation causes mitochondrial oxidative phosphory-

Mitochondrial nephropathy
NADH dehydrogenase 5
Podocyte

Case report

lation (OXPHOS) disorder, resulting in the development of mitochondrial diseases. Focal segmental glomer-
ulosclerosis (FSGS) which had podocytes filled with abnormal mitochondria is induced by mitochondrial
diseases. An MT-ND5 mutation also causes FSGS. We herein report a Japanese woman who was found to have
proteinuria and renal dysfunction in an annual health check-up at 29 years old. Because her proteinuria and renal
dysfunction were persistent, she had a kidney biopsy at 33 years of age. The renal histology showed FSGS with
podocytes filled with abnormal mitochondria. The podocytes also had foot process effacement and cytoplasmic
vacuolization. In addition, the renal pathological findings showed granular swollen epithelial cells (GSECs) in
tubular cells, age-inappropriately disarranged and irregularly sized vascular smooth muscle cells (AiDIVs), and
red-coloured podocytes (ReCPos) by acidic dye. A genetic analysis using peripheral mononuclear blood cells and
urine sediment cells detected the m.13513 G > A variant in the MT-ND5 gene. Therefore, this patient was
diagnosed with FSGS due to an MT-ND5 gene mutation. Although this is not the first case report to show that an
MT-ND5 gene mutation causes FSGS, this is the first to demonstrate podocyte injuries accompanied with accu-
mulation of abnormal mitochondria in the cytoplasm.

1. Introduction (MRC) complex. Given that the genes related to the MRC complex are
encoded in mitochondrial DNA (mtDNA) and nuclear DNA (nDNA),

Mitochondrial diseases/disorders are rare and occur every 1 in 5000 mitochondrial diseases can occur in cases of mtDNA or nDNA mutations
births [1]. Mitochondria play a key role in the biosynthesis of adenosine [2,3]. As ATP is mandatory for all cells that require energy, the clinical
triphosphate (ATP), the main energy source of cells, through oxidative phenotypes of mitochondrial diseases are versatile and are expressed as

phosphorylation (OXPHOS) using the mitochondrial respiratory chain encephalopathy [4], myopathy [5], cardiomyopathy [6], hepatopathy

Abbreviations: ND5, NADH dehydrogenase 5; MT-ND5, mitochondrially encoded ND5; OXPHOS:, oxidative phosphorylation; MELAS, mitochondrial encepha-
lomyopathy, lactic acidosis, and stroke-like episodes; FSGS, focal segmental glomerulosclerosis; GSECs, granular swollen epithelial cells; AiDIVs, age-inappropriately
disarranged and irregularly sized vascular smooth muscle cells; ReCPos, red-coloured podocytes; ATP, adenosine triphosphate; MRC, mitochondrial respiratory
chain; mtDNA, mitochondrial DNA; nDNA, nuclear DNA; Cr, creatinine; sCr, serum creatinine; eGFR, estimated glomerular filtration rate; COX IV, cytochrome ¢
oxidase subunit 4.
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[71, deafness [8], and diabetes mellitus [9]. Mitochondrial nephropathy,
which occurs because of a mitochondrial disorder in nephrons, has also
been reported [10-12].

Focal segmental glomerulosclerosis (FSGS) is a histological term,
rather than a specific disease category and diagnosed by the presence of
sclerosis in parts of at least one glomerulus in the kidney biopsy spec-
imen [13]. It can be classified into primary, secondary, genetic, and
unknown forms of FSGS [14]. Among causative genes of mitochondrial
nephropathy, m.3243A > G pathogenic variant in MT-TL1 gene on
mtDNA, which encodes mitochondrial transfer RNA leucine 1, is ma-
jority [12]. The m.3243A > G mutation leads to genetic cause of FSGS
with accumulation of abnormal mitochondria in podocytes [11,15].
Because podocyte injury plays a key role in the pathogenesis of FSGS
[16-18], impaired mitochondrial function in podocytes should induce
FSGS [19-22].

The pathogenic variants in mitochondrially encoded NADH dehydro-
genase 5 (MT-ND5) gene cause mitochondrial diseases such as mito-
chondrial encephalomyopathy with lactic acidosis and stroke-like
episodes (MELAS) [23-25]. ND5 is one of the 44 subunits of mito-
chondria respiratory complex I. The pathogenic variants in MT-ND5
gene also cause FSGS [26-29]. However, in all cases with FSGS lesions
presented in the past reports, abnormal mitochondria or their accumu-
lation were not identified in podocytes. In another recent report of three
cases with nephropathy due to MT-ND5 gene mutation, one of the cases
showed FSGS lesion. The authors of this report concluded that FSGS
lesion of their case was secondary [28]. The pathogenesis of the sec-
ondary FSGS is considered to involve intraglomerular hypertension
caused by hypertension or obesity, by adaptation to nephron loss due to
progression of glomerulosclerosis or by a low nephron number due to
low birth weight [30,31]. Therefore, it has not been evident whether
genetic FSGS occurs with a pathogenic variant in MT-ND5 gene. Here,
we report the case with an MT-ND5 mutation with apparent FSGS le-
sions. In this case, foot process effacement and cytoplasmic vacuoliza-
tion in podocytes with accumulation of abnormal mitochondria were
observed.

2. Case presentation

This case occurred in a Japanese woman born at 39 weeks of

Molecular Genetics and Metabolism Reports 35 (2023) 100963

gestation with a birth weight of 3210 g. She had no remarkable medical
history. Annual health check-ups showed no proteinuria on urinalysis
until age 29. At 29 years of age, the annual health check-up revealed
proteinuria (1+) for the first time using a urine dipstick and a high
serum creatinine (sCr) level of 1.01 mg/dL. Her estimated glomerular
filtration rate (eGFR) using the Japanese Eq. [32] was calculated to be
54.0 mL/min/1.73 m?. At the same check-up, she was also found to have
a slight hearing disturbance. Additionally, she had a headache once a
week from 30 years of age and was diagnosed by a neurologist with
migraine, uncontrolled with triptan. Her health check-up at 32 years of
age again showed proteinuria (14) and increased sCr (1.06 mg/dL).
Hematuria has never been noted before. At 33 years of age, she was
referred to the Yamanashi Prefectural Central Hospital by her primary
doctor to examine the reason for her proteinuria and decreased eGFR. At
the first visit, proteinuria (1.09 g/gCr), elevated sCr (1.28 mg/dL), and
elevated uric acid (7.5 mg/dL) were detected. Febuxostat and sodium
bicarbonate were prescribed for the treatment of hyperuricemia.
Because of the continued presentation of proteinuria and decreased
renal function, she was admitted for a kidney biopsy, at 6 months
following the initial visit.

Upon admission, her blood pressure was 114/70 mmHg. Physical
examination showed a height of 152 cm, body weight of 43.8 kg, and
body mass index of 19.0. No crackles or murmurs were detected on chest
auscultation. No abnormal neurological findings were observed. Neither
skin lesions nor pitting oedema were detected. The laboratory data on
admission are summarised in Table 1, which shows decreased eGFR and
proteinuria. Hematuria was not observed. In the data we measured,
there were no data to suggest the presence of tubular dysfunction such as
Fanconi's syndrome or distal tubular acidosis. The long x short axis of
the kidneys measured 101 x 38 mm on the left and 104 x 50 mm on the
right, indicating no renal atrophy. The electrocardiogram test result was
normal, and echocardiography revealed normal cardiac function. The
standard pure-tone hearing test showed a right-ear value of 38.8 dB and
a left-ear value of 40.0 dB. She was therefore diagnosed with sensori-
neural hearing loss by an otolaryngologist. No visual field defects were
noted. Furthermore, because of hearing loss and headache symptoms, a
brain magnetic resolution imaging (MRI) was also performed to examine
for brain lesions, but no abnormal findings were found.

Her parents had died because of cancer (mother, breast cancer,

Table 1
Laboratory data on admission.
Blood cell count Blood chemistry Immunology Urinalysis
WBC 5400 /HL TP 6.8 g/dL CH50 54 U/mL Gravity 1.01
RBC 373 x10%/uL Alb 3.9 g/dL C3 76.1 mg/dL pH 7.0
Hb 11.5 g/dL AST 21 IU/L Cc4 19.3 mg/dL RBC 1-4 /HPF
Ht 35.1 % ALT 11 1U/L IgG 1340.3 mg/dL WBC <1 /HPF
MCV 94.1 fl LDH 186 1U/L IgA 225.7 mg/dL Protein 2.04 g/gCr
MCHC 32.8 % ALP 149 IU/L IgM 180.1 mg/dL Glucose )
Plt 25.7 ><104/pL Thil 0.56 mg/dL ANA -) NAG 8.6 U/L
BUN 21.8 mg/dL M protein )
Coagulation Cr 1.26 mg/dL HBs Ag )
APTT 34.0 sec eGFR 40.8 mL/min/1.73 m? HCV Ab )
PT 99.0 % K 5.0 mEq/L
INR 0.97 INR P 3.1 mg/dL
Fib 373.0 mg/dL UA 5.4 mg/dL
Tcho 255 mg/dL
CRP 0.01 mg/dL
FBS 85 mg/dL
HbAlc 5.3 %

Aberrant values are underlined.

WBC, white blood cells; RBC, red blood cells; Hb, haemoglobin; Hct, haematocrit; MCV, mean corpuscular volume; MCHC, mean corpuscular haemoglobin con-
centration; Plt, platelet; APTT, activated partial thromboplastin time; PT, prothrombin time; INR, international normalized ratio; Fib, fibrinogen; 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; eGFR, estimated glomerular filtration rate (by the Japanese equation); K, potassium; P, phosphate; UA, uric acid; Tcho, total cholesterol;
CRP, C-reactive protein; FBS, fasting blood sugar; HbAlc, haemoglobin Alc (NGSP); CH50, 50% haemolytic complement activity; C3, complement 3; IgG, immu-
noglobulin G; ANA, antinuclear antibody; M protein, monoclonal protein; HBs Ag, hepatitis B surface antigen; HCV Ab, hepatitis C virus antibody; NAG, N-acetyl

glucosaminidase; HPF, high power field.
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father, colon cancer) without kidney disease or any hearing difficulty.
Neither of her two older brothers had any abnormalities in kidney
function, urine, or hearing. She had a 7-year-old daughter and a 5-year-
old son. Her daughter's birth weight was 2840 g at 41 weeks and 2 days
of gestation, and her son's birth weight was 2632 g at 39 weeks of
gestation. Her daughter was born using suction delivery, whereas her
son was born through normal delivery. None of her children had any
urinary abnormalities or hearing difficulties, as examined during med-
ical check-ups. However, the children sometimes complained of head-
aches that had not yet been diagnosed by any doctor.

A percutaneous kidney biopsy was performed under ultrasound
guidance. Light microscopy photographs of renal biopsy specimens are
shown in Fig. 1. Nine glomeruli were observed in the specimens. One
glomerulus was globally sclerosed. Furthermore, segmental sclerosis
was observed at the perihilar area in two glomeruli, compatible with the
perihilar variant in the Columbia classification of FSGS (Fig. la)
[13,30]. Interestingly, red-coloured podocytes (ReCPos), whose cyto-
plasm was dyed red, were observed using AZAN trichrome staining
(Fig. 1a and b). Neither mesangial proliferation nor hypercellularity
were detected. Interstitial fibrosis and tubular atrophy were observed in
almost 30% of the interstitium. There were no abnormal findings such as
thickening or lamellation of the tubular basement membrane. Charac-
teristically, granular swollen epithelial cells (GSECs), reported to be
specific to mitochondrial diseases [33,34], were markedly observed in
the distal tubular cells using AZAN trichrome staining (Fig. 1c). Such
GSECs were emphasised by staining with anti-cytochrome c oxidase
subunit 4 (COX IV) antibody [mouse anti-COX IV antibody (20E8C12)]
(ab14744; Abcam PLC., Cambridge, UK; Fig. 1d). COX IV staining is
recognised as a loading control for mitochondria [34,35]. Furthermore,
the sizes of the vascular smooth muscle cells in arterioles were irregular,
and their arrangement was disorganized in a manner similar to that seen
in older patients, despite the younger age (33 years) of the patient,
without any medical history that may have caused arteriosclerosis
(Fig. 1e). Such age-inappropriately disarranged and irregularly sized
vascular smooth muscle cells (AiDIVs) were also noticeable in the
interlobular arteries (Fig. 1f). Immunofluorescence analysis revealed
IgM, C3 and C1q deposits in the glomeruli (Fig. 1g-i). IgG and IgA were
negative in observed glomeruli. Electron microscopy analyses
(Fig. 2a—e) also showed podocytes with increased mitochondria that had
lost their normal cristae structure. Foot processes of such podocytes with
accumulation of abnormal mitochondria were effaced (Fig. 2b and d). A
vacuolization was also observed in the cytoplasm in the podocyte with
mitochondrial accumulation (Fig. 2b). We also detected cells with
increased abnormal mitochondria in the parietal epithelial cells of the
Bowman's capsule (Fig. 2f). Although the glomerular basement mem-
brane was partially thin at the part along with the podocytes with
abnormal mitochondria, the membranes at other parts showed normal
thickness (> 250 nm) without lamination or reticulation. Electron dense
deposits were not observed in mesangium or glomerular basement
membranes. These renal pathology findings strongly suggest genetic
FSGS due to mitochondrial disease.

The serum lactate and pyruvate levels were slightly elevated at 21.0
mg/dL (normal: 3.0-17.0 mg/dL) and 1.34 mg/dL (normal: 0.30-0.94
mg/dL), respectively. The pathological finding of accumulation of
abnormal mitochondria in glomerular epithelial cells and tubules, the
presence of sensorineural hearing difficulty, and elevated blood lactate
led us to perform a comprehensive genetic analysis of mitochondrial
diseases.

After obtaining informed consent from the patient according to
protocol and permission from our ethics committees, genomic DNA
extracted from the patient's peripheral mononuclear blood cells and
urine sediment cells was analysed by targeted resequencing coupled
with next-generation sequencing, followed by Sanger sequencing. The
DNA was subjected to fragmentation and library preparation using the
Lotus DNA Library Prep Kit (#10001074; Integrated Device Technology,
Inc., San Jose, CA, USA) according to the manufacturer's instructions.
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Target enrichment was performed with xGen Human mtDNA Research
Panel (#1075705; Integrated Device Technology) targeting the whole
mtDNA and with custom xGen® Predesigned Gene Capture Pools (In-
tegrated Device Technology)/xGen Lockdown Probe pool (Integrated
Device Technology) targeting the exons of 367 nuclear-encoded genes
that cause mitochondrial diseases. The library was then sequenced on
the Illumina MiSeq platform using the MiSeq Reagent Kit v2 (MS-102-
2002; Illumina, Inc., San Diego, CA, USA). A pathogenic mtDNA variant
of m.13513G > A was detected in both the patient's blood cells and urine
sediment cells (Fig. 3). The Minor Variant Finder (MVF) software pro-
gram (Thermo Fisher Scientific, Waltham, MA, USA) revealed that the
heteroplasmy rates of the blood cells and urine sediment cells were
10.3% (forward: 11.6%/reverse: 9.0%) and 62.2% (forward: 63.7%/
reverse: 60.7%), respectively. Therefore, we diagnosed her with renal
dysfunction and proteinuria due to FSGS caused by an MT-ND5
mutation.

3. Discussion and conclusions

MT-ND5 gene encodes NADH dehydrogenase 5 (ND5), which is a
subunit of mitochondria respiratory complex I. Therefore, MT-ND5
mutations cause mitochondrial diseases such as MELAS [23,36,37],
Leigh syndrome [36-39], and Leber hereditary optic neuropathy [37].
Our case with the m.13513G > A variant in the MT-ND5 gene showed
FSGS lesions with injured podocytes that had accumulation of abnormal
mitochondria in the cytoplasm. The m.13513G > A has already been
confirmed as a pathogenic variant of the mitochondrial disease using
MITOMAP, a human mitochondrial genome database (https://www.mit
omap.org/MITOMAP).

Mitochondrial diseases cause genetic FSGS [11,12,15]. Its etiology is
postulated to be caused by genetically disrupted mitochondrial function
in podocytes [19,22]. As an indication of this, cases with FSGS due to
m.3243A > G mutation had podocytes filled with mitochondria with
abnormal cristae structure [10,11]. In the past, several cases of mito-
chondrial diseases due to MT-ND5 mutations have been also reported to
show FSGS lesions [26-29]. However, in these cases, pathological
findings of podocyte injuries with accumulation of abnormal mito-
chondria were not confirmed, leaving the possibility of secondary FSGS
caused by intraglomerular hypertension [14,28,30,31]. In contrast, our
present case showed apparent FSGS lesions, and we detected increased
abnormal mitochondria in the glomerular podocytes that also had
pathological findings indicating their injuries such as foot process
effacement and the cytoplasmic vacuolization. Our patient did not have
hypertension, obesity, or a history of low birth weight. Furthermore, the
diameters of all glomeruli observed under light microscopy in this pa-
tient were < 250 pm (mean + SD; 149 + —72 pm). Therefore, we
deemed the etiology of FSGS, in this case, to be a disorder of the mito-
chondrial OXPHOS system due to an MT-ND5 mutation and not due to
‘secondary’ by intraglomerular hypertension [14,30,31]. The patho-
logical picture of tubulointerstitial nephropathy with GSECs was also
observed in this case. This tubulointerstitial damage may be due to the
MT-ND5 mutation, as has been reported in the past [28].

In general, mitochondrial diseases induced by mtDNA mutations
vary markedly based on differences in the rates of heteroplasmy by cell
type or organ [40,41]. Therefore, while the reason for the differences
between the present and the previous cases with the pathogenic variant
in MT-ND5 gene could not be completely ascertained, the heteroplasmy
rate of mtDNA with the pathogenic variant in podocytes might have
been higher in our case than that in the previous cases.

In this case, IgM, C3, and C1q were positive in glomeruli (Fig. 1g-i).
Since neither hematuria, mesangial cell proliferation, nor electron dense
deposits were observed, we considered that it was unlikely that IgM
nephropathy or Clq nephropathy was complicated [42,43]. On the
other hand, glomerular IgM and C3 deposits frequently accompany FSGS
[44]. In addition, IgM and C3 were positive in glomeruli of two out of
three cases report by Bakis et al., too [28]. Therefore, IgM and C3
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a b

Fig. 1. Light microscopy and immunofluorescence findings (a): The segmental sclerosis lesion at the perihilar area is indicated by an arrow. A red-coloured podocyte
(ReCPo) is surrounded by a square, magnified at the top right (AZAN stain). (b): The ReCPo is indicated by an arrow (AZAN stain). (c): GSECs in the distal tubules are
indicated by arrows (AZAN stain). One GSEC is magnified at the lower left. (d): Staining of COX IV emphasizes tubular cells, including many mitochondria, which
correspond to GSECs. (e): In the afferent arteriole that connects to the glomerulus of (a), the sizes of the vascular smooth muscle cells are irregular, and their
arrangement is disorganized, similar to those seen in older patients (PAM-HE stain). (f): Age-inappropriately disarranged and irregularly sized vascular smooth
muscle cells (AiDIVs) are observed in an interlobular artery (PAM-HE stain). (g): IgM deposits are detected in glomeruli. (h): IgG deposits are detected in glomeruli.
(i): C1q deposits are detected in glomeruli.
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deposition may be related to a part of the pathogenesis of FSGS caused
by MT-ND5 mutation. Although the reason for Clq deposition in
glomeruli is also not clear. Because Clq is reported to bind to mito-
chondria, it may be associated with the pathogenesis of FSGS by driving
oxidative stress [45-47].

This case should be suggestive because it had several characteristic
light-microscopical findings of mitochondrial nephropathy. In our case,
GSECs with red-coloured cytoplasm were observed with AZAN

Molecular Genetics and Metabolism Reports 35 (2023) 100963

Fig. 2. Electron microscopy findings (a):
Arrows indicate podocytes filled with
increased mitochondria. (b): In a podocyte,
abnormally high numbers of mitochondria
are seen in the cytoplasm. Foot process
effacement (*) and cytoplasmic vacuoliza-
tion (**) are observed in this podocyte. (c):
Magnification of (b) reveals that the
increased mitochondria have lost their
organized cristae structure. (d): A podocyte
is filled with mitochondria. The foot process
of this podocyte is effaced. (e): Magnification
of (d) reveals that mitochondria with disor-
ganized cristae increase. (f): The parietal
epithelial cells in Bowman's capsule are also
filled with abnormal mitochondria.

trichrome staining. As mitochondria are dyed red by acidic dyes such as
AZAN, red-coloured GSECs indicate that they abnormally include many
mitochondria [33]. In addition, as COX IV is a subunit of complex IV,
COX IV staining can be used to stain mitochondria [35] and may help
confirm the presence of abnormally increased numbers of mitochondria
[34,48]. Furthermore, age-inappropriately disarranged and irregularly
sized vascular smooth muscle cells (AiDIVs) were observed in the arte-
rioles and intralobular arteries in this case. Such findings have also been
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Fig. 3. Genetic analysis (a): The electropherogram from Sanger sequencing indicates that the patient has the m.13513 G > A variant in her peripheral mononuclear
blood and urine sediment cells. (b): The rate of heteroplasmy calculated by the MVF software program is 10.3% (forward: 11.6%/reverse: 9.0%) in peripheral
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(upper panel: patient, lower panel: control).

reported in other cases of mitochondrial nephropathy [12,34]. Inter-
estingly, red-coloured podocytes (ReCPos) were detected using AZAN
trichrome staining, as we recently reported in a case of mitochondrial
nephropathy [49]. Like GSECs, ReCPos abnormally include many
mitochondria in their cytoplasm [49]. In summary, in cases of FSGS or
glomerulosclerosis with unknown aetiologies, the existence of GSECs,

AiDIVs, and ReCPos should be carefully evaluated. COX IV staining may
aid in the detection of abnormally increased mitochondrial counts.

We describe the weaknesses of our report. In this case, because
mitochondrial disease was suspected based on the pathological findings
of abnormal mitochondria, the presence of hearing loss, and high blood
lactate levels, we comprehensively examined the genes associated with
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mitochondrial diseases. Therefore, genetic FSGS due to other gene mu-
tation [S0] cannot be completely ruled out. In addition, because genetic
testing was performed only on the patient but not on other family
members, it could not be investigated whether they carried the hetero-
plasmic mitochondrial variant. The parents were already deceased and
the two healthy brothers did not consent to genetic analysis. The two her
children were still under 18 years old and the patient did not wish ge-
netic test. Furthermore, measurement of MRC enzyme activity using
kidney biopsy specimens is an effective for confirming mitochondrial
dysfunction [51,52]. However, it could not be performed due to the
paucity of kidney specimens for this analysis.

In conclusion, this is the first case report which indicates that the
pathogenic variant an MT-ND5 gene causes accumulation of abnormal
mitochondria in podocytes, which leads to forming FSGS.
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ABSTRACT

Background Enoyl-CoA hydratase short-chain 1
(ECHS1) is an enzyme involved in the metabolism of
branched chain amino acids and fatty acids. Mutations
in the ECHS T gene lead to mitochondrial short-chain
enoyl-CoA hydratase 1 deficiency, resulting in the
accumulation of intermediates of valine. This is one of
the most common causative genes in mitochondrial
diseases. While genetic analysis studies have diagnosed
numerous cases with ECHS 1 variants, the increasing
number of variants of uncertain significance (VUS) in
genetic diagnosis is a major problem.

Methods Here, we constructed an assay system to
verify VUS function for ECHST gene. A high-throughput
assay using ECHS1 knockout cells was performed to
index these phenotypes by expressing cDNAs containing
VUS. In parallel with the VUS validation system, a genetic
analysis of samples from patients with mitochondrial
disease was performed. The effect on gene expression in
cases was verified by RNA-seq and proteome analysis.
Results The functional validation of VUS identified
novel variants causing loss of ECHST function. The VUS
validation system also revealed the effect of the VUS

in the compound heterozygous state and provided a
new methodology for variant interpretation. Moreover,
we performed multiomics analysis and identified a
synonymous substitution p.P163= that results in splicing
abnormality. The multiomics analysis complemented the
diagnosis of some cases that could not be diagnosed by
the VUS validation system.

Conclusions In summary, this study uncovered new
ECHS1 cases based on VUS validation and omics
analysis; these analyses are applicable to the functional
evaluation of other genes associated with mitochondrial
disease.

INTRODUCTION

ECHS1 encodes short-chain enoyl-CoA hydratase
1 (SCEH), which is responsible for the degra-
dation of branched chain amino acids and fatty
acids.! Abnormalities in valine metabolism partic-
ularly impact the pathogenesis of SCEH deficiency
(MIM #616277); accumulation of valine metabo-
lites such as S-(2-carboxypropyl) cysteine (SCPC)
and  S-(2-carboxypropyl) cysteamine derived
from methacrylyl-CoA, and S-(2-carboxyethyl)
cysteine (SCEC), S-(2-carboxyethyl) cysteamine

21

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Mitochondrial short-chain enoyl-CoA hydratase
1 deficiency is caused by variants in ECHS1
gene.

= ECHST is the most frequent causative gene of
mitochondrial diseases in Japan.

WHAT THIS STUDY ADDS

= High-throughput and efficient assay system was
constructed to validate the variants of uncertain
significance (VUS) in ECHST and 15 variants
were evaluated.

= Combination of multiomics analysis and VUS
assay led to the diagnosis of five new cases.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our methodology accelerates VUS evaluation,
resulting in increased diagnostic rates and
speed of diagnosis.

and 2-methyl-2,3-dihydroxybutyric acid, derived
from acryloyl-CoA, is often observed.* Pathogenic
variants in ECHS1 mainly cause Leigh encephalop-
athy presenting elevated plasma lactate and brain
MRI abnormalities.”” In addition, mitochondrial
respiratory chain complex abnormalities have also
been reported to cause mitochondrial dysfunction
in cases with ECHS1 pathogenic variants.”~ Many
Japanese cases with ECHS1 pathogenic variants
have also been reported.** 7' Numerous ECHS1
variants have been reported all over the world
and pathogenic variants are located throughout
the ECHS1 gene. A variant frequently reported in
Asians is ¢.176A>G (NM_004092.4): Asn59Ser
(NP_004083.3). The expansion in the clinic of
genetic testing has resulted in the rapid accumu-
lation of variants of uncertain significance (VUS).
That is no exception in mitochondrial diseases, and
the VUS number in ECHST1 is increasing. On the
other hand, recent studies have also shown that
a valine-restricted diet is effective for cases with
ECHS1 pathogenic variants.'! '* Quick diagnosis is
important for early treatment of SCEH deficiency.
Recently, various approaches have been tried
to solve VUS. Functional analysis using cultured
cells and model organisms is a powerful validation
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Functional genomics

method, providing strong evidence of pathogenicity according to
the American College of Medical Genetics and Genomics guide-
lines."® Especially, high-throughput assays combining CRISPR/
Cas9 and genome-sequencing technologies are being used for
VUS verification in cancer-causing genes.'* ° Although VUS
have been validated for IVD, ACADVL and ACAD?, all causative
genes of inborn errors of metabolism,'®'® there is little research
on VUS verification in rare diseases.

In this study, we focused on VUS in ECHS1, common in many
cases of mitochondrial diseases.® > ' In Japan, Tohoku Medical
Megabank Organization (ToMMo) has a genome project for
healthy subjects.?’ ! In recessive diseases, the causative variant is
often present at a certain frequency within a given race. There-
fore, in addition to the VUS found in our previous studies of
patients with mitochondrial diseases, we conducted VUS vali-
dation of rare variants registered in the Japanese Multi-Omics
Reference Panel (jMorp) operated by ToMMo.

Here, we constructed an assay system with ATP measurement
using cells deficient in the ECHS1 gene for systematic VUS veri-
fication and validation of heterozygotic variants. Furthermore,
we found a novel ECHS1 variant by multiomics analysis. Coinci-
dentally, the uncharacterised variants were verified by the assay
system as being caused by ECHS1.

MATERIALS AND METHODS

Cell culture and knockout cell generation

Cells were cultured at 37°C and 5% CO, in Dulbecco’s modified
Eagle’s medium (with 4.5 g/L glucose; Nacalai Tesque, Kyoto,
Japan) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin.

Single guide RNAs (sgRNAs) were designed using CRIS-
PRdirect software.”* The target sequence was as follows: 5'-
GGGCCTTGGGGCGGTTCAGT-3". gRNA oligonucleotides
were inserted into a pSpCas9(BB)—2A-Puro (PX459) V2.0
(Addgene 62988) plasmid as previously described.”> HEK293FT
cells were transfected with PX459 including ECHS1 targeted
sgRNA. Cells were selected using 2 pg/mL puromycin and
single cells were isolated. Genomic DNA was extracted from
isolated cells, and sgRNA target sites were amplified using
KOD FX Neo (Toyobo). Primer sequences are as follows: 5’-
CCCATGACCGTCTTCACTCG-3" and 5-ACATCCCTTC-
CCCCACTCTC-3". PCR products were purified and directly
sequenced.

ATP assay

HEK293FT wild-type (WT) or ECHSI knockout (KO) cells
were seeded in a collagen-coated 96-well plate (354650,
Corning, Arizona, USA) at 1x 10* cells/well with growth medium
containing 25 mM glucose. For VUS validation, ECHS1 KO cells
were transfected with 20 ng of expression vectors encoding WT
or ECHS1 variants. One day after plating or transfection, the
medium was replaced with 25 mM glucose or 10 mM galac-
tose medium supplemented with dialysed 10% fetal bovine
serum (04-011-1A, Biological industries, KibbutzBeit-Haemek,
Israel) and L-valine (13046-62, Nacalai Tesque, Kyoto, Japan).
Four days after culture in galactose or glucose medium, the ATP
content was measured using the CellTiter-Glo Luminescent Cell
Viability Assay kit (Promega) with a VICTOR Nivo multimode
microplate reader (PerkinElmer, Massachusetts, USA).

RNA-seq
RNA was purified from fibroblasts by the Maxwell RSC
simplyRNA Cells Kit and a Maxwell RSC Instrument (Promega).

After quality check by Agilent 2100 and Qubit 2.0, the mRNA
was enriched using oligo(dT) beads and rRNA was removed
using the Ribo-Zero kit. The mRNA was fragmented randomly
by adding fragmentation buffer; then, cDNA was synthesised
by using the mRNA template and random hexamer primers,
followed by addition of a custom second-strand synthesis buffer
(lllumina), dN'TPs, RNase H and DNA polymerase I to initiate
second-strand synthesis. Second, after a terminal repair, a liga-
tion and sequencing adaptor ligation, the double-stranded cDNA
library was completed through size selection and PCR enrich-
ment. Sequencing was performed using 150 bp paired-end reads
on a NovaSeq6000 (Illumina). Fastq files were aligned to the
GRCh38/hg38 genome by STAR. Gene read counts were quan-
tified by STAR quantMode GeneCounts function. The aligned
BAM files were loaded into the Integrated Genomics Viewer and
visualised using a Sashimi plot for mRNA splicing analysis.

Proteome

Samples from fibroblasts were prepared as described previ-
ously.”* The samples were measured in both data-dependent
and data-independent modes performed on the Q-Exactive
Plus mass spectrometer (Thermo Fisher Scientific) as previously
described.** Finally, 5979 proteins were detected in 16 samples
including 2 healthy controls and 14 patients with mitochondrial
disease. Then, outlier protein expression analysis was performed
using OUTRIDER.”

Western blotting analysis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot were performed as previously
described.” Five days after transfection, cells were directly
harvested by 1x SDS sample buffer (62.5 mM Tris-HCI pH6.8,
2% SDS, 5% sucrose) containing protease inhibitor cocktail
(Nacalai Tesque). After sonication, 2-mercaptoethanol was added
to the samples to a final concentration of 5%. Prepared samples
were denatured for 5 min at 95°C and separated by SDS-PAGE
on the 5%-20% gradient polyacrylamide gel (2331730, ATTO,
Tokyo, Japan). Proteins were transferred to polyvinylidenefluo-
ride (PVDF) membrane and subjected to western blotting (WB).
Each antibody was obtained as follows: ECHS1 (11 305-1-AP,
Proteintech, Illinois, USA), GAPDH (G9545, Sigma-Aldrich),
beta-actin (A5441, Sigma-Aldrich).

Statistics

Data are expressed as mean=SEM. The statistical significance
of differences was determined by one-way analysis of variance
(ANOVA) followed by Dunnett’s test using Prism V.9 (GraphPad
Software, California, USA).

RESULTS

Cases with ECHS1 variants

In previous genomic studies on patients with mitochondrial
disease including suspected cases (1221 cases), direct Sanger
sequencing (4 cases), gene panel sequencing (857 cases) and
whole exome sequencing (603 cases (243 cases of panel
sequencing have been performed)) led to the discovery of 8
variants in 15 ECHS1 cases (figure 1A). In Japanese people, the
most frequently identified variant was ¢.176A>G(p.Asn59Ser),
followed by ¢.5C>T(p.Ala2Val)® 7 ? (figure 1A,B). These vari-
ants are common in other Asian cases; the allele frequencies of
c.176 A>G(p.Asn59Ser) and ¢.5C>T(p.Ala2Val) are 0.0005769
and 0.0001927 in the gnomAD v3.1.2 East Asian, respectively.
Several of these cases also had VUS in ClinVar (as of 20220715,
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A

Patient ID DNA (NM_004092.4)  Protein(NP_004083.3)

0207 c.5CT p.Ala2val
0207 c.176A>G p.Asn59Ser
0255 c.176A>G p.Asn59Ser
0255 c.413C>T p.Alal38Val
0346ES c.176A>G p.Asn59Ser
0346ES  c.476A>G p.GIn159Arg
0346YS c.176A>G p.Asn59Ser
0346YS c.476A>G p.GIn159Arg
0376 c.98T>C p.Phe33Ser
0376 c.176A>G p.Asn59Ser
0536 c.1A>G p.Met1?
0536 c.50T p.Ala2val
0775 c.5CT p.Ala2val
0775 c.88+2T>C
B

c.1A>G

c.2T>C c.98T>C c413C>T

c.5C>T ETeAG]

c28T>C | [c187G>A] CATBA>G
c.88+2T>C m
©.357C>G c.489G>A

PatientID DNA (NM_004092.4)  Protein(NP_004083.3)

1038ES c.5C>T p.Ala2val
1038ES c.176A>G p.Asn59Ser
1038YS  c¢.5C>T p.Ala2val
1038YS c.176A>G p.Asn59Ser
1135ES  c.5C>T p.Ala2Vval
1135ES  c.176A>G p.Asn59Ser
1135YS  c.5CT p.Ala2val
1135YS  c.176A>G p.Asn59Ser
1553 c.5CT p.Ala2val
1553 c.176A>G p.Asn59Ser
2521 c.23T>C p.Leu8Pro
2521 c.176A>G p.Asn59Ser
2637 c.5CT p.Ala2val
2637 c.176A>G p.Asn59Ser
2816 c.23T>C p.Leu8Pro
2816 c.176A>G p.Asn59Ser
c.815G>A
.802G>A C.832G>A

C.796A>C

{ ______

p.Met1?(Met1Val)

ClinVar Pathogenic

Figure 1

p.Pro163=
p.Phe33Ser p.Lys74Glu |
[pLeusPro] p.Asp83Asn p.GIn159Arg p.Thr266Pro
p-Ala2Val pAsn59Ser | [pHis119GI | [p-Leut45Pro | p.Ala268Thr  |P-Ala278Thr
p.Met1?(Met1Thr) p.Ala138Val p.Arg272GIn

Not verified in this study

Summary of ECHS1 variants. (A) ECHST variants identified from genomic analysis. (B) Gene structure (top) and corresponding amino acids

(bottom) of ECHS1. Variants registered as pathogenic (red) and likely pathogenic (yellow) in ClinVar and jMorp (square) are shown. The two underlined
variants were identified from our genomic analysis study; no experimental variants of uncertain significance verification was performed. ECHS1, enoyl-CoA

hydratase short-chain 1; jMorp, Japanese Multi-Omics Reference Panel.

and the same afterhere), such as c.1A>G(p.Met1Val) and
¢.23T>C(p.Leu8Pro).® *° In addition, we selected rare variants
(minor allele frequency <0.005 in gnomAD) without taking into
account zygosity. We also found heterozygous variants in ECHS1
with conflicting interpretations of pathogenicity (c.796A>C:p.
Thr266Pro and ¢.832G>A:p.Ala278Thr), VUS (c.815G>A:p.
Arg272GlIn) or unreported (c.802G>A:p.Ala268Thr). All these
variants are rare and may be disease-causing, but no experimental
verification of the variants has been performed so far. Variants
with low allele frequency have been identified, and a number of
them have been designated as VUS. Accurate and quick interpre-
tation of these variants is essential for improved diagnosis.

VUS validation in ECHS1

To perform VUS validation of ECHS1, we first generated
cells deficient in the ECHS1 gene by targeting ECHS1 using
the CRISPR/Cas9 system in HEK293FT cells. The ECHS1
KO cell line had an in-frame deletion of 18 bases in exon 2 of
the ECHS1 gene (figure 2A). This in-frame deletion resulted
in loss of ECHS1 mRNA and protein, as confirmed by qRT-
PCR and WB (figure 2B). We also confirmed abnormalities in

the mitochondrial function in ECHS1 KO cells. In galactose
medium, ATP production is largely dependent on mitochondrial
respiration.”” Accordingly, we measured ATP levels of WT and
ECHS1 KO cells after incubation in glucose and galactose media.
The ratio of ATP levels under galactose and glucose conditions
was stable, and no significant difference was observed between
ECHS1 KO and WT cells under these conditions (figure 2C).
The cellular toxicity of ECHS1 deficiency is due to the accumu-
lation of intermediates in valine metabolism. That explains why
a valine-restricted diet is recommended to patients harbouring
ECHS1 pathogenic variants."> Consistently, valine addition
to the galactose medium led to further reduced ATP levels in
ECHS1 KO cells, in a dose-dependent manner (figure 2D,E).
These results suggest that the abnormal mitochondrial function
in ECHS1 KO cells results from the abnormal valine metabo-
lism, as shown in human patients, making it a suitable model to
validate VUS of ECHS1. Accordingly, we performed a functional
verification of VUS using ECHS1 KO cells expressing VUS under
additional valine supplementation.

First, 15 variants identified from previous genomic studies
and jMorp were selected for functional validation. Six rare
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Figure 2  Characterisation of £CHST KO cells. (A) Genomic analysis of ECHS T KO cells by Sanger sequencing. (B) EHCST expression levels in WT and
ECHS1 KO HEK293FT cells were quantified by qRT-PCR (left). Whole cell extracts from WT and £CHS T KO HEK293FT cells analysed by immunoblotting
using the indicated antibodies. Single and double asterisks indicate uncleaved and cleaved forms, respectively (right). (C) ATP assay of WT and ECHS7 KO
HEK293FT cells cultured in glucose or galactose medium. The graph shows the ATP level in galactose medium divided by galactose. (D, E) ATP assay of WT
and ECHST KO HEK293FT cells treated with the indicated L-valine concentrations under glucose (D) and galactose (E) medium. Bar graphs represent the
average ATP level in each condition from three biological independent experiments. Error bars: +SEM. Statistical analysis was performed using analysis of
variance followed by Dunnett’s test. KO, knockout; RLU, relative luciferase unit; WT, wild-type.

variants out of the 15 variants were registered in jMorp
(4.7KJPN released on 20190902; figure 1B, online supple-
mental table 1). The ¢.23T>C(p.Leu8Pro) and c.176A>G(p.
Asn59Ser) variants were found in our patients as well as
registered in jMorp (4.7KJPN). Other four variants were
not identified in our genome analysis of patients with mito-
chondrial disease. ECHS1 is a mitochondria-localised protein
with a mitochondrial targeting sequence (MTS) at the N-ter-
minal 1-22 amino acid residues. Four variants were located
at the translation initiation site and the MTS. c.176A>G(p.
Asn59Ser) and ¢.5C>T(p.Ala2Val), two of the most frequent
variants, were selected as positive controls for pathogenic
variants. We compared ECHS1 KO cells transfected with
an empty vector and ECHS1 WT ¢cDNA to ECHS1 KO cells
transfected with an ECHS1 gene including VUS.

Exogenously expressed ECHS1 shows uncleaved and cleaved
forms (figure 3A, single and double asterisks, respectively). Some
variants were superiorly expressed in an uncleaved form. Further,

we found a significant decrease in the expression level for
vectors expressing variants located in the MTS and enoyl-CoA
hydratase conserved site (131-151 residues) including at leucine
145 (figure 3A).

Next, we examined VUS functions in the mitochondria.
ECHS1 WT expression restored ATP levels in ECHS1 KO
cells (figure 3B). The ATP levels of KO cells transfected with
each variant were compared with that of KO cells transfected
with empty vector or ECHS1 WT expression vector; changes
in ATP levels were evaluated by one-way ANOVA followed by
Dunnett’s test (figure 3C). In addition to p.Ala2Val(c.5C>T)
and p.Asn59Ser(c.176A>G), reported as pathogenic variants,
p-Met1Val(c.1A>G) and p.Met1Thr(c.2T>C) altered start
codons, and p.Leul45Pro(c.434T>C) failed to restore ATP
levels probably due to significantly reduced protein expression.
p.Leu8Pro(c.23T>C) showed a significant reduction in the lower
band considered to correspond to mature ECHS1, but partially
restored ATP levels in KO cells. p.His119GIn(c.357C>G),
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Figure 3 Validation of ECHST VUS.WT and ECHS T KO HEK293FT cells transfected with the indicated expression vectors subjected to immunoblotting
analysis (A) and ATP assay (B). (A) Whole cell extracts were analysed by immunoblotting using the indicated antibodies. Single and double asterisks
indicate uncleaved and cleaved forms, respectively. Quantification analysis of ECHS1/ B-actin relative to WT cell is shown below blotting for B-actin. (B)
ATP assay 4 days after treatment with L-valine (0.8 mM). Bar graphs represent the average ATP level in each condition from three biological independent
experiments. Error bars: £SEM. Red bars: pathogenic variants. Grey bars: VUS. (C) Statistical analysis of (B) using ANOVA followed by Dunnett’s test. The
colour scale shows the p value compared with vector (vs Ve, statistically different red to blue) and WT ECHST (vs WT, statistically different blue to red).

(D) Whole cell extracts from WT and ECHS T KO HEK293FT cells transfected with the indicated expression vectors analysed by immunoblotting using the
indicated antibodies. Quantification analysis of ECHS1/ B-actin relative to WT cell is shown below blotting for B-actin. (E) ATP assay of ECHST KO HEK293FT
cells expressing the indicated expression vectors treated with additional L-valine (0.8 mM) for 4 days. Bar graphs represent the average ATP level in each
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p.Pro163Leu(c.488C>T), p.Ala268Thr(c.802G>A) and p.Al-
a278Thr(c.832G>A) variants had higher expression levels but
failed to fully improve ATP levels equivalent to WT, suggesting
that these variants were deleterious.

Although p.Leu8Pro(c.23T>C) and p.Phe33Ser(c.98T>C)
were reported as pathogenic variants,'” ** ATP assays demon-
strate a mild functional decline. Since p.Leu8Pro(c.23T>C)
and p.Phe33Ser(c.98T>C) were identified as a compound
heterozygote with p.Asn59Ser(c.176A>G), a non-functional

variant (figure 3B), we hypothesised that p.Leu8Pro(c.23T>C)
and p.Phe33Ser(c.98T>C) might be mild deleterious variants
capable of restoring KO cells but not KO cells expressing highly
deleterious variants. To test this hypothesis, we reproduced
compound heterozygous genotypes by transfecting ECHST KO
cells with two different variants (figure 4A). The ATP assay
demonstrated that WT restored KO cells on co-transfection with
p-Asn59Ser(c.176 A>G), whereas, as expected, all three variants
did not show recovery (figure 3E,F). These results demonstrate
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Figure 4 Abnormal splicing and allele-biased gene expression resulting aberrant protein expression. (A) RNA-seq data from two patients with c.489G>A
(p.P163=) showing reads suggestive of splicing abnormalities in exons with c.489G>A. (B) Read counts of the ECHST gene are plotted on the horizontal
axis and the number of detected exon skipping is plotted on the vertical axis. Gene counts were calculated by STAR, and the number of exon skipping was
extracted from the Sashimi plot data. (C) The ratio of ¢.489G>A and ¢.796A>C and ¢.832G>A variants on the IGV viewer. In two cases, the allele expression
with ¢.489G>A was decreased. (D) OUTRIDER analysis illustrating protein expression in a volcano plot. ECHS1 was detected as a protein with a large
decrease in expression. (E) Western blotting for ECHS1 in patients with ECHS7 pathogenic variants and controls. Compared with previously reported ECHS1
cases, case 1 and case 4 showed significantly reduced ECHS1 expression. B-actin was detected as a loading control. ECHS1, enoyl-CoA hydratase short-

chain 1.

that our system is potentially valuable to validate the pathogenic
nature of the compound heterozygous state.

Validation of ECHS1 variants from omics analysis

Multiomics analysis is an effective and useful method in the
search for causative genes. In this study, multiomics analysis was
conducted together with VUS validation to improve the effi-
ciency and speed of genetic diagnosis. Here, we identified ECHS1
decreases in two cases (case 1 and case 4) with multiomics anal-
ysis and found a common ¢.489G>A(p.Pro163=) variant. We
further re-searched for cases with ¢.489G>A(p.Pro163=) from

our previous genome analysis data and finally identified three
cases (cases 2, 3 and 5). In case 1, ¢.796A>C(p.Thr266Pro)
variant was identified; in case 2, ¢.802G>A(p.Ala268Thr)
variant was identified; in cases 3 and 4, ¢.832G>A(p.Ala278Thr)
variant was identified; in case 3, ¢.833C>T(p.Ala278Val) variant
was identified (table 1, online supplemental figure 2). In addi-
tion, these cases also had ¢.489G>A(p.Pro163 =) variant, iden-
tified in a Samoan family and a very frequent variant (0.01156)
in gnomAD v3.1.2 East Asian populations, and suggested to
exhibit splicing abnormalities.”® In the present study, RNA-seq
analysis was performed on case 1 and case 4. Then, we identified
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Table 1 Patient summary of cases with ECHST variants
Age range
at onset
CaseID  Sex (years) Symptoms Complex deficiency ~ OCR Var 1 Var 2
1 Female <1 Poor suckling, metabolic acidosis CIV deficiency (Fb) Down (Fb) €.796A>C c.489G>A
(p.Thr266Pro) (p.Pro163=)
2 Male >3-5 Gait disorder, nystagmus, mental retardation, Normal (Fb) N.T. ¢.802G>A c.489G>A
MRI abnormality (p-Ala268Thr) (p.Pro163=)
3 Male 1-3 Listlessness, mental retardation, regression Normal (Fb) Down (Fb) €.832G>A c.489G>A
after exanthema subitum, MRI abnormalities, (p-Ala278Thr) (p.Pro163=)
deafness, fatigue, hypotonia
4 Male <1 Developmental delay, convulsion, MRI Normal (Fb) Down (Fb) €.832G>A c.489G>A
abnormalities, regression (p.Ala278Thr) (p.Pro163=)
5 Male <1 Leigh syndrome, increase of 2-methyl-2,3- Normal (Fb) Down (Fb) .833CT c.489G>A
dihydroxybutyric acid (p.Ala278Val) (p.Pro163=)

Complex enzyme activity was defined by <40% decrease. For OCR, a value <71.6% was used as a diagnostic criterion.
CIV, mitochondrial respiratory chain complex IV; Fb, fibroblast; OCR, oxygen consumption rates.

sequence reads showing exon skipping as a consequence of the
c.489G>A(p.Pro163=) variant (figure 4A). To examine whether
exon skipping actually increased in cases with c.489G>A(p.
Pro163=), we plotted RNA-seq counts of the ECHS1 gene and
the number of detected reads showing exon skipping (figure 4B).
We analysed 26 RNA-seq data, including case 1 and case 4, as
well as one case with heterozygous c.489G>A(p.Prol163=);
exon skipping increased in these samples. We also found that
exon skipping is detectable in case 1 and case 4 fibroblasts and
that blocking nonsense-mediated mRNA decay using puromycin
and cycloheximide significantly increased its levels by RNA-
seq and qRT-PCR analysis (online supplemental figure 3). In
addition, after counting the allele numbers at the ¢.796A>C(p.
Thr266Pro) and ¢.832G>A(p.Ala278Thr) variant positions
showed a bias in allele expression (figure 4C). This indicates that
the significantly reduced expression of alleles with ¢.489G>A(p.
Pro163=) in case 1 and case 4 fibroblasts. Proteome analysis
in case 1 fibroblasts confirmed a significant decrease in ECHS1
expression (figure 4D). Furthermore, previous studies experi-
mentally demonstrated that case 4 leads to decreased ECHS1
expression and enzymatic activity, as well as accumulation of
intermediate products of valine metabolism.”” WB analysis
further confirmed a marked decrease in protein expression in
case 1 and case 4 fibroblasts (figure 4E). We here concluded that
synonymous and non-synonymous substitution combinations
are disease-causing in these cases.

DISCUSSION

ECHS1 is one of the most frequent genes found in patients
with mitochondrial diseases. In addition to our genetic study,”™
ECHS1 has been reported as a frequent cause of mitochondrial
disease in genetic studies of Leigh encephalopathy in Asian coun-
tries such as China®® and Korea.' The length of the coding region
is 873 bp. About 250 variants have been reported in ClinVar, of
which about 40 are pathogenic/likely pathogenic and nearly 80
have been registered as VUS or with conflicting interpretations
of pathogenicity. However, the molecular mechanism by which
ECHS1 variants cause disease is poorly understood. In this study,
we established a system to functionally validate ECHS1 variants,
finding some potential pathogenic variants.

Resolving VUS is a major challenge in various diseases,
because VUS continue to accumulate under circumstances where
genome analysis is becoming more common. Genome sequence
projects in healthy individuals have revealed allele frequencies in
various races. The accumulation of genome analysis information

is expected to lead to the discovery of novel pathogenic vari-
ants, since rare variants also found in healthy individuals can be
pathogenic. Against this background, it may be possible to make
a proactive evaluation of variants not yet associated with the
disease. Based on the above, we could identify novel pathogenic
variants in this study. Furthermore, the combination of RNA-
seq, proteomics and conventional genomic analysis enabled a
reliable diagnosis.

ECHS1 is a nuclear-encoded protein transported into the
mitochondria by the MTS.*> MTS locates at the N-terminus
and is cleaved in the mitochondria by mitochondrial prote-
ases.>® There are three points involved in pathogenicity: (1)
expression level, (2) location and (3) function. As reported
that ECHS1 is degraded through ubiquitin-proteasome
pathway in cancer cells,*® inhibition of proteasome degrada-
tion by MG132 leads to subtle increase in the protein level of
all ECHS1 variants tested in this study (online supplemental
figure 1C). As shown in figure 3A, p.Met1Val (c.1A>G),
p-Met1Thr(c.2T>C) and p.Ala2Val(c.5C>T) were weakly
expressed. Consistently, these variants failed to restore ATP
decrease in ECHS1 KO cells. The p.Leu8Pro(c.23T>C)
variant was detected superiorly in the uncleaved form
(figure 3A), suggesting mistargeting to the mitochondria.
p.Leul45Pro(c.434T>C) variant showed a weak signal at
the estimated molecular weight (figure 3A) and was detected
at thee high molecular weight (higher than 70 kDa; online
supplemental figure 1C). ECHS1 is known to form a dimer
of 2 trimers,* *° but p.Leul45Pro(c.434T>C) failed to
restore KO cells, suggesting that these high molecular weight
forms are abnormal oligomerisation or aggregation. As
with p.Asn59Ser(c.176A>G), p.Leul45Pro(c.434T>C) is
likely to be a functionally disrupted variant. Interestingly,
c.434T>C(p.Leul45Pro) is a variant reported only in jMorp
and not previously identified in patients with the disease.
The variant registered in jMorp has not been reported as a
cause of SCEH deficiency at this time, but it is expected to
be found in Japanese cases with this variant in the future.
We propose that those who identify variants in ECHS1 by
the genetic test will refer to our variant evaluation study as
evidence and that this will lead to a solution to the cause of
the disease in the future.

p.Leu8Pro(c.23T>C) and p.Phe33Ser(c.98T>C), consid-
ered ‘Likely benign’ variants from VUS validation experi-
ments (figure 3B,C), were validated by coexpressing with the
p.Asn59Ser(c.176 A>G) variant (figure 3E,F). By validating
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the assumption of compound heterozygosity in combina-
tion with a pathogenic variant, we could obtain data accu-
rately reflecting the functional evaluation of hypomorphic
variants. The assay was effective for variants in the borders,
for which very subtle validation results were obtained.
Despite its higher experimental complexity, the assay can be
performed while maintaining the conventional throughput,
and the validation targets can be expanded. In our reported
ECHS1 mutant cases, the most common combinations are
c.176A>G(p.Asn59Ser) and c.5C>T(p.Ala2Val). Since
c.176 A>G(p.Asn59Ser) has a higher allele frequency than
c¢.5C>T(p.Ala2Val), homozygous cases for c.176A>G(p.
Asn59Ser) should be more frequent, but no patients homo-
zygous for ¢.176A>G(p.Asn59Ser) have been found. This
suggests that ¢.176A>G(p.Asn59Ser) may be so harmful
that in homozygosity it may result in severe developmental
abnormalities in the prenatal period. The high number of
c.176 A>G(p.Asn59Ser) and ¢.5C>T(p.Ala2Val) combina-
tions may be due to ¢.5C>T(p.Ala2Val) having a smaller
functional loss than p.Asn59Ser(c.176A>G), as shown
experimentally in this study. c.176A>G(p.Asn59Ser) is only
viable in a compound heterozygous state with less delete-
rious variants. The combination with milder variants such as
p.Leu8Pro(c.23T>C) and p.Phe33Ser(c.98T>C), verified in
this study, might allow normal development until birth. In
other words, this combined assay could first accurately indi-
cate functional abnormalities for variants with intermediate
abnormality between normal and completely defective, being
a very effective and essential method for variant evaluation.

Mostly, in silico predictions and experimental validation
of most variants are comparable. On the other hand, in silico
predictions for some variants differ from our validation
experiments; therefore, validation experiments are important
for such variants. For example, p.Ala2Val(c.5C>T) reported
as pathogenic, was not highly damaging on in silico predic-
tions (online supplemental table 1). However, the validation
results suggest that although the experimental data indicate
an effect on protein gene expression itself, the functional
effect may not be significant. A similar trend was observed
for p.Leu8Pro(c.23T>C), expected to have a significant
effect on protein localisation but relatively little effect on
protein function. p.His119GIn(c.357C>G) was also rated
mostly tolerant or benign in silico, but experimental vali-
dation suggested that the variant negatively affects gene
function. The major achievement of this study is providing
quantitative experimental validation data for each variant on
the same functional platform. We are expanding the valida-
tion of other genes; in particular, VUS validation of genes
involved in respiratory chain complex I confirmed this to be
a reproducible and efficient analysis.

In this validation, we focused on variants specific to Japa-
nese and Asian populations. Naturally, this should be further
expanded to include variants from other ethnicities. Our assay
system is based on a very simple method and can easily be
expanded to other VUS, by including gnomAD and ClinVar vari-
ants. In the present study, VUS was verified for jMorp (4.7KJPN)
variants, but since then, the jMorp data have been updated and
the number of registrations has increased. While planning our
validation experiment, the variant data of 4.7KJPN were regis-
tered, from which we extracted variants with very low allele
frequencies (online supplemental table 2). However, there are
now 38KJPN, with 20 more registrations from our validated
variants. The data are being updated at an accelerated pace,
with 14KJPN in 2021 and 38K]JPN in 2022. Given the constant

updates to the database, it is important to verify these variants
in the future.

ECHS1 protein loss is considered to have a threshold of
30%-40% for disease.”® This is shown by the analysis with
c.489G>A(p.Pro163=) and ¢.832G>A(p.Ala278Thr) from
the study of Simon et al. Those homozygous for c.489G>A
(p.Pro163=) did not develop the disease, despite showing a
protein expression decrease around 40%. On the other hand,
the combination of p.Pro163=(c.489G>A) and p.Ala278Th-
r(c.832G>A) showed <30% protein expression and devel-
oped the disease. p.Ala278Thr(c.489G>A) is considered
highly damaging in the previous study, as it was found to
be deleterious in the VUS validation experiment. Although
p.Ala278Val(c.833C>T) has not been validated, we think it
likely to be as deleterious as p.Ala278Thr(c.832G>A) since
many scores in silico also indicated damaging effects. For
p.Thr266Pro(c.796A>C), no significant decrease in ATP
levels was observed in VUS validation. However, abnormal-
ities at the protein level were evident from the proteome
and immunoblotting. VUS expression experiments with
the p.Thr266Pro(c.796A>C) variant also showed reduced
ECHS1 expression (figure 3A). Considering these results,
p.Thr266Pro(c.796A>C) might have less functional loss and
more impact on protein expression. In addition, the forced
expression system showed a protein decrease not expected
to significantly reduce ATP levels. In protein expression vali-
dation (online supplemental figure 1), the amount of mature
ECHS1 synthesised from p.Thr266Pro(c.796A>C) was lower
than that of immature ECHS1, suggesting that this variant
has a significant effect on protein expression and maturation.
For p.Ala268Thr(c.802G>A), a mild decrease in ATP levels
was observed. Since the value of p.Ala268Thr(c.802G>A)
was similar to that of p.Pro163Leu(c.488C>T), reported as
likely pathogenic in ClinVar, p.Ala268Thr(c.802G>A) was
considered to have an effect on protein function. Case 2 with
the ¢.802G>A(p.Ala268Thr) variant had later onset and
milder symptoms than other ECHS1 cases, suggesting that
the variant itself has a milder effect. c.489G>A(p.Pro163=),
despite its high allele frequency (0.01156 in gnomAD v3.1.2
East Asian, 0.00789 in the jMorp (38K]JPN)), is a possible
causative variant; its combination with other pathogenic vari-
ants leads to disease development. We found five cases with
c.489G>A(p.Pro163 =) and another rare variant in this study.
There have been very few reports of such a high frequency
variant in studies of mitochondrial diseases; this variant
might be responsible for the increased frequency of cases
with ECHS1 pathogenic variants. However, variants without
amino acid substitutions have been overlooked as benign in
previous genetic diagnoses. Given the high potential number
of patients with ¢.489G>A(p.Pro163=), it is expected that
the number of cases with ¢.489G>A(p.Pro163 =) will further
increase because of our findings.

Our VUS verification system has some limitations. Even
pathogenic variants may be missed in this experimental
system. In fact, p.Prol63Leu(c.488C>T), registered as
likely pathogenic in ClinVar, showed a mild score. Thus,
variants with intermediate ratings could be pathogenic. In
such cases, it would be necessary to validate them using
an assay system that assumes compound heterozygosity.
Moreover, since this is a forced expression system, variants
that cause protein stability or splicing abnormalities may
be missed. To extract these variants, other assay systems
and functional experiments using patient specimens are
required.
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Novel ITPA variants identified by whole genome sequencing

and RNA sequencing
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Approximately 80% of rare diseases have a genetic cause, and an accurate genetic diagnosis is necessary for disease management,
prognosis prediction, and genetic counseling. Whole-exome sequencing (WES) is a cost-effective approach for exploring the

genetic cause, but several cases often remain undiagnosed. We combined whole genome sequencing (WGS) and RNA sequencing
(RNA-seq) to identify the pathogenic variants in an unsolved case using WES. RNA-seq revealed aberrant exon 4 and exon 6 splicing
of ITPA. WGS showed a previously unreported splicing donor variant, c.263+1G>A, and a novel heterozygous deletion, including
exon 6. Detailed examination of the breakpoint indicated the deletion caused by recombination between Alu elements in different
introns. The proband was found to have developmental and epileptic encephalopathies caused by variants in the ITPA gene. The
combination of WGS and RNA-seq may be effective in diagnosing conditions in proband who could not be diagnosed using WES.

Journal of Human Genetics (2023) 68:649-652; https://doi.org/10.1038/s10038-023-01156-y

Identifying the differentiating disease based on symptoms and
general examination is often difficult in rare intractable diseases.
Comprehensive genetic testing is usually essential to make a
definitive diagnosis of an incurable disease. In recent years, whole-
exome sequencing (WES) and whole-genome sequencing (WGS)
have aided in determining the molecular cause of rare and
undiagnosed diseases. WES has enabled the diagnosis of
conditions in ~35% of the patients [1]. However, the large
majority of these patients have undiagnosed conditions. Variants
in deep intronic/intergenic regions are usually undetectable
because they are not covered by WES. On the contrary, WGS
provides comprehensive information on the human genome,
including deep intronic/intergenic regions. The technique has
been reported to be appropriate for increasing the diagnostic
rates of rare disorders [2, 3]. RNA-seq could detect aberrant
expression [4], aberrant splicing, and mono-allelic expression,
which makes it a powerful method for variant interpretation. We
performed WGS and RNA-seq on a case that could not be
diagnosed using WES, which revealed a novel splicing variant and
a deletion of ~3.4 kb via recombination between two Alu elements
in ITPA. Variants in ITPA are known to cause developmental
epileptic encephalopathy 35 (MIM:616647). In addition to neuro-
logical symptoms, the family had recurrent episodes of dilated
cardiomyopathy caused by ITPA deficiency.

The proband (lI-3) was the third child of nonconsanguineous
parents. She was born at the 39th gestational week via
spontaneous vaginal delivery with a birth weight of 2565g
(—1.6SD), a body length of 48.8cm (—0.3SD), and an occipito-
frontal circumference of 32.5 cm (—0.6 SD). The Apgar score was 8/
9. She had hypotonia, mild feeding difficulties, and refractory
epilepsy at birth. At 11 months of age, the proband had not yet
acquired a fixed neck. She is now 6 years old and has refractory
epilepsy associated with severe developmental delay and requires
percutaneous endoscopic gastronomy for nutritional support. Her
symptoms are similar to those of dilated cardiomyopathy, with the
left ventricular ejection fraction being ~45% that has been
stabilized by B-blocker treatment. Her two elder brothers had a
similar presentation. The eldest brother was born at 40 weeks of
gestational age with a birth weight of 3392 g (0.7 SD). He exhibited
myotonia, feeding difficulties, and poor weight gain. Febrile
seizures began at 10 months of age, followed by refractory
epilepsy at 14 months of age. The second brother was born at
39 weeks of gestational age with a birth weight of 27309
(—1.1SD). He was diagnosed with congenital hypotonia at birth
and, then at 4 months of age, began having involuntary
movements, seizures, and epileptic gaze deviations. Finally, her
eldest brother and the second brother died of dilated cardiomyo-
pathy at 5 and 3 years of age, respectively.
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35 patients with suspected mitochondrial disease (undiagnosed cases) including the proband. The RNA-seq data of proband was compared
with those of 34 cases. We used the patient population as a control and extracted outlier genes by using OUTRIDER software. ITPA, HAX1 and
SIK1B were genes that were significantly downregulated. B IGV Sashimi plot of RNA-seq data of 1I-3 and control at the whole ITPA gene (upper
panel). At the bottom are zoomed-in views of exon 4 and exon 6. The arrows indicate exon skipping, and the arrowhead indicates exon
extension. Diamond-shaped arrows indicate abnormal splicing events. The chevron arrow shows the location of the deletion

The disease-causing variants could not be determined by the trio-
WES analysis. Initially, we performed RNA-seq using the proband’s
fibroblast cell (F1431). RNA-seq analysis using OUTRIDER software [4]
revealed decreased expression of [TPA (Fig. 1A). We first found exon
elongation on the 3’ side of exon 4 (Fig. 1B), and exon skipping of exon
3 and 4 were detected as well (Fig. 1B and Supplementary Fig. 1). We
observed a decrease in the read depth of exon 6 when compared with
the other exons (Fig. 1B). In addition to exon 6 depth reduction, exon
skipping and several abnormal splicing events were also detected
(Fig. 1B). The Sashimi plot revealed skipping of exon 6 and other
connections indicating abnormal splicing in the middle of introns
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(Fig. 1B and Supplementary Fig. 1). By performing reverse transcription-
PCR in patient cells with suppressed nonsense-mediated mRNA decay,
we found that these aberrant transcripts undergo degradation
(Supplementary Fig. 2). A decrease in the expression of HAXT and
SIK1B was also observed (Fig. 1A). The pathogenic heterozygous variant
¢.256C>T (p.Arg86Ter) in HAXT (NM_0061184) was identified from
WGS. HAX1 has been reported to cause Neutropenia, severe congenital
3, autosomal recessive (MIM: 610738). The blood tests showed mild
decrease in neutrophils (1585 cells/pl: neutropenia is defined as less
than 1500 cells/pl) that might be caused by the heterozygous variant in
HAX1. SIK1IB encodes a putative serine/threonine-protein kinase

Journal of Human Genetics (2023) 68:649 — 652
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protein, but its function is unknown. No variant in SIK1B has been
detected by WGS. An association between [TPA deficiency and
decreased expression of these genes has not been reported to date.

We performed WGS to search for deep intronic and intergenic
variants. Analysis of structural variation (SV) and copy number

Journal of Human Genetics (2023) 68:649 — 652

variation (CNV) from the WGS data using Manta and Lumpy
identified a heterozygous deletion of 3.4 kbp containing exon 6
(Fig. 2A, B). Furthermore, we found a heterozygous variant
€.263+1G>A (NM_033453.4), in ITPA, which is likely to be involved
in the extension of exon 4. The integrative genomics viewer (IGV)
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screen snapshot showed a prominent decrease in depth around
intron 5, exon 6, and intron 6. Read pairs showing deletions at the
paired-end were also detected.

Trio Sanger sequencing confirmed that c.263+1G>A is of paternal
origin (Fig. 2C). The PCR of a deletion region containing exon 6 revealed
short fragments in DNA from the proband and the mother, which
confirmed NC_000020.11: g.(3217736_3217747)_(3221159_3221170)
del. The two elder brothers who died of dilated cardiomyopathy had
the same genotype as the proband. To determine the detailed
sequence of the breakpoint, PCR fragments were analyzed using
Sanger sequencing, which revealed that the deletion was caused by
homologous recombination between AluJo and Alulb (Fig. 2B).

We performed a multi-omics analysis for the proband whose
condition could not be diagnosed using WES and finally identified
compound heterozygous variants in [TPA. ITPA encodes inosine
triphosphate pyrophosphohydrolase (ITPase) that hydrolyzes inosine
triphosphate (ITP) and deoxyinosine triphosphate. Variants in ITPA
cause developmental epileptic encephalopathy 35 (DEE35) [5] or
Inosine triphosphatase deficiency [6]. DEE35 is a rare neurodegen-
erative disease characterized by developmental delay, microcephaly,
feeding difficulties, early-onset intractable seizures, subsequent
psychomotor retardation, and early childhood fatality [7]. In this
family, siblings with /ITPA mutations have died of dilated cardiomyo-
pathy. Cardiac involvement has been noted in 28.6% of patients with
ITPA deficiency, and dilated cardiomyopathy is the most common
cause of cardiac involvement [7]. Furthermore, dilated cardiomyo-
pathy has been reported in ITPA gene-disrupted mouse [8, 9]. Thus, in
this proband and her brothers, dilated cardiomyopathy is thought to
be caused by variants in /TPA. The other clinical features of the
proband were consistent with those of DEE35.

Our analysis identified a novel Alu recombination-mediated
deletion (ARMD). Deletions due to ARMD have been reported to
account for 0.3% of human genetic disorders [10]. To the best of
our knowledge, this is the first report of ARMD with DEE35. Such
ARMDs are thought to have been missed by previous genetic
testing because Alu is present in introns, which are difficult to
cover with WES and panel sequencing. We must actively
promote genetic testing methodologies to identify Alu-
mediated recombination, such as ARMD. A recent study
reported that capture-seq and long-read sequencing specifically
examine recombination between Alu or L1 [11]. We believe that
improving the accuracy of methods for detecting CNV and SV
from WGS data and applying techniques to specifically detect
transposable elements such as Alu, for the genetic testing of
diseases are necessary to improve diagnostic accuracy. RNA-seq
enables more effective identification of genes showing aberrant
expression and abnormal splicing, which is handy when
combined with WGS. In our previous studies, Alu-mediated
deletions have been identified using RNA-seq and WGS [12, 13].
These methods should be considered for WES-negative cases to
detect pathogenic variants missed by WES.
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ARTICLE INFO ABSTRACT

Keywords:
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Primary coenzyme Q¢ deficiency
Coenzyme Qg

Reduced/total CoQ;o

Forward electron transport
Reverse electron transport

Coenzyme Q19 (CoQ1o) is involved in ATP production through electron transfer in the mitochondrial respiratory
chain complex. CoQ; receives electrons from respiratory chain complex I and II to become the reduced form,
and then transfers electrons at complex III to become the oxidized form. The redox state of CoQ;o has been
reported to be a marker of the mitochondrial metabolic state, but to our knowledge, no reports have focused on
the individual quantification of reduced and oxidized CoQ; or the ratio of reduced to total CoQ;¢ (reduced/total
CoQjp) in patients with mitochondrial diseases.

We measured reduced and oxidized CoQio in skin fibroblasts from 24 mitochondrial disease patients,
including 5 primary CoQ;¢ deficiency patients and 10 respiratory chain complex deficiency patients, and
determined the reduced/total CoQq ratio.

In primary CoQ;q deficiency patients, total CoQ; levels were significantly decreased, however, the reduced/
total CoQ;o ratio was not changed. On the other hand, in mitochondrial disease patients other than primary
CoQjo deficiency patients, total CoQ;o levels did not decrease. However, the reduced/total CoQo ratio in pa-
tients with respiratory chain complex IV and V deficiency was higher in comparison to those with respiratory
chain complex I deficiency.

Measurement of CoQ1 in fibroblasts proved useful for the diagnosis of primary CoQ;¢ deficiency. In addition,
the reduced/total CoQ;¢ ratio may reflect the metabolic status of mitochondrial disease.

1. Introduction

CoenzymeQi (CoQqg), also known as ubiquinone, is a lipophilic
molecule composed of a redox-active benzoquinone head group and
species-specific isoprenoid side chain (10 subunits in humans) [1,2].
CoQ takes three forms depending on the redox state of the benzoqui-
none ring; oxidized (CoQjg, Ubiquinone), fully-reduced (CoQioHo,
Ubiquinol), and semi-reduced (CoQiy, Semiubiquinone) forms [2]. It

presents ubiquitously in all cellular membranes and cells [3]. The
amount of CoQ;p and the proportion of reduced CoQ;¢ differ between
organs and cells; CoQq is distributed in high amounts in the heart,
kidneys, liver, and muscles, and the proportion of reduced CoQ; is
lower in the brain and lungs [3]. In cells, it is mostly localized in the
mitochondria [3].

CoQ;¢ has multiple functions. One of the main roles of CoQy is as a
component of the mitochondrial respiratory chain. As a mobile electron
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carrier, CoQio accepts electrons from complex I and II and transfers
them to complex III [2]. In the mitochondrial inner membrane, CoQ1 is
proposed to exist as two independent pools: a CoQnapy pool in the
super-complex (CI, CIII, CIV) involved in the oxidation of NADH; and a
CoQpapn pool involved in the oxidation of CII and other enzymes that
use CoQ as a cofactor [4]; CoQnapn receives electrons from NADH, and
CoQrapy receives electrons from FADH, and other enzymes, such as
glycerol phosphate dehydrogenase (GPDH), choline dehydrogenase
(CHDH), sulphide:quinone oxidoreductase (SQOR), dihydroorote de-
hydrogenase (DHODH), and electron transfer flavoprotein dehydroge-
nase (ETFDH), and is reduced [5]. In respiratory chain complex III,
electrons are transferred from reduced CoQjo to cytochrome c in a
process called the Q cycle. The Q cycle results in the oxidation of two
molecules of reduced CoQ;, the reduction of two molecules of cyto-
chrome c, and the formation of one additional molecule of reduced
CoQq9 [2]. This normal forward electron transfer results in the creation
of an electrical gradient and a pH gradient (proton gradient) between
the mitochondrial matrix and intermembrane space. The energy
generated by this proton motive force enables complex V(ATP synthase)
to synthesize ATP. On the other hand, reverse electron transfer (RET) of
CoQq is also known to occur; in RET, electrons from reduced CoQq¢ are
returned to complex I, reducing NAD+ to NADH, and generating ROS
[6] (Supplemental Fig. 1).

Another important role of CoQjg is as an antioxidant. CoQqg is the
sole lipid-soluble antioxidant that is endogenously synthesized. Reduced
CoQq inhibits both the initiation and the propagation of lipid peroxi-
dation [7]. NADH-quinone oxidoreductase 1 and cytochrome b5
reductase, have been known to be the major oxidoreductases in the
plasma membrane [8]. In addition, ferroptosis suppressor protein 1
(FSP1) was also found to be an important oxidoreductase. FSP1 reduces
extra-mitochondrial CoQ;p and acts as a lipophilic radical-trapping
antioxidant to suppress lipid peroxides, resulting in the inhibition of
cell death, called ferroptosis [9,10]. Moreover, reduced CoQ;¢ also re-
generates the other antioxidants—a-tocopherol and ascorbate—into an
active reduced form [7]. CoQ; is also involved in the p-oxidation of
fatty acids [11], de novo pyrimidine biosynthesis [12], sulfide oxidation
[13], an essential cofactor for uncoupling proteins (UCPs) [14], and
modulation of the mitochondrial permeability transition pore [15].
Thus, the importance of the distinct state of CoQg is gaining growing
attention [5].

Primary CoenzymeQ;( (CoQ1o) deficiency is an autosomal recessive
mitochondrial disease caused by a decrease in CoQ;¢ due to mutations in
genes involved in CoQ;¢ biosynthesis (COQ genes) [16]. To date, defects
in at least 10 COQ genes (COQ2, COQ4, COQ5, COQ6, COQ7, COQS8A,
COQ8B, COQY, PDSS1, PDSS2) have been found to cause this disease
[17]. Primary CoQi¢ deficiency was first reported in 1989 as familial
mitochondrial encephalomyopathy [18]. Currently, over 280 patients
from 180 families have been reported [17]. Secondary CoQjq de-
ficiencies occur in a wider variety of pathologies, including mitochon-
drial disease [19,20]. Measuring the CoQ levels is known to be useful for
diagnosing CoQ;¢ deficiency [21]. As described above, the ratio of
reduction varies among organs and cells. As a result, in addition to the
total amount of CoQo, evaluating the reduced/oxidized CoQ¢ ratio
may also be useful for further elucidating various pathophysiological
states in cells.

Methods to measure CoQ;g in fibroblast and the reduced/oxidized
state of CoQ have been reported [22,23]. However, to our knowledge,
there are no reports on the measurement of the reduced/oxidized CoQ19
ratio in primary CoQ;¢ deficiency or mitochondrial diseases. Therefore,
we decided to measure the total CoQq levels as well as the levels of
reduced and oxidized CoQ; in skin fibroblasts from patients affected by
various mitochondrial diseases.
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2. Material, methods, and patients
2.1. Subjects

We studied fibroblasts from 24 patients with mitochondrial disease,
including primary CoQ;q deficiency (Table 1). The inclusion criterion
for patients with primary CoQ;¢ deficiency was childhood onset with
biallelic pathogenic variants in the COQ gene encoding proteins for the
biosynthesis of CoQ [16]. Fibroblasts were obtained from patients at
Kanagawa Children’s Medical Center, Chiba Children’s Medical Center,
and Jichi Medical University under the approval of the Ethics Committee
of Jichi Medical University. Written informed consent was obtained
from the parents of each patient.

We obtained fibroblasts from five patients with primary CoQig
deficiency. One patient carries biallelic COQ2 variants with the c.[349G
> Cl;[912 + 1G > del] (Case 1). Four patients had biallelic COQ4 mu-
tations: one with compound heterozygous biallelic variants c.[718C >
T1;[421C > T] (Case 2) [24], one with ¢.[431C > A];[718C > T] (Case 3)
[25], and two with ¢.[190C > T];[479G > A] (Cases 4, 5).

Ten patients had disorders of mitochondrial respiratory chain sub-
units. Seven patients had mutations related to complex I: one with a c.
[55C > T] mutation in NDUFA1 (Case 6) [26], one with an m.10158 T>C
mutation in MT-ND3 (Case 7) [26], Three with an m.13513G > A mu-
tation in MT-ND5 (Case 8) [27], (Case 9), (Case 10) [28], one with a c.
[811 T > G];[1766-2A > G] mutation in ACAD9 (Case 11), and one with
a ¢.[1150G > Al;[1817 T > A] mutation in ACAD9 (Case 12) [28].
NDUFA1, MT-ND3, and MT-ND5 are subunits of complex I, and ACAD9
is the assembly factor of complex I. Two patients had mutations related
to complex IV: one with a ¢.[743C>A] mutation in SURFI (Case 13)
[29], and one with a c.[367_368delAG]; [572delC] mutation in SURF1
(Case 14) [25]. SURF1 is the assembly factor of complex IV. One patient
had an m.8993 T > G mutation in MT-ATP6 (Case 15) [25]. MT-ATP6 is
a subunit of complex V.

Three patients had mitochondrial DNA (mtDNA) depletion syn-
drome: one with a ¢.[143-307_170del335];[143-307_170del335] mu-
tation in DGUOK (Case 16) [30], one with a ¢.[451dupC];[308_310del]
mutation (Case 17) [30] and one with a ¢.[148C > TJ;[149G > A]
mutation in MPV17 (Case 18) [30]. Both DGUOK and MPV17 are
involved in the maintenance of mtDNA. One patient had Kearns-Sayre
syndrome with a single mtDNA deletion (5513 bp del;
m.8290-13,802) (Case 19). Two patients had MELAS: one with an
m.3243 A > G mutation of tRNA-Leu (Case 20) [26] and one with an
m.5541C > T, mutation of tRNA-Trp (Case 21) [26]. One patient had
short-chain enoyl-CoA hydratase (ECHS1) deficiency with heterozygous
mutations in maternal ¢.[832G > A] in ECHS1 (Case 22) [31]. ECHS1
plays a role in valine and fatty acid catabolism in mitochondria. Two
patients had c.[287A > G]; [287A > G] mutation in BOLA3 (Cases 23)
[28],(Case 24). BOLA3 is related to iron-sulfur cluster production and is
involved in the assembly of the mitochondrial respiratory chain
complex.

Five fibroblasts from healthy individuals were purchased: two fi-
broblasts from the PromoCell Company (#C-12300, GmbH, Heidelberg,
Germany), two fibroblasts from Japanese Collection of Research Bio-
resources Cell Bank (#TIG-120, #HT-2020, Japan), and fibroblasts from
Lonza Japan (#CC-2509, Tokyo, Japan). Another five fibroblasts from
patients without mitochondrial disease were used as controls. Cells from
passages 4-29 were used for assays.

2.2. Cell culture and growth conditions

The fibroblasts were maintained in 1.0 g/L low glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) (Life Technologies, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS), 100 units/mL
penicillin, and 100 pg/mL streptomycin. Cells were incubated at 37 °C
under 5% COs.
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Table 1
Fibroblast cell lines from patients with mitochondrial disease, including primary CoQ;, deficiency.
Case [ref]  diagnosis DNA mutation  variants, heteroplasmy rate” function
1 primary CoQ; deficiency coQ2 ¢.[349G > CJ;[912 + 1G > del] CoQ; biosynthesis
2 [24] primary CoQ10 deficiency CcoQ4 c.[718C > T1;[421C > T] CoQ; biosynthesis
3 [25] primary CoQ; deficiency CcoQ4 c.[431C > A];[718C > T] CoQq biosynthesis
4 primary CoQ; deficiency CcoQ4 ¢.[190C > T1;[479G > A] CoQ; biosynthesis
5 primary CoQ; deficiency coQ4 ¢.[190C > T1;[479G > A] CoQ; biosynthesis
6 [26] Leigh syndrome NDUFA1 c.[55C > T1, 100% (X-linked) Respiratory chain subunits, complex I
7 [26] Leigh syndrome MT-ND3 m.10158 T>C, heteroplasmic (F; 90%) Respiratory chain subunits, complex I
8 [27] neonatal cardiomyopathy MT-ND5 m.13513G > A, heteroplasmic (F; 78.87%) Respiratory chain subunits, complex I
9 infantile mitochondrial disease MT-ND5 m.13513G > A, heteroplasmic (B; 77%) Respiratory chain subunits, complex I
10 [28] Leigh syndrome MT-ND5 m.13513G > A, heteroplasmic (F; 26%) Respiratory chain subunits, complex I
11 mitochondrial cardiomyopathy ACAD9 c.[811 T > GI;[1766-2A > G] Respiratory chain assembly factor, complex I
12 [28] Z?SZ-::etha] infantile mitochondrial ACAD9 c.[1150G > A];[1817 T > A] Respiratory chain assembly factor, complex I
13 [29] Leigh syndrome SURF1 c.[743C>A], homoplasmy Respiratory chain assembly factor, complex IV
14 [25] Leigh syndrome SURF1 c.[367_368delAG];[572delC] Respiratory chain assembly factor, complex IV
15 [25] Leigh syndrome MT-ATP6 m.8993 T > G, homoplasmy Respiratory chain subunits, complex V
16 [30] mtDNA depletion syndrome DGUOK ¢.[143-307_170del335];[143-307_170del335] Deoxynucleotide triphosphate synthesis
17 [30] mtDNA depletion syndrome MPV17 ¢.[451dupC];[308_310del] mitochondrial protein synthesis
18 [30] mtDNA depletion syndrome MPV17 c.[148C > T1;[149G > A] mitochondrial protein synthesis
19 Kearns-Sayre syndrome Single mtDNA deletion (5513 bp del; m.8290-13,802)
20 [26] MELAS (tRNA-Leu) m.3243 A > G, heteroplasmic (F; 21%) Mitochondrial tRNA
21 [26] MELAS (tRNA-Trp) m.5541C > T, heteroplasmic (F; 49%) Mitochondrial tRNA
22 [31] ECHS1 deficiency ECHS1 c.[832G > A] Metabolism of toxic compounds
23 [28] cardiomyopathy BOLA3 c.[287A > G];[287A > G] Iron-sulfur protein assembly
24 cardiomyopathy BOLA3 c.[287A > G];[287A > G] Iron-sulfur protein assembly

2 F, fibroblasts, B; blood

2.3. CoQjp measurement in fibroblasts

2.3.1. CoQ extraction

The methods for the extraction CoQ;o were based on a previously
reported method with slight modifications [32]. To extract CoQ;( from
fibroblast in 60 mm dishes, cells were washed twice with PBS, and
pellets were re-suspended in 500 pL of lysis buffer (0.25 mM Sucrose, 2
mM EDTA, 10 mM Tris, and 100 Ul/mL heparin, pH 7.4.), and sonicated
twice for 5 s. These homogenates were also used to citrate synthase and
protein quantification. To measure CoQjo, nine hundred microliters of
ethanol containing internal standard CoQ;o-d9 (IsoSciences, Ambler,
PA) and 20 pM tert-butyl hydroquinone (TBHQ) (FUJIFILM Wako,
Osaka, Japan) was added to 100 pL of homogenates. TBHQ was added to
prevent oxidation of reduced CoQ1¢. The cell suspensions were vortexed
and centrifuged at 15,700 xg for 10 min (4 °C).

2.3.2. Reduction of ubiquinone

Reduced CoQjo was required for use in the calibration curve mea-
surement. However, since reduced CoQ; is easily oxidized, reduced
CoQ; was prepared just before the analysis by reducing oxidized CoQ1¢
following a previously reported method with slight modification [33].
Briefly, 50 pL of CoQio was diluted in 1.95 mL hexane in a glass tube.
Twenty milligrams of NaBH4 was added and followed by the addition of
100 pL methanol, vortexed for 3 min, then placed in the dark for 5 min at
room temperature. After reduction, 1 mL of water containing 100 pM
EDTA was added to stop the reaction, vortexed for 1 min, and centri-
fuged 1500 xg for 5 min at 4 °C. The upper layer containing reduced
CoQjo was transferred to a glass tube.

2.3.3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis

The method for measuring reduced and oxidized CoQ;o was based on
the previously reported method with slight modifications [23]. An LC-
MS/MS analysis was performed on an LC-electrospray ionization-MS
(LC-ESI-MS) with triple quadrupole (Nexera X2 and LCMS-8060, Shi-
madzu, Kyoto, Japan). A Kinetex C18 column (100 mm x 2.1 mm, 2.6
pm, Phenomenex) and a guard column filled with the same packing
material were used. The column temperature was kept at 40 °C. The
mobile phase was isocratic with 2 mM ammonium formate in methanol.

The flow rate was 0.8 mL/min, the injection volume was 2 pL, and the
run time was 6 min. The interface temperature was 300 °C, the des-
olvation line temperature was 250 °C, and the heat block temperature
was 400 °C. The nebulizing gas flow was 3 L/min, the heating gas flow
was 10 L/min, and the drying gas flow was 10 L/min. The samples were
kept at 4 °C before injection by the autosampler. The MS/MS conditions
for each target were optimized using the automated multiple reaction
monitoring (MRM) optimization procedures in LabSolutions (Shi-
madzu). The MRM used for quantification was m/z 880.5 > 197.1 for
oxidized CoQ19, 882.4 > 197.0 for reduced CoQ;¢, and 890.4 > 206.2
for CoQ10-d9 (internal standard). Standards and samples were quanti-
fied using the LabSolutions software program to determine the peak area
for oxidized CoQ1g, reduced CoQ19, CoQ10-d9, and the standard curves
were used to determine the total amount of CoQ present in the samples.

Intra-assay coefficients of validation (CVs) and relative errors (REs),
as measurements of precision and accuracy, respectively, were deter-
mined in five parallel analyses of the same cell. To evaluate inter-assay
precision and accuracy, one cell line was independently evaluated on
three different days. Precision was calculated as (standard deviation/
mean concentration) x 100 (%), and accuracy was calculated as
(quantitative value/theoretical value) x 100 (%). The intra-assay pre-
cision (CV) of reduced CoQ1 and oxidized CoQ;¢ was 0.58% and 1.39%,
respectively. The intra-assay accuracy (RE) of reduced CoQio and
oxidized CoQ;¢ was 4.20% and 2.50%, respectively. The inter-assay
precision (CV) of reduced CoQio and oxidized CoQio was 1.27% and
1.84%, respectively. The intra-assay accuracy (RE) of reduced CoQ;q
and oxidized CoQ;o was 10.54% and 1.18%, respectively (Supplemental
Table 1, QC1).

2.3.4. Citrate synthase and protein quantification

Fibroblast CoQ1 levels were expressed as citrate synthase (CS) ac-
tivity (measured CoQ;¢ values/CS units, nmol/CS units). CS activity was
measured spectrophotometrically referring to the method described by
Srere (1969), with 0.1 mM DTNB, 0.3 mM Acetyl-CoA, 0.5 mM Oxalo-
acetate, and 12-20 pg protein in 200 pL total incubation volume. CS
units are determined as follows: CS Units (pmol/min/mL) = (AA412/min
xV (mL) x dil)/ 13.6 x L (cm) X Vep, (mL), V (mL); the reaction volume,
dil; the dilution factor of the original sample, 13.6(mM ! em™); the
extinction coefficient of TNB at 412 nm, L (cm); pathlength for
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absorbance measurement (0.552 cm), Vep,(mL); the volume of the
enzyme sample. Protein concentrations were quantified using Qubit™
Protein Assay Kits and a Qubit® 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA).

2.4. Statistical analyses

Statistical analyses were performed using the GraphPad Prism soft-
ware program (version 9.01, GraphPad Software Inc., La Jolla, CA).
Comparisons between samples were performed using a one-way
ANOVA. The results are expressed as the mean (standard deviation). P
values of <0.05 were considered to indicate statistical significance.

3. Results

3.1. Total CoQjg levels were observed to decrease in all patients with
primary CoQ; deficiency

We showed the reduced, oxidized, and total (sum of reduced and
oxidized) CoQ;o values corrected for the CS unit (nmol/CS unit)
(Table 2). In addition, we also measured the CoQ1q values corrected for
protein levels (nmol/g protein) (Supplemental Table 2). Six patients
showed decreased the total CoQq¢ values (<70% of the control): five
with primary CoQ;¢ deficiency (Cases 1-5), and one with Kearns-Sayre
syndrome (Case 19) (Table 2). The total CoQ; levels were significantly
decreased in primary CoQ;¢ deficiency than in controls (primary CoQ;o
deficiency(n = 5)1.00 + 0.19 nmol / CS unit (mean + SD), controls (n =
10)2.30 + 0.24 nmol / CS unit, p < 0.0001) (Fig. 1). However, total
CoQ19 levels were the same in mitochondrial disease other than primary
CoQq deficiency as in controls (mitochondrial disease(n = 19)2.23 +
0.26 nmol / CS unit, p = 0.93).

Table 2
Reduced and oxidized CoQ;¢ values and total CoQ deficiency in fibroblasts.
Case reduced oxidized total CoQ19 % CoQ
CoQio CoQ1o (nmol/CS deficiency
unit) (%)
mean SD mean SD mean SD
1 0.37 0.15 0.37 0.02 0.74 0.13 32
2 0.12 0.00 0.16 0.00 0.28 0.00 12
3 0.57 0.45 0.59 0.18 1.16 0.63 50
4 0.64 0.03 0.74 0.20 1.38 0.17 60
5 0.78 0.01 0.64 0.02 1.42 0.01 62
6 0.48 0.01 1.65 0.00 213 0.01
7 1.03 0.04 1.00 0.32 2.03 0.29
8 1.22 0.04 0.82 0.18 2.04 0.22
9 1.40 0.54 0.96 0.03 2.36 0.51
10 0.86 0.16 1.34 0.30 2.20 0.46
11 1.02 0.08 2.17 0.53 3.19 0.44
12 1.18 0.56 1.31 0.17 2.49 0.38
13 1.33 0.03 0.57 0.02 1.90 0.00
14 1.77 0.31 0.58 0.10 2.35 0.21
15 1.54 0.09 0.71 0.00 2.25 0.09
16 0.86 0.02 1.46 0.01 2.32 0.01
17 1.37 0.40 1.28 0.14 2.65 0.25
18 1.01 0.20 1.52 0.08 2.53 0.29
19 0.57 0.01 0.72 0.02 1.29 0.02 56
20 1.41 0.40 0.51 0.11 1.92 0.51
21 1.24 0.28 0.65 0.28 1.89 0.56
22 1.19 0.11 0.87 0.23 2.06 0.34
23 0.81 0.19 1.84 0.46 2.65 0.27
24 0.92 0.01 1.23 0.00 2.15 0.01
Reference (n

1.1 .1 1.11 .1 2. .2
~10) 9 0.15 0.10 30 0.24

% CoQ deficiency: <70% of control CoQ; value.
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3.2. The reduced/total CoQjg ratio was unchanged in primary CoQjg
deficiency, but was higher in complex IV or V deficiency

We showed the ratio of reduced CoQ to total CoQ1¢ (reduced/total
CoQ19) of fibroblasts (Table 3). The ratio of reduced and oxidized CoQ1¢
to total CoQ;¢ in control fibroblasts was 52% and 48%, respectively
(Table 3). In primary CoQq deficiency, the reduced/total CoQ; ratio
did not change compared to the control (reduced/total CoQ; ratio of
primary CoQ;q deficiency (n = 5) 49 + 7% (mean =+ SD), controls (n =
10) 52 + 1%, p = 0.92) (Fig. 2). Regarding the cases with respiratory
chain complex deficiency, there was no difference between control and
complex I deficiency (reduced/total CoQq ratio of complex I deficiency
(n=7) 44 £ 7%, p = 0.37). However, the reduced/total CoQ; ratio in
complex IV or V deficiency was increased in comparison to the control
(complex IV or V deficiency (n = 3) 71 + 3%, p = 0.022). In addition, the
reduced/total CoQjg ratio in complex IV or V deficiency was higher in
comparison to complex I deficiency and primary CoQ;( deficiency
(complex IV or V deficiency vs. complex I deficiency: p = 0.0021,
complex IV or V deficiency vs. primary CoQ;( deficiency: p = 0.015).

In individual cases, the reduced/total CoQ;g ratio decreased (<80%
of the reduced/total CoQ;¢ ratio in the control) in six cases; three cases
with complex I deficiency (Cases 6, 10, 11), two cases with mtDNA
depletion syndrome (Cases 16, 18), one case with BOLA3 mutation (Case
23)(Table 3). On the other hand, the reduced/total CoQ;¢ ratio
increased (>120% of the reduced/total CoQg ratio in the control) in
five cases; two cases with complex IV deficiency (Cases 13, 14), two
cases with MELAS(Cases 20, 21), one case with complex V deficiency
(Case 15) (Table 3).

4. Discussion

We showed here that the total CoQq¢ values of fibroblasts were
significantly lower in patients with primary CoQ;o deficiency. In this
syndrome, early recognition and therapy can stop progression and
improve the prognosis; however, established severe symptoms cannot be
reversed [16,34]. Biochemical measurements of low CoQj( levels in
muscle biopsy have been utilized for the diagnosis of this syndrome
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Fig. 1. Total CoQ;¢ values.

Total (sum of reduced and oxidized) CoQio values of mitochondrial patient
fibroblasts. CoQ;¢ deficiency (CoQ;¢ levels <70% of control CoQ;0) was found
in six cases. All cases of primary CoQ;o deficiency showed decreased CoQiq
levels. In mitochondrial disease, CoQ;o values were not decreased, with the
exception of Case 19 (Kearns-Sayre syndrome). Data are expressed as **** P <
0.0001, and n.s. indicates no significance.
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Table 3
Ratio of reduced / total CoQ1o.

Reduced/total CoQ; in cases
versus reduced/total CoQ; in controls (%)

Case reduced/total
CoQ1o (%)

mean SD

1 50 11 96
2 43 1 83
3 49 14 95
4 47 8 90
5 55 1 106
6 23 0 44
7 51 9 97
8 60 4 115
9 59 10 114
10 39 1 75
11 32 7 61
12 47 15 91
13 70 1 135
14 75 7 145
15 68 1 131
16 37 1 71
17 52 10 100
18 40 3 77
19 44 0 85
20 74 1 142
21 66 5 127
22 58 4 111
23 30 10 59
24 43 0 83
Reference (n = 10) 52 1

The reduced/total CoQ; ratio decreased (< 80% of control value); cases 6, 10,
11, 16, 18, 23.

The reduced/total CoQq ratio increased (120% < of control value); cases 13, 14,
15, 20, 21.
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Fig. 2. Comparison of the reduced/total CoQ; ratio.

Comparison of the reduced/total CoQ;o ratio in cases with primary CoQo
deficiency, complex I deficiency, and complex IV or V deficiency. In primary
CoQ;p deficiency, the reduced/total CoQ;q ratio was the same as that of the
controls. In complex I deficiency, 3/7 cases showed a decreased (< 80% of
control value) reduced/total CoQ; ratio. In complex IV or V deficiency, 3/3
cases showed an increased (120% < of control value) reduced/total CoQ;o
ratio. Data are expressed as *P < 0.05, **P < 0.01, and n.s. indicates no
significance.

[16]. Moreover, the identification of biallelic pathogenic variants in the
COQ genes, which encode proteins involved in coenzyme Q biosyn-
thesis, enables a definitive diagnosis [16]. However, the invasiveness of
muscle biopsy hampers this procedure and can delay the diagnosis.
CoQq levels in fibroblasts were examined and implicated in their use-
fulness [21]. Our data with LC-MS/MS for the measurement of CoQ1g
from fibroblasts also supported the usefulness for detecting CoQig
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deficiency [32,35]. The fibroblasts from Case 2 showed the lowest
CoQ; o concentration and showed a very severe phenotype. A correlation
between CoQ;g levels and phenotype has been suggested [24,36,37].
Therefore, the CoQ1¢ value from skin fibroblast may reflect the clinical
severity.

In addition to primary CoQio deficiency, various mitochondrial
diseases have also been reported to decrease CoQ;q in fibroblasts and
muscle, particularly in mtDNA depletion syndrome [20,38]. However,
in our analysis, three patients with mtDNA depletion, including DGUOK
and MPV17 mutations, showed no decrease in CoQ;o (Cases 16-18).
Only one patient with large deletions of mtDNA showed markedly
decreased CoQio (Case 19). Therefore, decreased CoQio was only a
constant feature in primary CoQ;¢ deficiency syndrome in our analysis.
Our results support the widely accepted idea that early CoQ;o therapy
should is therefore indicated if decreased levels of CoQq are found in
the fibroblasts of patients with suspected mitochondrial disease.

To our knowledge, this is the first report to describe the reduced/
total CoQ;¢ ratios in patients with mitochondrial diseases, including
primary CoQio deficiency. In primary CoQ;¢ deficiency, the reduced/
total CoQ1g ratio did not change. On the other hand, the reduced/total
CoQq ratio was decreased in 3/7 of cases of complex I deficiency and
was increased in 3/3 of cases of complex IV or V deficiency. Primary
CoQ; deficiency is caused by impaired CoQ;o biosynthesis, which re-
sults in a decrease in the absolute value of CoQ1¢; however, as expected,
our data suggest that it does not affect the redox reaction in mitochon-
dria. Since CoQ1¢ changes from the oxidized form to the reduced form by
accepting electrons from complex I, complex II and other de-
hydrogenases, the reduced/total CoQq ratio is expected to decrease in
complex I deficiency. However, only 3 out of 7 complex I patients in our
cohort showed disturbed Q reduced/total ratios. In contrast, CoQq
changes from the reduced form to the oxidized form in complex III, and
the reduced/total CoQg ratio is expected to increase in complex III and
later complex deficiencies (Supplemental Fig. 1, left panel). In fact, the
reduced CoQ( ratio was significantly decreased with complex I inhib-
itor, whereas the reduced CoQ;g ratio was increased with complex IV
inhibitor [23]. Some (but not all) of our results support these observa-
tions. Among complex I deficiency patients, patients with isolated
complex I deficiency tended to have a decreased reduced/total CoQg
ratio (3/4 cases; Cases 6, 10, 11) (Supplemental Table 3). On the other
hand, the reduced/total CoQ;¢ ratio was unchanged in a patient who
also had a decreased complex III and IV enzyme activity (Case 8), in a
patient without a decreased CI enzyme activity in fibroblasts (Case 12),
and in a patient with a decreased CI enzyme activity in muscle (Case 7).

In recent years, it has been reported that the reduced/oxidized CoQ1o
ratio may be a marker of mitochondrial metabolic status [39]. In situ-
ations where CoQpapy can be excessively reduced, RET is induced, and
the production of reactive oxygen species (ROS) from complex I is
stimulated, which causes complex I destruction [4,6]. On the other
hand, oxidizing the CoQ pool by alternative oxidase (AOX) of Ciona
intestinalis xenotopically expressed in mouse mitochondria induces for-
ward electron transport (FET) from RET [40]. Our system of measuring
the reduced/total CoQ; ratio of skin fibroblasts provide the amount and
redox states of CoQ1o.

As a limitation of our study, CoQ; is mostly localized in the mito-
chondria in subcellular fractions but it has also been shown to localize in
Golgi, lysosomes, and other organelles [3]. In this study, we measured
the whole cell CoQ;q level without separating the mitochondrial and
non-mitochondrial fractions. Moreover, we examined an only limited
number of patients affected by only some mitochondrial diseases, which
can be caused by >400 gene mutations [41].

In conclusion, we measured the reduced/total CoQ; ratio in fibro-
blasts from a cohort of patients with mitochondrial disease for the first
time. The reduced/total CoQ¢ ratio tended to show no change in many
of the cells that we measured. However, the reduced/total CoQq¢ ratio
was increased in complex IV or V deficiency, while the reduced/total
CoQ ratio tended to decrease in some cases of complex I deficiency.
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Apomorphine is a potent inhibitor
of ferroptosis independent
of dopaminergic receptors

Akihiko Miyauchi™, Chika Watanabe?, Naoya Yamada?, Eriko F. Jimbo?, Mizuki Kobayashi?,
Natsumi Ohishi?, Atsuko Nagayoshi®, Shiho Aoki?, Yoshihito Kishita3“, Akira Ohtake>*,
Nobuhiko Ohno?’:¢, Masafumi Takahashi?, Takanori Yamagata® & Hitoshi Osaka'**

Originally, apomorphine was a broad-spectrum dopamine agonist with an affinity for all subtypes of
the Dopamine D1 receptor to the D5 receptor. We previously identified apomorphine as a potential
therapeutic agent for mitochondrial diseases by screening a chemical library of fibroblasts from
patients with mitochondrial diseases. In this study, we showed that apomorphine prevented
ferroptosis in fibroblasts from various types of mitochondrial diseases as well as in normal controls.
Well-known biomarkers of ferroptosis include protein markers such as prostaglandin endoperoxide
synthase 2 (PTGS2), a key gene for ferroptosis-related inflammation PTGS2, lipid peroxidation, and
reactive oxygen species. Our findings that apomorphine induced significant downregulation of PTSG2
and suppressed lipid peroxide to the same extent as other inhibitors of ferroptosis also indicate
that apomorphine suppresses ferroptosis. To our knowledge, this is the first study to report that the
anti-ferroptosis effect of apomorphine is not related to dopamine receptor agonist action and that
apomorphine is a potent inhibitor of ferroptotic cell death independent of dopaminergic receptors.

Mitochondrial disease is a genetic disorder consisting of various clinical phenotypes, including Leigh syndrome
(LS), myopathy encephalopathy lactic acidosis, stroke-like episodes (MELAS), Kearns-Sayre syndrome (KSS), and
mitochondrial cardiomyopathy'2. At present, no curative treatment is available and effective treatment options
are eagerly awaited. In our previous study, we screened a chemical library based on drugs already approved for
central nervous system (CNS) diseases using fibroblasts from two patients with LS and two patients with MELAS
using an L-buthionine-S, R-sulfoximine (BSO)-induced cell viability assay. BSO has been used to induce cell
death by inhibiting glutathione (GSH) biosynthesis, which leads to the overproduction of reactive oxygen species
(ROS)*. In addition, BSO has been recently reported to trigger ferroptosis in various cancer cells**.

While searching for potential therapeutic drugs for mitochondrial diseases, we identified apomorphine as a
potential therapeutic drug for LS and MELAS®. Apomorphine is a known treatment for Parkinson’s disease (PD)
and erectile dysfunction”™. It is a broad-spectrum dopamine agonist for all subtypes ranging from the dopa-
mine D1 receptor to the D5 receptor. Apomorphine exerts protective effects by inhibiting oxytosis and stress-
dependent non-apoptotic cell death via activation of the dopamine D4 receptor (D4R) in a micromolar order'®!!.

Because oxytosis shares some concepts with ferroptosis proposed in recent years, one hypothesis is that the
ferroptotic action of apomorphine is related to dopamine receptors. Ferroptosis is a common form of regulated
cell death that is distinguished from apoptosis and necroptosis and is a form of lipid- and iron-dependent cell
death associated with GSH depletion'*'%. The mechanism of ferroptosis includes oxidative damage to cellular
structures and dysfunction in membrane stability triggered by polyunsaturated fatty acid peroxidation'*'®. It can
be induced by GSH depletion using chemicals such as BSO, cystine-glutamate transporter inhibition, or GPX4
inhibition'*'S. Among them, RSL3, which can inactivate GPX4, is the most commonly used inducer of ferroptosis,
leading to excessive lipid peroxidation, which causes cell death!®. There are also several biomarkers of ferroptosis,
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including protein markers, such as PTGS2 (which encodes COX-2), lipid peroxidation, and ROS'7~%. In recent
years, ferroptosis has been widely investigated for its involvement in various diseases, including mitochondrial
diseases, neurodegenerative diseases, liver toxicity, liver fibrosis, hemochromatosis, and cardiomyopathy!*2!-24,
Also ferroptosis is regulated by various cellular metabolic pathways, including redox homeostasis, mitochondrial
activity, and iron metabolism*'>.

In the present study, we found that apomorphine inhibited ferroptosis in fibroblasts from patients with
mitochondrial disease as well as in normal controls, and the cell-protective effect was not related to the agonistic
action of the dopamine receptor.

Results

Induction of ferroptosis by GSH depletion by BSO and prevention of BSO-induced ferroptosis
by apomorphine in LS patient fibroblasts

BSO reduced GSH production in a concentration-dependent manner?. Under these conditions, fibroblasts
from LS patients showed enhanced cell death and were more vulnerable to BSO-induced cell stress than control
fibroblasts, as previously described (Fig. 1A,B)®. We subsequently performed BSO-induced cell survival assays
to investigate whether or not they were suppressed by adding ferrostatin-1 (Fer-1), one of the most common
ferroptosis inhibitors'>!¢, to LS patient-derived fibroblasts. Fer-1 showed dramatic cell-protective effects under
BSO-induced stress, and apomorphine showed similar effects (Fig. 1C).

Protective effect of apomorphine against ferroptosis induced by BSO and RSL3

To evaluate the effects of apomorphine against ferroptosis, we examined the survival of LS fibroblasts in the
presence of RSL3 as a common assay for ferroptosis screening, in addition to a BSO assay'®?. Prior to that,
we examined the cell survival rate of control and patient fibroblasts under RSL3-induced stress, an inducer of
ferroptosis. Fibroblasts obtained from LS, MELAS, mitochondrial cardiomyopathy, and KSS patients showed
enhanced cell death in response to RSL3-induced stress, but this effect was less pronounced than the response
to BSO-induced stress (Supplementary Fig. 1A-F).

Subsequently, we compared the cell protective effect of apomorphine with that of Fer-1 and Liproxstatin-1
(Lip-1), well-known specific ferroptosis inhibitors'®?”*®. Apomorphine in LS fibroblasts under ferroptosis induced
by BSO showed cell-protective effects, but we could not investigate the effects of apomorphine in response to
BSO-induced stress in control fibroblasts because BSO did not induce cell death in control fibroblasts (Fig. 2A).
In the case of RSL3-induced stress, the difference in the survival between control and LS fibroblasts was less
than that in response to RSL3-induced stress; apomorphine showed cell-protective effects in both control and
LS fibroblasts. The effects of apomorphine were similar to those of Fer-1 and Lip-1 (Fig. 2B). We also examined
other fibroblasts from different subtypes of mitochondrial diseases in the presence of RSL3 and obtained similar
results (Fig. 2C).

We next examined the effects of various inhibitors of cell death pathways other than ferroptosis to rule out the
possibility that apomorphine protects cells via other cell death pathways using GSK-872 (necroptosis inhibitor) or
Z-VAD-FMK (apoptosis inhibitor). Although we could not examine the effects of these inhibitors in response to
BSO-induced stress in control fibroblasts, BSO did not induce cell death in control fibroblasts, and neither GSK-
872 nor Z-VAD-FMK showed any cell-protective effects against cell death induced by BSO and RSL3 (Fig. 3A,B).
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Figure 1. The cell viability assay for fibroblast cells from LS patients (LS¥"*) under BSO-induced stress. While
the fibroblasts of control subjects were able to maintain almost full viability (A), those from patients with

LS showed enhanced BSO dose-dependent cell death (B). Under the conditions of 100 uM BSO treatment,

we evaluated the effects of Fer-1 (1 uM), which is one of the most common ferroptosis inhibitors and Apo

(1 uM). Fer-1 showed dramatic cell-protective effects, similar to those of Apo (C). Apo apomorphine, Fer-1
Ferrostatin-1. Data (n=6) are expressed as the mean +SD ***P <0.001. n.s. no statistical significance.
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Figure 2. The anti-ferroptosis effect of apomorphine. (A,B) The cell viability assay of fibroblasts from LS
patients (LSNP?) (left panel) and control (right panel) in the presence of 100 uM BSO and RSL3. (C) The

cell viability assay of fibroblasts from patients with LS (LSNPUFAT), MELAS (MELAS®NA-Lew MEL A SRNA-Trp),
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N
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mitochondrial cardiomyopathy (MCNP®), and KSS (KSStee deletion) The cell-protective effects of apomorphine
were also shown in comparison to Fer-1, and Lip-1 in the presence of RSL3. Apo apomorphine, Fer-1
Ferrostatin-1. Data (n=6) are expressed as the mean +SD *P <0.05, **P <0.01, ***P <0.001. n.s. indicates no

significance.

These findings suggest that apomorphine protects against cell death by ferroptosis, but not by necroptosis or

apoptosis, in control fibroblasts and fibroblasts derived from patients with mitochondrial disease.

Measurement of intracellular ferroptotic metabolites in our cell lines by a BSO cell lipid oxida-
tion assay

Because the accumulation of lipid ROS is a hallmark of ferroptosis, we monitored the lipid ROS accumulation
using C11 BODIPY 581/591 by confocal imaging (Fig. 4). The C11 BODIPY 581/591 changes the fluorescence
from red to green upon oxidation®. Even in the absence of BSO, LS patient-derived fibroblasts showed the
oxidized form of C11 BODIPY, which is indicative of lipid ROS (Fig. 4A_b). Upon BSO treatment, fibroblasts
showed an increased lipid ROS accumulation (Fig. 4A_c). Furthermore, Fer-1, one of the most common inhibi-
tors of ferroptosis, recovered the lipid ROS accumulation. When we examined the effect of apomorphine on the
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Figure 3. Cell viabilities by apoptosis and necroptosis inhibitors. The effects of an apoptosis inhibitor (GSK872)
and a necroptosis inhibitor (Z-VAD-FMK) under conditions of 100 uM BSO- (A), and RSL3- (B) induced stress
for fibroblast cells from LS patients (LSV%) (left) and controls (right). Apo apomorphine, Fer-1 Ferrostatin-1.
Data (n=3) are expressed as the mean + SD *P <0.05, ** P<0.01, **P <0.001. n.s. indicates no signiﬁcance.

accumulation of lipid ROS in LS patient-derived fibroblasts treated with BSO, apomorphine decreased the lipid
ROS accumulation and showed a similar effect to Fer-1 (Fig. 4A_d,e)'°. In contrast, control fibroblasts showed
almost no change in the degree of the lipid ROS accumulation (Fig. 4B_a-o).

The assessment of the expression of genes related to ferroptosis in apomorphine-treated
vs. untreated LS fibroblasts by real-time reverse transcription polymerase chain reaction
(RT-PCR) and Western blotting

We assessed the expression of prostaglandin endoperoxide synthase 2 (PTGS2), a biomarker of ferroptosis that
encodes cyclooxygenase-2 (COX-2)">17"1% in LS fibroblasts (LSNP?). Real-time RT-PCR showed that RSL3 upregu-
lated PTGS2 expression in LS fibroblasts and that this PTGS2 upregulation was inhibited by apomorphine and
Fer-1 treatment (Fig. 5A). Western blotting for PTGS2 showed that apomorphine significantly decreased the
protein levels of PTGS2 in LS fibroblasts, and Fer-1 had a similar effect (Fig. 5B). We therefore demonstrated that
apomorphine suppressed PTGS2, a key factor linking ferroptosis and inflammation, in LS fibroblasts.

The analysis of the expression of genes related to ferroptosis in apomorphine-treated vs.
untreated LS fibroblasts by real-time RT-PCR

To examine how apomorphine inhibits ferroptosis, we assessed the following key genes related to ferroptosis:
AIFM2 (encoding FSP1), GPX4, ACSL4, and SLC7A11 (cystine/glutamate transporter)'>!7-1%, Real-time RT-PCR
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Figure 4. Results of a C11 BODIPY581/591 assay in fibroblasts from patients and controls. Measurement

of intracellular ferroptotic metabolites by the BSO cell lipid oxidation assay. (A) Fibroblasts from LS patients
(LSNP?) were treated with BSO (100 uM) for 24 h in the presence or absence of Apo (1 uM) and Fer-1 (1 uM).
(B) Control fibroblasts were treated with BSO (100 pM) for 24 h in the presence or absence of Apo (1 pM) and
Fer-1 (1 uM). Lipid peroxidation was assessed by C11 BODIPY581/591 staining. Representative images of C11
BODIPY581/591 staining in LSVP? cells and control cells; Oxidized form (a-e), Reduced form (f-j), and merge
(k-0). Apo apomorphine, Fer-1 Ferrostatin-1.

showed that apomorphine slightly suppressed the upregulation of SLC7A11; however, the differences were not
statistically significant. Apomorphine also did not affect the mRNA expression of AIFM2, GPX4, or ACSL4
(Fig. 6A-D).
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Figure 5. An expression analysis of prostaglandin-endoperoxide synthase 2 (PTGS2). (A) PTGS2 mRNA levels
in LSVP? cells treated with RSL3 (100 nM) for 24 h in the presence or absence of Apo (1 uM) and Fer-1 (1 uM)
were assessed using real-time RT-PCR. (B) PTGS2 protein levels in LSNP? cells treated with RSL3 (100 nM) for
24 h in the presence or absence of Apo (1 uM) and Fer-1 (1 uM) were assessed by Western blotting. Full-length
gels and blots are included in a Supplementary (Supplemental Fig. 3) as full-length dot blots. Apo apomorphine,
Fer- Ferrostatin-1. Data are expressed as the mean + SD; ***P <0.001.
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Figure 6. The mRNA levels of various ferroptosis marker genes. (A) AIFM2 (encoding FSP1), (B) GPX4,
(C) ACSL4, and (D) SCL7A11 (Cystine/glutamate transporter) mRNA levels in LSNP? cells treated with RSL3
(100 nM) for 24 h in the presence or absence of Apo (1 uM) and Fer-1 (1 pM) were assessed by real-time
RT-PCR. Apo apomorphine, Fer-1 Ferrostatin-1. Data are expressed as the mean + SD *P <0.05, ** P<0.01,
***P <0.001. n.s. indicates no significance.
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The anti-ferroptosis effect of apomorphine is not related to the dopamine receptor agonist
action of apomorphine

Our previous screening did not show the cell protective effects of other dopamine agonists (Ropinirole hydro-
chloride and Pramipexole dihydrochloride; both specific to D2 receptors) (Supplemental Fig. 2). Therefore, to
evaluate whether or not the agonistic action of apomorphine was related to its cell-protective effect, we examined
the effect of the addition of agonists and/or antagonists of each dopamine receptor on the cell-protective effect
of apomorphine.

Prior to this, the expression of each dopamine receptor in the cells was examined by RT-PCR. The expression
of four types of dopamine receptors—DI1R, D2R, D4R, and D5R—was confirmed in LS and control fibroblasts,
but the expression of D3R was not detected in our fibroblasts (Fig. 7A). Therefore, we examined the action of
each dopamine receptor on the protection of apomorphine, except for D3R.

First, we examined the contribution of D4R to the effects of apomorphine using agonists and antagonists of
D4R, based on a previous report'®. As shown in Fig. 7B, the D4R agonists did not enhance the effect of apomor-
phine, and the antagonists did not inhibit this effect. Similarly, antagonists of D1R and D2R did not affect the
effect of apomorphine (Fig. 7C,D). Regarding D5R, as there was no commercially available antagonist for D5R,
only the D5R agonist was used, but it did not provide any cell-protective effect (Fig. 7E).

Discussion

We previously showed that apomorphine protects against BSO-induced stress with an EC50 of approximately
50 nM and improves the mitochondrial respiratory activity of fibroblasts from patients with LS and MELAS®.
In the present study, we showed that fibroblasts from mitochondrial diseases including LS and MELAS were
vulnerable to ferroptosis, and apomorphine markedly protected fibroblasts from ferroptosis induced by RSL3
in addition to BSO in various types of mitochondrial diseases as well as in normal fibroblasts. The effect of
ferroptosis on cell protection was comparable to that of the specific ferroptosis inhibitors Fer-1 and Lip-1. We
observed that BSO- or RSL3-induced ferroptosis was not inhibited by inhibitors of apoptosis (Z-VAD-FMK) or
necroptosis (GSK-872), and PTGS2, which is known to be a marker of ferroptosis, was decreased by the addi-
tion of apomorphine. In addition, we confirmed that the effects of apomorphine were not related to its agonistic
dopamine action.

Ferroptosis is an iron-dependent form of cell death caused by the accumulation of lipid hydroperoxides and
is distinguished from other forms of cell death, such as apoptosis and necroptosis'*!°. Ferroptosis occurs when
GPX4 is directly or indirectly inhibited by GSH depletion, which leads to the accumulation of membrane lipid
peroxidation and results in cell death!>!>!6. RSL3 is commonly used as a specific inducer of ferroptosis and
inactivates GPX4, leading to excessive lipid peroxidation, which causes cell death'®. In contrast, ferroptosis can
be suppressed by lipophilic antioxidants, inhibitors of lipid peroxidation, iron chelators, and polyunsaturated
fatty acids'®. Currently, several biomarkers of ferroptosis exist, including protein markers such as PTGS2, lipid
peroxidation, and ROS'7-%,

Apomorphine has been administered to patients with advanced PD as a rescue drug for “oft” symptoms
because of its short half-life. However, the continuous subcutaneous administration of apomorphine reportedly
improves both motor symptoms as well as brain glucose metabolism and non-motor symptoms, such as the
cognitive function, the executive function, and apathy in PD patients***!. PD is known for the characteristic
pathology of progressive dopaminergic neuronal death associated with iron accumulation, and it is suggested to
be driven in part by ferroptosis****. The anti-ferroptosis effects of apomorphine shown in this study may explain
these neuroprotective effects. To test this hypothesis, we need to study the effects in cells derived from patients
with PD and animal models.

We have already shown that apomorphine suppresses the production of ROS®. In the present study, we showed
that apomorphine prevented lipid peroxidation and upregulation of the mRNA expression of PTGS2 (Fig. 5),
which are key features of ferroptosis. Studies on cancer cells have indicated that ferroptosis can directly increase
the expression of PTGS2 and cause inflammation by accelerating AA metabolism and promoting the secretion
of pro-inflammatory molecules®***>. The downregulation of PTGS2 may be related to the inhibition of various
cytokines and chemokines by apomorphine®. Recently, ferroptosis has been suggested to be involved in epilepsy
with mitochondrial disease'?. Our study also supports the hypothesis that fibroblasts from various mitochondrial
diseases are vulnerable to ferroptosis.

Apomorphine reportedly protects against glutamate-induced oxidative cell death via dopamine receptors,
especially D4, in the HT22 cell line'’. In this assay system, the protective effect was reversed by D4 antagonists
but not by D1 or D2 antagonists. A selective D4 agonist also protects neurons from glutamate-induced cell death.
However, in our assay system using fibroblasts, the D4 agonist did not exert cell protective effects, and the D4
antagonist did not prevent the cell-protective effect of apomorphine. Furthermore, our data do not support the
involvement of subtypes D1, D2, and D5. Therefore, we conclude that the cell-protective effect of apomorphine
is not related to dopamine receptors in our system. Dopamine agonistic action causes several common side
effects, especially digestive symptoms, such as nausea, vomiting, loss of appetite, and constipation®. Our research
presents a promising avenue for the potential development of apomorphine derivatives without dopamine ago-
nist activity, which offer cellular protection without the undesirable effects associated with dopamine agonists.

The limitation of the present study was that we were unable to identify the mechanism underlying the protec-
tion from ferroptosis, as we only performed an RT-PCR assay of key inhibitory genes for ferroptosis. Elucidation
of the binding proteins that explain anti-ferroptosis and their downstream signaling cascades is the next research
question that should be explored.

In conclusion, we found that fibroblasts from patients with mitochondrial diseases were vulnerable to ferrop-
tosis, which is inhibited by apomorphine in this study. The cell-protective effect of apomorphine has long been
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Figure 7. The expression of dopamine receptors (D1R-D5R) and interactions between apomorphine and
dopamine receptor agonists or antagonists. (A) Agarose gel electrophoresis of the RT-PCR product of dopamine
receptors. Results are shown from left to right in the order of D11R(size 184 bp), D2R (size 353 bp), D3R (size
137 bp), D4R (size 115 bp), and D5R (size 149 bp). In each column, the left lane shows the band of the frontal
lobe as a positive control, the middle shows the band of control cells, and the right shows the band of LS cells.
Original gels are presented in Supplementary Fig. 4. (B-E) The results of an RSL3-induced stressed cell viability
assay to determine the influence of each dopamine receptor agonist or antagonist on the effects of apomorphine.
The cell viability of the Apomorphine-treated group without RSL3 was used as 100% to compare other group’s
cell viabilities (n=3). (B) D4R agonist: PD168077 (Ki=8.7 nM) and D4R antagonist: L745870 (Ki=0.43 nM),
(C) D1R antagonist: SKF683566 (Ki=0.56 nM), (D) D2R antagonist: Sulpiride (Ki=0.015 uM), (E) D5R agonist:
SKF38393 (Ki=0.5 nM).

believed to be a result of D4R agonistic action, but we first revealed that at least part of its anti-ferroptosis effect
is not related to the dopamine receptor agonist action. Our study suggests that ferroptosis may be a potential
therapeutic target for mitochondrial disease and also provides hope for the creation of new drugs that maintain
their cell-protective effect without the dopamine agonist effect, to avoid the adverse effects of dopamine.
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Figure 7. (continued)

Materials and methods

Subjects

This study was approved by the Jichi Medical University Clinical Research Ethics Committee (Approval Number:
J21-014) and all methods of this study were performed in accordance with the relevant guidelines and regulations.
Fibroblasts were obtained from six patients at Jichi Medical University, Kanagawa Children’s Medical Center,
and Saitama Medical University. The collection was conducted under the approval of the Jichi Medical Univer-
sity Clinical Research Ethics Committee, the Kanagawa Children’s Medical Center Review Board and Ethics
Committee, and the Ethics Committee of Saitama Medical Center, Saitama Medical University, with approval
numbers J21-014, H2021-094, and 11303-06, respectively. Written informed consent was obtained from the
parents of each patient. And we used fibroblasts from healthy individuals as controls (normal human dermal
fibroblasts purchased from PromoCell Company [#C-12300; Heidelberg, Germany]). Our four patients were
diagnosed with LS and MELAS, as previously described®. Two of the patients had genetically identified cases of
LS, including one with an m.10158 T>C, p(S34P) mutation in MT-ND3 (Case 1; LSNP?) and one with a ¢.55 C>T,
p(P19S) mutation in NDUFA1 (Case 2; LSNPUFAL)37:38 Both ND3 and NDUFA1 are subunits of Complex I in the
mitochondrial respiratory chain. Fibroblasts were also obtained from two patients with MELAS, including one
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with an m.3243 A > G mutation in tRNA-Leu (Case 3; MELAS®NALev) and one with an m.5541 C> T mutation
in tRNA-Trp (Case 4; MELAS®NA-T)3 'We additionally obtained fibroblasts from patients with two other types
of mitochondrial diseases: mitochondrial cardiomyopathy (Case 5; MCN®) and Kearns-Sayer syndrome (KSS)
(Case 6; KSS'arse deletion) The patient with mitochondrial cardiomyopathy who presented with HCM and died at
4 months old had an m.13513G > A mutation in the ND5 subunit of complex I (MT-ND5 m.13513G > A), with
78.87% heteroplasmy. The patient with KSS was genetically identified as having a large deletion (m.8290-13802)
of mitochondrial DNA (Table 1). Fibroblasts with fewer than 20 passages from patients and controls were used
in the experiments. The heteroplasmic rate was analyzed by deep sequencing of mutated regions.

Cell culture and growth conditions

Fibroblasts from patients were cultured in 1.0 g/L low-glucose Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 ug/mL streptomycin. Cells
were incubated at 37 °C in 5% CO,.

Reagents

L-Butionine (S, R)-sulfoximine (BSO, No. B690270), a glutathione synthesis inhibitor, was purchased from Wako
Pure Chemical Industries (Tokyo, Japan). RSL3 (No. S8155) was purchased from Selleck Chemicals (Houston,
TX, USA). Fer-1 (No. SML0583) and Lip-1 (No. SML1414) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Z-VAD-FMK (No. 3188-v) and GSK-872 (No. HY-101872) were purchased from Peptide Institute Inc.
(Osaka, Japan) and MedChemExpress (Shanghai, China), respectively. All reagents were dissolved in dimethyl
sulfoxide (DMSO).

Cell viability assays

The BSO assay was performed as previously described®. We performed several cell viability assays to investigate
ferroptosis. Ferroptotic cell death was induced in fibroblasts by ferroptosis inducers (RSL3 at 50-100 nM). In
these cell viability experiments, fibroblasts were cultured to semi-confluence and plated at 5,000 cells per well in
a 96-well culture plate in normal medium. After incubation for 24 h, apomorphine and several compounds were
added as positive controls (Fer-1, or Lip-1) and cultured in the assay medium. All compounds were applied at a
concentration of 1 pM unless otherwise indicated. After incubating the cell plates for 24 h at 37 °C (95% humidity
and 5% CO,), a cell viability assay was performed using Cell Count Reagent SF (Nacalai Tesque, Kyoto, Japan).
Fluorescence intensity was measured using a Benchmark Plus microplate reader (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions.

The assessment of lipid peroxidation

Lipid peroxidation was examined using the fluorescent dye C11-BODIPY581/591 (No. D3861; Thermo Fisher
Scientific, Waltham, MA, USA)?. Fibroblasts were cultured to semi-confluence and then plated at 5,000 cells
per well in a 96-well culture plate in normal medium. After incubation for 24 h, BSO and several other com-
pounds (e.g. apomorphine and Fer-1) were added to each well. After incubation for 24 h, the cells were labeled
with 5 uM C11-BODIPY581/591 for 30 min in the assay medium. The nuclei were stained with Hoechst 33,342.
Representative images were obtained using a Keyence All-in-One Fluorescence BZ-X810 microscope (Keyence
Co., Itasca, IL, USA).

RNA extraction and real-time RT-PCR

Total RNA was extracted from fibroblasts using an RNeasy® Mini Kit (QIAGEN, Valencia, CA, USA) according to
the manufacturer’s instructions*. Total RNA was reverse transcribed to cDNA, followed by amplification by PCR
with a Superscript® VILO cDNA synthesis kit at 60 °C (Invitrogen; Thermo Fisher Scientific). Real-time RT-PCR
was performed using the SYBR Green system with a primer set that amplified a fragment of the target genes to
measure the mRNA expression. The following primers were used: PTGS2 (Forward primer 5'-GCCTGAATGTGC

Case Cell ID Disease Age (years) | Gene mutation Protein Mutation rate (%)
1 LSNP3 Leigh 0 m.10158 T>C, p.(S34P) | ND3 90
2 LSNDUFAL Leigh 5 ¢.55 C>T, p.(P19S) NDUFA1 Nuclear gene
3 MELASRNALew | MELAS 14 m.3243 A>G (tRNA-Leu) |21
4 MELAS®NAT? | MELAS 23 m.5541 C>T (tRNA-Trp) | 49
5 MCNDs mitochondrial cardiomyopathy | 0 ;n( 11)3359133ch >A ND5 79
5 KSSlarge deletion KSS 1 m.8290-13802del - -
Promol Control 0 - - -

Table 1. Fibroblast cell lines from patients with mitochondrial disease. Respiratory chain activities from
fibroblasts: LSNP*—Complex I 9.8%, I1 93.9%, I11 94.5%, IV 47.6%, and CS 100.9%. LSNPUFAl_Complex
127.6%, 11 104.3%, 111 70.1%, IV 77.7%, CS 77.4%. MELAS®NALet__Not available. MELAS®NATrp__
Complex I 48%, 11 103%, 111 65%, IV 18%, MCNP>—not available. KSS®¢ deletion__not available. LS Leigh
syndrome, MELAS myopathy encephalopathy, lactic acidosis, and stroke-like episodes, MC mitochondrial
cardiomyopathy, KSS Kearns-Sayer syndrome.
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CATAA-GACTGAC-3', Reverse primer 5-AAACCCACAGTG-CTTGACACACA-3"), AIFM2 (Forward primer
5-ATGGTTCGGCTGACCAAGAG-3', Reverse primer 5'-GCCACCACATCATTGGCATC-3'), GPX4 (Forward
primer 5-GCCTTCCCGTGTAACCAGT-3', Reverse primer 5'-GCGAACTCTTTGATCT-CTTCG-3'), ACSL4
(Forward primer 5'-CCCTGAAGGATTTGAGATTCACA-3', Reverse primer 5-CCTTAGGT-CGGCCAGTA
GAAC-3'), SLC7A11 (Forward primer 5'-ATGCAGTGGCAGTGA-CCTTT-3', Reverse primer 5-GGCAAC
AAAGATCG-GAACTG-3'), and GAPDH (Forward primer 5-CTTTGTCAAGCTCATTTCCTGG-3', Reverse
primer 5-TCTTC-CTCTTGTGCTCTTGC-3’). The reactions were performed in triplicate. Gene expression
was normalized to that of GAPDH, and the data were analyzed in the Excel software program, version 16.75
(Microsoft, Redmond, WA, USA) using the AACt method.

Western blotting

For whole-cell extracts, cells were lysed in TNE buffer (20 mM Tris-HCL at pH 7.4, 150 mM NaCl, 1 mM EDTA
at pH7.4). Protein concentrations were determined using the Qubit® Protein Assay Kit (Invitrogen; Thermo Fisher
Scientific). Whole-cell lysates were mixed with an equal volume of 2 x sodium dodecyl sulfate (SDS) sample buffer
and boiled. Western blotting was performed using 20 pg of total protein, and immunoprecipitation was per-
formed using XV PANTERA GEL (NXV-361HP; DRC Co., Ltd, Tokyo, Japan). Total cell proteins were separated
by 10% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a PVDF membrane by electrotransfer.
The membrane was blocked for 1 h at room temperature (RT) using 5% skimmed milk/phosphate-buffered saline
with Tween (PBST) and then incubated with the following primary antibodies: rabbit monoclonal anti-PTGS2
(Cox2(D5H5)XP #12282; Cell Signaling, Danvers, MA, USA) at 1:1000 and mouse monoclonal anti-beta-actin
(A1978; Sigma-Aldrich) at 1:5000 in PBST overnight at 4 °C. After washing with PBST 3 times for 10 min each,
the membrane was incubated with the following secondary antibodies: anti-rabbit IgG horseradish peroxidase
(HRP; Cell Signaling) at 1:3000 and anti-mouse IgG HRP (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at
1:2000 for 1 h at RT. After washing with PBST 3 times for 15 min each, the membrane was incubated with Hyper
HRP Substrate (TAKARA BIO INC,, Ohtsu, Japan) for 2 min. Finally, chemiluminescence from the membrane
was imaged using Amersham Imager 680 (GE Healthcare UK Ltd., Little Chalfont, UK). Protein intensities were
measured using the Image] software program (https://imagej.net/ij/) Relative protein levels or protein abundances
were normalized to those in the control group.

Detection of dopamine gene receptor (DRD1-DRD5) expression on control and patient-derived
fibroblasts by RT-PCR

RNA was extracted from isolated control and LS patient fibroblasts (LSNP?) using an RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s protocol. Commercial human Adult Normal Tissue: Brain: Frontal Lobe (Bio-
Chain, Newark, CA, USA) was used as the Positive Control. Total RNA (1500-2000 ng) was reverse-transcribed
into first-strand cDNA using the Superscript VILO ¢cDNA Synthesis kit (Invitrogen; Thermo Fisher Scientific).
RT-PCR was performed using intron-spanning primers (Supplemental Table 1). The DIR/D2R/D5R cycle con-
ditions were as follows: 94 °C for 2 min for polymerase activation, followed by 45 cycles at 98 °C for 10's, 62 °C
for 30 s, 68 °C for 1 min. The D3R cycle conditions were as follows: 94 °C for 2 min for polymerase activation,
followed by 45 cycles of 98 °C for 10 s, 62 °C for 155, 72 °C for 1 min. The D4R cycle conditions were as follows:
94 °C for 2 min for polymerase activation, followed by 5 cycles of 98 °C for 10 s, 68 °C for 1 min, followed by 5
cycles of 98 °C for 10 s, 66 °C for 1 min, followed by 5 cycles of 98 °C for 10 s, 64 °C for 1 min, followed by 25
cycles of 98 °C for 10 s, 62 °C for 1 min, 68 °C for 7 min. The products were resolved on a 2% agarose gel contain-
ing ethidium bromide and photographed.

Interactions between apomorphine and dopamine receptor agonists or antagonists: Effects
on cell viability

Cell viability assays to examine the influence of dopamine receptor agonists or antagonists on the effects of apo-
morphine were performed under RSL-induced oxidative stress. SKF 83566 cells (no. HY-103430A; MedChem-
Express) was used as the D1R antagonist*!, sulpiride (No. $4655; Selleck Chemicals) as the D2R antagonist*,
PD168077 (No. HY-21098A; MedChemExpress) as the D4R agonist*?; L745870 (No. HY-14325; MedChemEx-
press) as the D4R antagonist*!, and SKF38393 (No. $7993; Selleck Chemicals) as the D5R agonist*. The concen-
trations used were determined based on the EC50 and Ki values*=*.

A cell viability assay was performed as previously described®. In brief, fibroblasts were cultured in 1.0 g/L
low-glucose DMEM with 10% FBS at 37 °C in 5% CO, until they reached semi-confluence. Fibroblasts were
seeded at 5,000 cells per well in a 96-well plate. After 24 h of incubation, we divided the cells into 3 groups: a
DR agonist- or antagonist-treated group, a DR agonist- or antagonist-treated group at a concentration 10 times
the EC50 or Ki values, and a DR agonist- or antagonist-treated group at a concentration 100 times the EC50 or
Ki values. Apomorphine was added at a final concentration of 1 M. After 24 h of incubation, the cell survival
rate was checked using Cell Count Reagent SF (Nacalai Tesque). The cell viability of Apomorphin-treated group
without RSL3 was used as 100% to compare other groups cell viabilities.

Statistical analyses

The results are expressed as the mean + standard deviation. Comparisons between multiple-group means were
performed using a one-way analysis of variance with Bonferroni’s post-hoc test. Statistical significance was
set at P <0.05. Statistical analyses were performed using the GraphPad Prism software program version 9.3.1
(GraphPad Software Inc., La Jolla, CA, USA).
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The datasets and raw data used and/or analyzed during the current study are available from the corresponding
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Abstract

Background and objectives Oculopharyngodistal myopathy (OPDM) is an autosomal dominant myopathy clinically charac-
terized by distal muscle weakness. Even though the identification of four causative genes, LRP12, GIPCI, NOTCH2NLC and
RILPLI, it is unclear whether the myopathy progressed similarly among OPDM subtypes. We aimed to establish diagnostic
clues in muscle imaging of OPDM in comparison with clinicopathologically similar oculopharyngeal muscular dystrophy
(OPMD).

Methods Axial muscle CT and/or T1-weighted MRI data from 54 genetically confirmed patients with OPDM (OPDM_
LRP12; n=43, OPDM_GIPC1; n=6, OPDM_NOTCH2NLC; n=5) and 57 with OPMD were evaluated. We scored the
degree of fat infiltration in each muscle by modified Mercuri score and performed hierarchical clustering analyses to classify
the patients and infer the pattern of involvement on progression.

Results All OPDM subtypes showed a similar pattern of distribution in the affected muscles; soleus and medial gastrocne-
mius involved in the early stage, followed by tibialis anterior and extensor digitorum longus. For differentiating OPDM and
OPMD, severely affected gluteus medius/minimus and adductor magnus was indicative of OPMD.

Discussion We identified a diagnostic muscle involvement pattern in OPDM reflecting its natural history. The results of this
study will help in the appropriate intervention based on the diagnosis of OPDM, including its stage.

Keywords Oculopharyngodistal myopathy - Oculopharyngeal muscular dystrophy - Skeletal muscle imaging

Introduction

Oculopharyngodistal myopathy (OPDM) is an autosomal
dominant myopathy that is characterized, clinically, by
slowly progressive ptosis, ophthalmoplegia, dysphagia, and
predominantly distal limb muscle weakness; and, pathologi-

The list of “the OPDM/OPMD Image Study Group” members were cally, by the presence of rimmed vacuoles and small angu-
listed in Acknowledgements section. lar fibers. To date, the cause of OPDM has been identified
54 Tchizo Nishino as CGG repeat expansion in the 5’UTR of LRP12, GIPCI,

nishino@ncnp.go.jp NOTCH2NLC, and RILPLI genes [1-5]. However, it is curi-

ous that the clinicopathological phenotype is believed to be

Department of Neuromuscular Research, National similar despite the different causative genes [6].
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Tokyo 187-8502, Japan other hand, is caused by the expansion of the alanine stretch
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of Medicine, Kashihara, Nara, Japan clinicopathologically similar to OPDM in terms of oculo-
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reported that some OPDM patients can show predominantly
proximal muscle weakness, mimicking OPMD [8]. These
situations naturally raise the following three questions: (1)
Is OPDM a heterogeneous disease? (2) Do the subtypes of
OPDM with different causative genes represent different
clinical phenotypes? (3) Is the distribution of affected mus-
cles different between OPDM and OPMD?

Skeletal muscle computed tomography (CT) and mag-
netic resonance imaging (MRI) have been widely used in
the diagnosis of neuromuscular diseases. The selective fatty
replacement patterns on muscle imaging sometimes show
disease-specificity and have been used for diagnosis [9, 10].
Therefore, it may be possible to answer the three questions
by using skeletal muscle imaging data, which show the spe-
cific patterns of affected muscles in OPDM and OPMD.
However, there have been only a few studies of muscle
imaging on OPDM [11-16], and in particular, no studies
have discussed the differences in skeletal muscle imaging
for each OPDM harboring different causative genes. In this
study, using imaging data from a large cohort of genetically
confirmed patients with OPDM, we aimed to identify the
characteristic distribution of muscle involvement reflecting
its natural history and to provide helpful information that
can be translated into clinical practice.

Methods
Subjects

Among the patients with muscles and/or blood samples sent
for diagnostic purposes to the National Center of Neurol-
ogy and Psychiatry (NCNP), a nationwide referral center
for neuromuscular diseases in Japan, from January 1, 1978
to December 31, 2021, we searched for the patients with
muscle images who were genetically diagnosed to have
CGG repeat expansion in LRP12, GIPC1, NOTCH2NLC,
and GCN repeat expansion or reported missense mutation
in PABPNI [17-19]. Images taken at multiple time points in
the same patient were treated as independent image series.

Clinical data

The demographic data of the patients with OPDM and
OPMD was obtained from the records maintained in the
NCNP muscle repository. The clinical information collected
on the patients included the gender, age at muscle imaging,
disease duration, genetic information, initial symptoms, and
symptoms at examination such as ptosis, ophthalmoplegia,
dysphagia, and weakness of limb and neck muscles. We
determined the distribution of muscle weakness by com-
paring between the sum of the Medical Research Council
scale in the proximal (shoulder abduction, elbow flexion and

@ Springer

extension, hip flexion and extension, knee flexion and exten-
sion) and that of the distal (wrist flexion and extension, fin-
ger flexion and extension, ankle flexion and extension) limb.

Muscle imaging

We reviewed axial muscle imaging data of CT or
T1-weighted MRI in OPDM and OPMD patients, including
the muscles of the trunk (cervical paraspinal; C-PS, sterno-
cleidomastoid; SCM, levator scapulae; LS, splenius capitis;
SC, pectoralis major; PM, deltoid; DEL, infraspinatus; InfS,
subscapularis; SubS, trapezius; TPZ, rhomboid; RH, ser-
ratus anterior; SeA, thoracic paraspinal; Th-PS, iliocostalis
lumborum; ICL, longissimus: LO, multifidus; MF, rectus
abdominis; RA), pelvis (gluteus maximus/medius/minimus;
GMA/GME/GMI), thigh (rectus femoris; RF, sartorius; SA,
gracilis; GR, vastus lateralis/medialis/intermedius; VL/VM/
VIM, adductor longus/magnus; AL/AM, semimembranosus;
SM, semitendinosus; ST, the short/long head of biceps fem-
oris; SBF/LBF) and calf (tibialis anterior/posterior; TA/TP,
extensor digitorum longus; EDL, fibularis longus/brevis; FL/
FB, soleus; SOL, medial/lateral gastrocnemius; MGC/LGC).
Each muscle was evaluated on both sides and scored at the
level of the maximum area. The degree of fat infiltration was
determined according to the modified Mercuri score (mMS);
stage 0: normal appearance; stage 1: mildly decreased sig-
nal density (CT) or increased signal intensity (T1-weighted
MRI); stage 2: moderately decreased signal density (CT)
or increased signal intensity (MRI) with the confluence in
less than 50% of the muscle; stage 3: severely decreased
signal density (CT) or increased signal intensity (MRI) in
more than 50% of the muscle; and stage 4: the whole muscle
is replaced by lower density (CT) or high signal intensity
(MRI) [10, 20]. Asymmetry was defined as mMS differ-
ing by two or more points on the left and right sides [21].
The MRI and CT images were scored independently by two
neurologists who were blinded for the clinical information
of the patients.

Statistical analysis

We used Student’s 7 test to compare the quantitative vari-
ables in two groups and one-way ANOVA with Tukey's mul-
tiple comparisons test for more than two groups. To investi-
gate the correlation between the clinical and muscle imaging
findings, Spearman’s rank correlation was used. The data
was shown as mean + SD and considered statistically sig-
nificant at p < 0.05. Statistical analyses, including principal
component (PC) analysis, were performed by using Graph-
Pad Prism version 9.4.1 for Windows (GraphPad Software,
San Diego, California, USA). The hierarchical analysis with
graphical representation as a heatmap was performed using
R software version 4.2.1.
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Standard protocol approvals, registrations,
and patient consents

This study was approved by the ethical committees of the
NCNP (A2022-045).

All of the participants provided a written informed con-
sent for using their data for research.

Data availability

The data supporting the findings in this study are available
from the corresponding author upon request.

Results
Clinical findings

A total of 111 patients composed of 43 OPDM_LRP12, 6
OPDM_GIPC1, 5 OPDM_NOTCH2NLC, and 57 OPMD
patients were enrolled. The clinical features were shown
in Table 1. In OPDM, the average age at onset of symp-
toms in OPDM_NOTCH2NLC was significantly younger
than that of OPDM_GIPC1 (p=0.02). Regarding the initial
symptoms, ptosis and muscle weakness were common in
OPDM_LRP12 and OPDM_GIPCI1. In contrast, OPDM _
NOTCH2NLC had no ptosis but had neuropsychiatric symp-
toms as an initial symptom. In all of the OPDM subtypes,

most of the patients showed predominantly distal muscle
weakness, while a proportion of patients also showed weak-
ness in the proximal muscles equally, and some showed
mainly proximal muscle weakness. In OPMD, on the other
hand, the average age at symptom onset was significantly
older than those in the OPDM subtype (p <0.0001). Ptosis
was the most common symptom at onset, which was fol-
lowed by muscle weakness and dysphagia. It is important to
note that 9.1% of the patients showed non-proximal muscle
weakness. Neck muscle weakness was observed in all of
the subtypes of OPDM and OPMD, but was particularly
frequent in OPDM_NOTCH2NLC.

Muscle imaging

We evaluated 39 muscles among all the enrolled patients.
One OPDM_NOTCH2NLC patient, along with 3 OPDM_
LRP12 and 2 OPDM_GIPCI1 patients, had multiple image
series at different time points (7, 5, 2, 2, 3, 2 series, respec-
tively). As a result, we reviewed a total of 4914 muscle
images of 126 series in 111 patients (Supplemental Table).
To analyze the CT and MRI data together in same platform,
we evaluated the data from these imaging modalities in the
same individuals. Among the enrolled patients, both CT and
MRI data were obtained in 178 muscles from 15 patients.
The mMS by CT and MRI in these muscles correlated well
(MMSy;=0.9 X mMSp+0.3, 1> =0.84) as shown in the
Supplemental Figure. Using this formula, CT scores were

Table 1 Clinical demographics

OPDM_ OPDM_ OPDM_ OPMD_PABPNI (n=57)
of OPDM and OPMD LRP12 GIPCI NOTCH2NLC
(n=43) (n=6) (n=5)
Age at onset (y, mean+SD) 41+9.4 46+10 30+11% 55.4410.0%%**
Male (%) 58 33 40 56
Initial symptom (%)
Ptosis 37 50 0 58
Dysphagia 14 0 0 21
Muscle weakness 40 33 40 26
Neuropsychiatric 0 0 60 0
Symptoms at diagnosis (%)
Ptosis 100 100 60 96
Dysphagia 95 100 60 96
Muscle weakness 95 100 100 91
Proximal > distal 0 17 0 80
Proximal =distal 14 33 40 5.5
Proximal < distal 77 50 60 3.6
Neck 51 40 80 38
CK (IU/L, mean + SD) 484 +339 279+276 474 +514 423 +459

OPDM oculopharyngodistal myopathy, OPMD oculopharyngeal muscular dystrophy, CK creatine kinase
#kkp <0.0001 (vs OPDM_LRP12, OPDM_GIPC1, OPDM_NOTCH2NLC),

*p<0.05 (vs OPDM_GIPC1)

@ Springer
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«Fig. 1 The mMSs of trunk and limb muscles in OPDM and OPMD.
(A) The average mMSs of each muscle for three subtypes of
OPDM and OPMD are shown in bar plots. *p<0.05; **p<0.01;
*#%p <0.001; ****p<0.0001. (B) A graphical summary of the
degree of fat replacement in the thigh and calf muscles. OPDM ocu-
lopharyngodistal myopathy, OPMD oculopharyngeal muscular dys-
trophy, mMS modified Mercuri score, C-PS cervical paraspinal, SCM
sternocleidomastoid, LS levator scapulae, SC splenius capitis, PM
pectoralis major, DEL deltoid, InfS infraspinatus, SubS subscapularis,
TPZ trapezius, RH rhomboid, SeA serratus anterior, Th-PS thoracic
paraspinal, ICL iliocostalis lumborum, LO longissimus, MF multi-
fidus, RA rectus abdominis, GMA gluteus maximus, GME gluteus
medius, GMI gluteus minimus, RF rectus femoris, SA sartorius, GR
gracilis, VL vastus lateralis, VM vastus medialis, VIM vastus interme-
dius, AL adductor longus, AM adductor magnus, SM semimembrano-
sus, ST semitendinosus, SBF the short head of biceps femoris, LBF
the long head of biceps femoris, TA tibialis anterior, EDL extensor
digitorum longus, FL fibularis longus, FB fibularis brevis, TP tibialis
posterior, LGC lateral head of gastrocnemius, MGC medial head of
gastrocnemius, SOL soleus

converted to MRI scores and the converted MRI scores were
used for analyses after being rounded off. The two scores
were equal in all data. The average mMS of each muscle was
shown in Fig. 1A and a graphical summary of the thigh and
calf muscles using the median mMS was shown in Fig. 1B.

In OPDM, calf muscles were more extensively replaced
by fat compared with the thigh muscles (mMS =2.89+0.41
vs 2.20+0.38, p=0.002). In particular, TA, EDL, MGC,
and SOL were severely affected in all subtypes of OPDM.
Among the subtypes of OPDM, OPDM_NOTCH2NLC
had more severely affected muscles in comparison with
the other subtypes (GMA, RF, VL, GR, AM, SBF, FL, FB,
LGC). As for OPMD, there was no significant difference in
the degree of fat replacement between thigh and calf mus-
cles (mMS =2.16+0.66 vs 2.36+0.71, p=0.55). AM and
SOL were the most severely affected, while TA, RF, and
GR were relatively spared. Comparing OPDM and OPMD,
TA and EDL were significantly more severely affected
in OPDM than in OPMD, while AM was more severely
affected in OPMD. These results suggest that these mus-
cles would be informative in differentiating between the two
diseases. In the truncal muscles, SeA and SubS were more
severely affected in OPMD than OPDM_GIPC1 or OPDM_
NOTCH2NLC. Additionally, asymmetric muscle involve-
ment was observed in 15 of 43 OPDM_LRP12 (25.6%), 1
of 9 OPDM_GIPCI (11.1%), 2 of 11 OPDM_NOTCH2NLC
(22.2%), and 6 of 57 OPMD (10.5%) image series.

To visualize the pattern of muscle involvement, we
performed a hierarchical analysis and drew the heatmap
for the patients with all 28 muscles available in the pel-
vis, thigh, calf, and thoracic/lumbar paraspinal (OPDM_
LRP12: 32 patients [38 image series], OPDM_GIPCI:
6 patients [9 image series], OPDM_NOTCH2NLC: 5
patients [11 image series], OPMD: 36 patients [36 image
series]). In the heatmap of OPDM (Fig. 2A), 58 image

series were classified into two large groups, the right
group with a significantly longer disease duration than the
left (17.9+9.5 vs 10.0 + 8.8 years, p=0.002). Also, the
dendrogram showed that 28 muscles were classified into
four clusters according to the pattern of muscle involve-
ment. Together with disease duration, these clusters may
indicate the following implications; MGC, SOL: severely
affected from the earliest stage of the disease; FL, FB,
LGC, TA, EDL: severely affected in the later stage and
can be in early stage; AL, VIM, VM, VL, GMA, AM, SM,
LBF, MF, Th-PS, GMI, GME, RA, TP, ST, SA, LO, ICL:
affected in the later stage; GR, RF, SBF: relatively spared
in the later stage. On the other hand, hierarchical analy-
sis did not clearly divide the patients into each OPDM
subtype. Similarly, a PC analysis using each mMS of 28
muscles also did not reveal differences between the OPDM
subtypes (Fig. 2B). This may indicate that it is difficult to
differentiate OPDM subtypes based on the image findings
of these 28 muscles.

We also performed a hierarchical analysis on OPMD
(n=236) and the heatmap was shown in Fig. 3. The patients
were classified into two large clusters, the right had an
older age at muscle imaging than the left (70.3 +6.5 vs
65.3+10.0 years, p=0.104). Muscles were classified into
four large clusters, indicating that; AM, SOL: affected in
the earliest stage of the disease; FB, GME, GMI, SBF, RA,
TP, MGC, LBF, LGC, GMA, ST: severely affected in the
later stage; AL, VL, SA, VM, VIM, FL, EDL, ICL, LO, SM,
Th-PS, MF: affected in the later stage; GR, RF, TA: spared
even in the advanced stage. The patients were not divided
by the GCN repeat size.

Next, we investigated the correlation between mMS and
clinical information, such as age at muscle imaging (Age)
and disease duration (Duration). Based on the heatmap, we
selected only the muscles whose severity correlated with dis-
ease progression; excluding GR, RF, SBF, MGC, and SOL
for OPDM and GR, RF, TA, AM, and SOL for OPMD, and
summed the mMS of these muscles. The scores were set as
“sum_OPDM” and “sum_OPMD”, respectively. In OPDM,
we observed a significant positive correlation between
Age and sum_OPDM only in OPDM_NOTCH2NLC
(p<0.0001) (Fig. 4, left) while the Duration and mMS sum_
OPDM were significantly correlated in OPDM_LRP12 and
OPDM_NOTCH2NLC (p <0.05) (Fig. 4, right). Similarly,
in OPMD, sum_OPMD were significantly correlated with
both Age and Duration.

Then, to examine the image-based separation of OPDM
and OPMD patients, we performed a hierarchical analysis
on the combined OPDM and OPMD images (79 patients,
94 image series) (Fig. 5SA). The patients were classified
into subclusters according to each disease. Interestingly,
even the patients with atypical muscle weakness, i.e., equal
weakness in proximal and distal muscles, or distal muscle
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«Fig. 2 Hierarchical and PC analysis of OPDM. (A) The heatmap
shows the fat replacement in the thigh, calf, lumbar paraspinal, and
thoracic paraspinal muscles (row) in each patient (column). The mus-
cles and patients are clustered based on the degree of fat infiltration,
OPDM subtype, duration of the disease, and age. The degree of fat
infiltration is indicated by the red scale color as shown in the right
upper corner. At the top of the heatmap, the duration of the disease is
shown in grayscale and the OPDM subtype of each patient is color-
coded. (B) PC analysis did not show a distinct separation between
OPDM subtypes

predominance in OPMD or proximal muscle predominance
in OPDM, were correctly included in the disease subclusters.

Lastly, to identify the informative muscles differentiating
OPDM and OPMD, we performed PC analysis on the data
of mMS of 28 muscles from combined OPMD and OPDM
patients. The plot showed that OPDM and OPMD are clearly
separated and with a relative difference in distribution
(Fig. 5B). The loading plot showed that AM, GME, GMI,
and TP have a strongly negative influence on PC2 (more
likely to be affected in OPMD), while TA, EDL, MGC,
Th-PS, and FL have a strongly positive influence (preferen-
tially affected in OPDM), indicating that these muscles are
important for distinguishing between OPDM and OPMD
(Fig. 5C). In our study, patients whose mMS for TA score
was greater than or equal to that for AM would correspond
to the diagnosis of OPDM with a sensitivity of 86.4% and a
specificity of 100%.

Discussion

Our large cohort study of the muscle imaging findings of
genetically confirmed patients with OPDM and OPMD illus-
trated the pattern of characteristic muscle involvement that
can differentiate the two diseases. By hierarchical cluster-
ing and PC analysis, we obtained three major results: (1) In
OPDM, SOL and MGC were the most severely affected from
the earliest stage, followed by FL, FB, LGC, TA, and EDL,
while GR, RF, SBF were spared even in the advanced stage;
(2) Imaging findings could not significantly differentiate the
three subtypes of OPDM; (3) For differentiation between
OPDM and OPMD, severe involvement in TA, EDL, and
MGC suggests OPDM, whereas if in AM, GMI, GME indi-
cates OPMD.

For all subtypes of OPDM and OPMD except for OPDM_
GIPCl1, disease duration correlated with the severity of fat
infiltration. However, the age at muscle imaging did not
correlate with mMS in OPDM_LRP12 and OPDM_GIPCI1.
This may reflect the possibility that age by itself does not
necessarily correlate with disease progression, since dis-
ease onset depends on the repeat length in these subtypes
of OPDM [6, 11, 22].

To date, only limited case series have reported the imag-
ing features of OPDM with selective involvement in the pos-
terior calf muscles, such as SOL and MGC/LGC, regard-
less of the causative gene, in addition to AM and LBF in
OPDM_NOTCH2NLC [2-5, 11, 20, 22, 23]. And one report
by Yu et al. described that the pattern of muscle involvement
with disease progression is similar among OPDM subtypes
caused by LRP12, GIPCI, and NOTCH2NLC mutation [4].
In our study, we found that OPDM_NOTCH2NLC tended
to exhibit a more extensive and severely affected muscle
distribution at thigh level than the other subtypes; however,
hierarchical and PC analysis did not differentiate the mus-
cle involvement pattern among OPDM subtypes. This may
be due to the small number of cases in OPDM_GIPC1 and
OPDM_NOTCH2NLC. Therefore, further accumulation of
the cases and investigation on image analysis is needed. In
OPMD, on the other hand, the early involvement in AM and
SOL has been reported [12—14], which was consistent with
our findings. In the truncal muscles, selective fat replace-
ment of the serratus anterior and subscapularis muscles has
been reported [12], but in our study, there was no significant
difference between OPDM_LRP12 and OPMD in these mus-
cles. In addition, GNE myopathy and Miyoshi type myo-
pathy are also important differentials of OPDM as distal
myopathy. In the former, the quadriceps femoris muscles
are relatively spared, while TA, thigh flexors, and adductor
muscles are selectively affected [24]. Miyoshi myopathy has
recently been reported to have equal degree of fat replace-
ment in distal and proximal muscles regardless of the stage
of the disease, as is thought to be the same disease as limb
girdle muscular dystrophy R2 [25, 26]. Although these find-
ings appear to be similar in part to those of OPDM, we may
clarify the differences in the pattern of muscle involvement
in these “distal myopathies” by using hierarchical and prin-
cipal component analysis which we used in this study and
will contribute to make the differential diagnosis of these
myopathies by imaging findings in future.

The strength of our study is that we identified affected
muscles with natural disease courses as a group rather than
a single one using a hierarchical analysis. Interestingly, even
cases with a distribution of atypical muscle weakness were
classified exactly as OPDM or OPMD. This provides more
robust clues for diagnosis and clarifies where we should
focus our attention on physical examinations. For example,
observing how the patient walks and measuring the strength
of the GME and GMI may help us get closer to a diagnosis
even without the skeletal muscle imaging. Furthermore, our
findings would provide insight into the patient's stage of dis-
ease and prognosis of muscle symptoms. This could serve as
indices when clinical trials are conducted in the future and
be useful in guiding patients in their daily lives, rehabilita-
tion, and orthotic adjustments.
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Fig. 3 Hierarchical analysis of OPMD. The involved muscles in the
thigh, calf, lumbar paraspinal, and thoracic paraspinal muscle on each
patient are shown. The muscles and patients are clustered based on

This study has several limitations. First, the number
of patients harboring CGG repeat expansion in GIPCI or
NOTCH2NLC was small compared to patients with LRP12.
In addition, patients with RILPLI mutation were reported
only from China and not included in our cohort [27]. Sec-
ond, we regarded the repeated scans of patients as indi-
vidual imaging series for analysis. This can lead to biases
in which individual characteristics influence group ones.

@ Springer

¥ANdO

0123 4

Age at image (years old)
55 65 75 85

GCN repeat size (heterozygous)
15
|16

I missense

12
13

|

LT

¢aNdo
L¥ANdO

9aNdO
1GANdO
€1ANdO
62AINdO
1ANDO
9€ANdO

1ANdO
0LANdO
12ZANdO
L€ANDO
SEANdO
€¥ANDO

the degree of fat infiltration and age. The degree of fat infiltration is
indicated by the red scale color. The age at muscle imaging is shown
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For example, we used 7 image series of the same patient
in the OPDM_NOCTH2NLC group (n=11), and it is pos-
sible that the pattern of muscle involvement of this patient
affected that of this group. However, we did not detect any
statistical difference in the distribution of affected muscles
in OPDM_NOCTH2NLC from OPDM due to other causa-
tive genes, therefore, this type of bias may not be signifi-
cant in our study. Third, this study was retrospective and we
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Fig.4 Correlation of total mMS with clinical features. On linear
regression analyses, a significant positive correlation between age
at muscle imaging (Age) and sum of mMS was seen in OPDM_
NOTCH2NLC (p<0.0001), while the disease duration (Duration)

only analyzed 28 muscles due to incomplete data. To better
characterize skeletal muscle imaging in OPDM, and to con-
firm the results from our study, a prospective cohort with
whole-body muscle imaging data will be needed. However,
we demonstrated that these 28 muscles could explicitly char-
acterize the distribution of affected muscles in OPDM and
were at least adequate in differentiating OPDM from OPMD.

This study provided the following answers to the ques-
tions raised in Introduction: (1) Is OPDM a heterogeneous
disease?—Yes, OPDM is genetically and clinically hetero-
geneous. (2) Do the subtypes of OPDM with different causa-
tive genes represent different clinical phenotypes?—No, the
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and sum of mMS were significantly correlated in all subtypes of
OPDM (p<0.05). In OPMD, sum of mMS was significantly corre-
lated with both Age and Duration

subtypes of OPDM with different causative genes represent
similar clinical patterns of affected muscles on disease pro-
gression. (3) Is the distribution of affected muscles different
between OPDM and OPMD?—Yes, the distribution is dif-
ferent between OPDM and OPMD. This large cohort study
has statistically defined the disease stage-dependent mus-
cle involvement pattern in OPDM caused by CGG repeat
expansion in LRP12, GIPC1, and NOTCH2NLC. This is not
only useful for the diagnosis of OPDM including its disease
stage, but also for more efficient genetic testing by highlight-
ing the differences from OPMD, which is often difficult to
differentiate.
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We would like to thank Finsterer" for his interest in our article. In his let-
ter,' the importance of differential diagnosis including the other muscular
disorders was emphasized.

In our case, presence of myopathy was evidenced by pathological changes
in muscle biopsy samples." Of note, we routinely perform a full battery of
histochemistry for all muscle biopsy samples, including succinate dehydro-
genase (SDH), cytochrome ¢ oxidase (COX), SDH/COX double stain, as
well as more than 20 different antigens for immunohistochemistry, including
a variety of proteins deficient in muscular dystrophies. In our case, there
were no findings suggestive of mitochondrial abnormalities, such as ragged
red fibres, COX-negative fibres, and strongly SDH-reactive blood vessels,
and all muscular dystrophy-associated proteins were normally expressed.
Further, there were no findings of fatty replacement on muscle imagining
analysis, which is one of the features suggesting hereditary myopathy.® Blood
test showed positive anti-mitochondrial M2 antibody (AMA) and normal lac-
tate level (0.9 mmol/L). There were no findings indicating dysfunction of the
other organs based on physical examination, blood tests, and imaging studies.
The information on detailed family history showed no histories of muscular or
cardiac disorders, pacemaker implantation, or sudden death, except for atrial
fibrillation in her mother. These findings ensured an adequate diagnosis of
AMA:-associated myopathy, and there was no clear indication for genetic
testing.

We are afraid that his suggestion that mitochondrial myopathy should be
ruled out seems to be irrelevant for the reasons as follows. First, as mentioned
above, there were no clinicopathological features suggesting mitochondrial
disease. Second, AMA has never been associated with mitochondrial myop-
athy.* Although he showed recent meta-analysis, it merely evaluated the
diagnostic value of AMA for cardiac involvement in idiopathic inflammatory
myopathies (IIMs), not its pathogenicity.

Among a variety of myositis-specific antibodies (MSAs) reported in lIMs,
anti-nuclear antibody was positive (x80), but ribonucleoprotein, Sj6 gren’s
syndrome - A, Sj6 gren’s syndrome - B, and Jo-1 antibodies were all negative
in our case. Remarkably, MSAs have the particularity of being mutually ex-
clusive, the co-existence of two or more in the same patient being exceed-
ingly rare (reportedly 0.18%).°

We are sure that the other cardiac diseases were adequately ruled out.
There were no findings indicating arrhythmogenic right ventricular (RV)
cardiomyopathy including electrocardiogram changes, regional RV wall
motion abnormalities, or pathological changes in endomyocardial biopsy
samples. Amyloidosis was ruled out since Congo red staining was negative
both in skeletal muscle and myocardial tissues. Fluor-deoxy-glucose (FDG)-
positron emission tomography was performed for suspected sarcoidosis.
Although that showed diffuse uptake of FDG in cardiac muscles indicating false
positive finding, there were no other lesions (i.e. lymph nodes) with FDG up-
take. Biomarkers and gallium scintigraphy demonstrated negative findings.

European Heart Journal - Case Reports (2023) 7, 1

Electrophysiology

There was no evidence of epithelioid cell granulomas in endomyocardial
biopsy samples. From these findings, sarcoidosis was deemed highly
unlikely.!

In summary, in our case, the diagnosis of AMA-related myopathy was
made, and the other cardiac and muscular disorders were ruled out with
certainty. The pathogenicity of AMA and mitochondrial derangement in
AMA-associated myopathy remain to be elucidated and need further
investigation.
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Abstract

Background and Objectives

Pathogenic variants in the valosin-containing protein (VCP) gene cause a phenotypically heteroge-
neous disorder that includes myopathy, motor neuron disease, Paget disease of the bone, fronto-
temporal dementia, and parkinsonism termed multisystem proteinopathy. This hallmark pleiotropy
makes the classification of novel VCP variants challenging. This retrospective study describes and
assesses the effect of 19 novel or nonpreviously clinically characterized VCP variants identified in
28 patients (26 unrelated families) in the retrospective VCP International Multicenter Study.

Methods

A 6-item clinical score was developed to evaluate the phenotypic level of evidence to support
the pathogenicity of the novel variants. Each item is allocated a value, a score ranging from 0.5 to
5.5 points. A receiver-operating characteristic curve was used to identify a cutoff value of 3 to
consider a variant as high likelihood disease associated. The scoring system results were
confronted with results of in vitro ATPase activity assays and with in silico analysis.

*These authors contributed equally to this work.
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Glossary

ALA = age at last assessment; ALS = amyotrophic lateral sclerosis; ACMG = American College of Medical and Genomic
Genetics; AOO = age of onset; CADD score = combined annotation dependent depletion; CM = cardiomyopathy; D =
dementia; Dys = dysautonomia; ED = extrapyramidal disorder; FTD = fronto temporal dementia; IBMPFD = Hereditary
Inclusion-Body Myopathy with Paget’s Disease of the Bone and Frontotemporal Dementia; LL = lower limbs; LMN = lower
motor neuron signs; LP = likely pathogenic; MND = motor neuron disease; MSP = multisystem proteinopathy; Myo =
myopathic pattern; Neu = neurogenic pattern; NGS = next generation sequencing; PDB = Paget disease of the bone; RA =
regional atrophy; RV = rimmed vacuoles; SIFT = sorting intolerant from tolerant; SW = scapular winging; UL = upper limbs;
UMN = upper motor neuron signs; VCP = Valosin-containing protein; VUS = variant of unknown significance.

Results

All variants were missense, except for one small deletion-insertion, 18 led to amino acid changes within the N and D1 domains,
and 13 increased the enzymatic activity. The clinical score coincided with the functional studies in 17 of 19 variants and with the
in silico analysis in 12 of 19. For 12 variants, the 3 predictive tools agreed, and for 7 variants, the predictive tools disagreed. The

pooled data supported the pathogenicity of 13 of 19 novel VCP variants identified in the study.

Discussion

This study provides data to support pathogenicity of 14 of 19 novel VCP variants and provides guidance for clinicians in the

evaluation of novel variants in the VCP gene.

Introduction

Valosin-containing protein (VCP), or p97, is an hexameric pro-
tein from the AAA+ (ATPases Associated with diverse cellular
Activities) family involved in the remodeling of molecules using
the energy of ATP hydrolysis." VCP is encoded by the VCP gene,
a 17-exon gene on chromosome 9.> Variants in the VCP gene
were initially described in patients with inclusion body myopa-
thy, Paget disease of the bone, and frontotemporal dementia
(IBMPFD).” However, this acronym is insufficient to capture the
expanding phenotypic spectrum of VCP patients, and currently,
this disease is more accurately considered a member of a group of
conditions known as multisystem proteinopathy (MSP).>* In
fact, only 3-12% of patients with VCP-MSP show the typical
triad of IBMPFD?; there is heterogeneous phenotypes within
families®®; and variants in VCP can lead to a plethora of clinical
presentations making the diagnosis a complicated task.**"”

To date, only missense variants have been described in patients
with VCP-MSP.>"?° In all cases, the pattern of inheritance is
dominant. The mechanism of VCP dysfunction is likely context-
dependent because assays studying VCP mutant function in vitro
and in vivo support a gain and loss of function mechanism.
In vitro, most pathogenic variants have an increase in ATPase
activity, what reflects an induced structural change allowing for an
increase in ATP accessibility and ADP release. By contrast, cells
and animals expressing VCP-MSP variants behave similarly to
VCP chemical or genetic inhibition suggesting that VCP patho-
genic variants are dysfunctional.” How the apparent increase in
ATPase activity in vitro correlates with a loss of VCP function in
vivo remains to be explored but is likely due to the complex
interactions of adaptor proteins mediated by the ATPase cycle.
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Challenges in asserting the pathogenicity to novel VCP variants
are due to the diverse phenotypic presentations, the possible
varied gene penetrance, and the fact that ancillary tests may
support the diagnosis but do not show pathognomonic fea-
tures. In addition, patients could be seen by clinicians with
different backgrounds; neurologists specialized in dementia,
movement disorders, or muscle diseases; endocrinologists; or
rheumatologists, which could lead to fragmented and siloed
care making difficult the recognition that there is a monogenic
disease segregating in the family.

Current strategies to evaluate the pathogenicity of novel variants
often rest solely on genetic evidence such as variant rarity in
population databases or segregation of the variant with pheno-
type in families. This approach does not consider that in mul-
tisystem diseases, such as in VCP-MSP, sometimes only limited
phenotypic information is available for the ordering clinician. In
addition, there is no clear consensus on functional assays that
may help define pathogenic function of VCP variants.

In this study, we report 19 novel variants in the VCP gene iden-
tified in the collaborative VCP International Multicenter Study.®
We have developed a scoring system to help in the assessment of
the potential pathogenicity of novel VCP variants and have con-
fronted the results of our score with results of functional testing.

Methods

Patients
Patients included in this report are part of the descriptive ret-
rospective VCP International Multicenter Study that collected

Neurology.org/NG
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Table 1 Scoring System

Item Description Points allocated
Item 1 Presence of a VCP-MSP core phenotype in the patient: myopathy, dementia,® PDB, motor neuron disease, and/or 1
extrapyramidal disorder

Item 2 Positive family segregation following an autosomal dominant pattern of inheritance 1

Item 3 First-degree relative showing any of the VCP-MSP core phenotypes (even without genetic confirmation) 1

Item 4 Novel variant reported in an unrelated individual (from an unrelated family) with a VCP-MSP core phenotype® 1

Item 5 Muscle biopsy of the patient showing rimmed vacuoles or protein inclusions/aggregates 1

Item 6 Presence of “fat pockets” on axial T1-w MRI of the tight and/or legs. 0.5

Abbreviations: MSP = multisystem proteinopathy; PDB = Paget disease of the bone.
The scoring system aids in evaluating the phenotypic level of evidence supporting the pathogenicity of a novel and/or nonpreviously clinically characterized
variant in the VCP gene using clinical, family history, and ancillary test data available on clinical practice. For each variant, the points of the items present are

added, and based on the total score, the variant is classified as follows:
eHigh likelihood disease associated variant: >3 points.

eProbable disease associated variant: 2-3 points.

eVariant with undetermined association: 0.5-1.5 points.

This scoring system is suggested to be applied after a novel/VUS variant in the VCP gene was identified and other genetic diagnosis are less likely to explain the

clinical phenotype of the patient.

This scoring should be reapplied on each regular patient’s clinical follow-up to build up the phenotypic level of evidence longitudinally. This may require
collecting additional data on sign/symptoms, family history, ancillary test results, and published literature evidence.

2 Preferably, but not exclusively, frontotemporal dementia.

b This is the case for variant p.lle216Met, p.lle369Thr, p.lle241Ser, or p.Met158Thr in this study.

clinical, genetic, and ancillary test data from 25S patients
seen in 52 centers from 24 countries.® “To standardize
variant interpretation, which was performed differently
within individual countries, all genetic variants were cen-
trally reviewed by an experienced geneticist from the John
Walton Muscular Dystrophy Centre using the criteria
suggested by the American College of Medical and Geno-
mic Genetics (ACMG) as a guide.22
were analyzed using larger databases including 1,000 ge-
nomes, dbSNP, ExAC and Exome Variant Server. Variant
nomenclature was based on transcript reference NM_
007216.3. Inclusion criteria for the present report were
adapted from the one used in the VCP International
Multicenter Study and included: (1) patients >18 years old
heterozygous for a novel or a previously reported but not
thoroughly clinically characterized as pathogenic (P) or
Likely Pathogenic (LP) variant in the VCP gene and (2)
enough data available in the clinical notes to answer
questions about age of disease onset, symptoms and clinical
signs at onset and/or during disease’s progression, family
segregation analysis, and ancillary test results.*” Two ad-
ditional patients with novel pathogenic variants who were
not part of the VCP International Multicenter Study were
also included in this study.

All variants

Standard Protocol Approvals, Registrations,
and Patient Consents

The VCP International Multicenter Study obtained Caldi-
cott approval from The Newcastle upon Tyne Hospitals
Register Audit (project number 10833, Caldicott Approval:
7918) and institutional review board approvals from the
LMU Klinikum at Ludwig-Maximilians University in
Munich (project 21-0071); Washington University School
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of Medicine Institutional Review Board, USA (no
201103416); and the Johns Hopkins Hospital Institutional
Review Board, Baltimore, USA (no 00288171). The novel
variants in the VCP gene associated with the VCP-MSP
article was approved by the human studies review committee
at Washington University School of Medicine in St. Louis
(201903027). These ethics committees cataloged this study
as an audit because it collected deidentified retrospective
data of patients with VCP. This study has been performed in
accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments.

Development of a Pathogenicity Score

To evaluate the phenotypic level of evidence to support the
pathogenicity of the novel and/or nonpreviously clinically
characterized variants, a score was developed (Table 1). The
score consists of 6 items assessing information that can be
obtained on daily clinical practice. These items were chosen
based on the authors’ clinical experience and because they are
commonly used to support a diagnosis of VCP-MSP in the
literature. Item 6, which refers to muscle MRI, requires the
presence of the so-called fat pockets in the skeletal muscle of
the patients. This is a feature that can be found in patients with
VCP-MSP as previously reported® and as shown in the
muscle MRI images in eAppendix 1 (links.lww.com/NXG/
A625). Each item is allocated a value to support their con-
tribution to the variant association with the clinical pheno-
type. The sum of all the items leads to a total score, with a
minimum of 0.5 and maximum of 5.5 points. We considered a
variant to be high likelihood disease associated if its total score
was greater than 3 points, probably associated if the total score
was between 2 and 3 points, and undetermined association if
the score was less than 2 points.
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Table 2 Classification of the Novel Variants Based on the
Scoring System

Highest score

DNA m (Protein m) in the variant

Scoring system applied to the 4 most frequent variants
identified in the VCP International Multicenter Study

c.464G>A, (p.Arg155His) 5.5
€.463C>T (p.Arg155Cys) 55
c.476G>A (p.Arg159His) 5.5
€.277C>T (p.Arg93Cys) 55

High likelihood disease associated variant

c.648A>G (p.lle216Met) 5.5
€.722T>G (p.lle241Ser) 5

c.1105A>T (p.lle369Phe) 4.5
c.431_432delGAinsAC (p.Arg144His) 4.5
¢.473T>C (p.Met158Thr) 4.5
¢.1106T>C (p.lle369Thr) 4.5

Probable disease associated variant

€.268A>G (p.Asn90Asp) 3
c.367G>A (p.Val123Met) 3
¢.196G>A (p.Glu66Lys) 2.5
c.463C>G (p.Arg155Gly) 2
¢.490A>C (p.Lys164GIn) 2
€.286C>G (p.Leu96Val) 2
€.625T>G (p.Cys209Gly) 2

Variant with undetermined association

¢.80T>C (p.lle27Thr) 1.5
c.1988A>G (p.Lys663Arg) 1.5
€.265 C>G (p.Arg89Gly) 1
€.1057A>G (p.lle353Val) 1
€.697A>G (p.lle233Val) 1
¢.335A>G (p.Lys112Arg) 1

For a detailed description of the clinical scoring system applied to each novel
variants, please refer to eAppendix 2 (links.lww.com/NXG/A626).

To assess the validity of the scoring system, we first tested
the score using several patients harboring the 4 most fre-
quent pathogenic variants included in the VCP In-
ternational Multicenter Study: p.Argl155His, p.Argl1S5Cys,
p-ArglS9His, and p.Arg93Cys, and then, we scored the
novel nonpreviously clinically characterized variants and
all the variants included in the VCP International Multi-
center Study (eAppendix 2, links.lww.com/NXG/A626,
58 variants in total).
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In Silico Analysis

The deleteriousness of the novel variants was predicted by 3
independent in silico tools commonly used in daily routine:
Mutation Taster (mutationtaster.org/ ),24 SIFT (sorting in-
tolerant from tolerant, sift.bii.a-star.edu.sg/ ),”> and CADD
(combined annotation-dependent depletion, cadd.gs.wash-
ington.edu/).?® These tools use predictive algorithms, based
on different variables such as sequence homology, physical
properties of amino acids, or evolutionary conservation of the
protein sequence to establish whether an amino acidic change
could affect protein function and, therefore, its potential

pathogenicity.

In vitro ATPase Assay

Human VCP plasmid (TCB197) was subjected to site-directed
mutagenesis with primers containing mutations to create each
of the indicated variants. Proteins were purified as described.””
Purified VCP (12.5 pL of SO pM; final concentration in the
reaction was 25 nM) was diluted in 20 mL of assay buffer [S mL
of 5x assay buffer A (1x = 50 mM Tris pH 7.4, 20 mM MgCl2,
1 mM EDTA) mixed with 15 mL of water and 25 pL 0.5M
TCEP, 25 pL 10% Triton] to make the enzyme solution. 40 yL
of the enzyme solution was dispensed into each well of a 96-
well plate. The ATPase assay was prepared by adding 10 pL of
1,000 uM ATP (Roche, pH 7.5) to each well and by incubating
the reaction at room temperature for 25 minutes. Reactions
were stopped by adding SO pL of BIOMOL Green reagent
(Enzo Life Sciences). Absorbance at 635 nm was measured
after 4 minutes on the Synergy Neo Microplate Reader (Bio-
Tek). All assays were performed in triplicate, and the activity
was averaged from independent experiments.

Statistical Analysis

Data were expressed as number and percentage for categorical
variables and as mean £ SD for quantitative ones. For VCP
ATPase assays, statistical significance was defined using a
2-way analysis of variance across all samples compared with
the wild-type control.

Mean difference in the 6-item score between pathogenic/
likely pathogenic variants and variants of unknown signifi-
cance, of the 58 variants included in the VCP International
Study, was explored using independent sample T tests. To
identify which score predicted with the highest sensitivity and
specificity whether a variant was pathogenic/likely pathogenic
based on the ACGM criteria, a receiver-operating character-
istic curve was performed (eAppendix 3, links.Iww.com/
NXG/A627) and its area under the curve and the optimal
cutoff point (Youden index) were calculated.

A level of significance of 0.05 was used for hypothesis testing.
Statistical analysis was performed using the program IBM
SPSS statistics, version 28.

Data Availability
The clinical, genetic, and enzymatic test data reported in this study
are available on reasonable request to the corresponding authors.
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Figure 1 Location of the Novel Mutations in the VCP Gene and Protein

oo glinker1

N—domain

¥

D2-domain

Scheme of the location of all the variants described in the VCP gene and protein structure. The VCP protein contains 806 amino acids and is constituted by an
N-terminal domain involved in the cofactor and ubiquitin-binding function, a D1 domain involved in the assembly of VCP homohexamer, a D2 domain
responsible for the major ATPase activity, and the C-terminal domain involved in nuclear localization by interacting with other proteins. The N-domain and D1
domain are connected by N-D1 linker (L1), and the D1and D2 domains are connected by flexible D1-D2 linker (L2). All variants are listed underneath the
domain affected; those with an asterisk are considered novel. The black square contains a 3D render of a VCP hexamer. Each subunit is independently
colored. The positions of previously reported pathogenic residues are denoted in red and the novel reported variant residues in blue within a single green

monomer. VCP = valosin-containing protein.

Results

We identified 19 previously uncharacterized variants in the
VCP gene from 28 patients with presumed VCP-MSP from
26 unrelated families (Table 2, eAppendix 2, links.lww.com/
NXG/A626, and eAppendix 4, links.lww.com/NXG/A628).
Eighteen of the 19 variants had not been previously reported
in GNOMAD. One variant, p.Ile233Val, had been reported
twice, and GNOMAD provided with a minor allele fre-
quency of 7.95E-06. Six of the 19 variants had been reported
in ClinVar, and one of these 6 were additionally reported in
LOVD. These 7 previously reported variants were not
thoroughly clinically characterized in the literature though.
Figure 1 shows the localization of the novel variants in the
VCP gene.

Phenotypic Scoring

As shown in eAppendix 2 (links.lww.com/NXG/A626), at
least one patient carrying the novel variants on the VCP gene
manifested with one or more of the VCP-MSP core pheno-
types (e.g, myopathy, PDB, FTD, ALS or parkinsonism),
except for one patient (Family 26 III-1), harboring the
c.335A>G (p.Lys112Arg) variant, who presented with signs
of upper motor neuron involvement without muscle weak-
ness. In all cases, pathogenic variants in other genes were
excluded by exome or panel-based sequencing. Notably,
muscle weakness was reported in 85.7% (24/28) of the cases,

Neurology.org/NG
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FTD in 21.4% (6/28), and PDB in 18.0% (5/28). No patient
showed the classical IBMPFD triad. Fifteen of the 28 patients
had a first-degree relative with an VCP-MSP core phenotype,
dementia being the most common symptom in the relatives
(10/28).

All patients were heterozygous for their VCP variant, com-
patible with a dominant inheritance. All variants were mis-
sense, except for one small deletion-insertion that created the
missense variant p.Argl44His. Eighteen of the 19 variants led
to amino acid changes within the N and D1 domains, where
64 of the 68 previously reported VCP-MSP variants were
located (Figure 1).

To establish the validity of our scoring system, we first evaluated
the score obtained by the 4 most common VCP variants—
p.ArglSSHis, p.ArglS5Cys, p.ArglS9His, and p.Arg93Cys.
These 4 variants achieved the highest score possible of 5.5 points.
Then, we applied the scoring system to the 28 patients with the
19 novel variants described here, obtaining a range of scores from
0.5to 5.5 (Table 2). Examples of the classical clinical and ancillary
test findings seen in patients with VCP-MSP found in our cohort
are described in eAppendix 1 (links.Iww.com/NXG/A625).

In Silico Analysis
The in silico predictions on the 4 most common pathogenic
mutations predicted them to be probably deleterious. Table 3

Neurology: Genetics | Volume 9, Number 5 | October 2023
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Table 3 In Silico Analysis

CADD
score

Mutation
taster

Protein

DNA change change POLYPHEN-2

More prevalent
pathogenic variants

€.464G>A p.Arg155His  24.5 DC PrD 0.989
c.463C>T p.Arg155Cys 33 DC PrD 1
€.476G>A p.Arg159His  24.1 DC PsD 0.517
c.277C>T p.Arg93Cys 31 DC PrD 0.998
Novel variants
€.648A>G p.lle216Met  23.6 DC PrD 1
c.722T>G p.lle241Ser  29.9 DC PrD 1
c.1105A>T p.lle369Phe  27.2 DC PrD 1
c.431_ p.Arg144His n/a DC PrD 1
432delGAinsAC
c.473T>C p.Met158Thr 24.2 DC PB 0.988
c.1106T>C p.lle369Thr  26.7 DC PrD 1
c.268A>G p.Asn90Asp  23.1 DC PsD 0.602
€.367G>A p.vali23Met 26.9 DC PsD 0.696
€.196G>A p.Glu6bLys  23.9 DC B 0.002
€.463C>G p.Arg155Gly 25.8 DC PrD 1
€.490A>C p.Lys164GIn 25.2 DC PrD 1
€.286C>G p.Leud6val  23.2 DC B 0.028
€.625T>G p.Cys209Gly 24.1 DC PsD 0.704
c.80T>C p.le27Thr 23 DC PrD 0.968
c.1988A>G p.Lys663Arg 23.7 DC B 0.005
¢.335A>G p.Lys112Arg 22.9 DC B 0.066
€.265C>G p.Arg89Gly  23.2 DC PrD 1
¢.1057A>G p.lle353val  20.3 DC B 0.008
€.697A>G p.lle233val  22.6 DC PsD 0.810

Abbreviations: B = benign; DC = disease-causing; PB = possible benign; PrD =
probable deleterious; PrD = probable deleterious; PsD possible deleterious.
Inssilico scores for the 4 prevalent variants identified in the VCP International
Multicenter Study and the 19 variants described in this study.
CADD scores >20: top 1% deleterious variants in the genome.

shows the results of the predictive algorithms for each of the
19 novel variants that ranged from benign to probably
deleterious.

In Vitro ATPase Assays

To further understand whether the variants identified lead to a
functional change in the VCP protein, we purified a
recombinant wild-type VCP, the 4 most common pathogenic
VCP mutants (VCP-ArngSHis, VCP-Argl55Cys, VCP-
ArglS9His, and VCP-Arg93Cys), a previously reported be-
nign variant (VCP-Ile27Val), and the new 19 VCP variants.
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VCP hydrolyzes ATP, and the rate of hydrolysis is enhanced
by most of the previously described VCP pathogenic variants.
VCP-WT ATPase activity was arbitrarily set to 100%. The
common 4 pathogenic variants demonstrated a 4 to S-fold
increase in ATPase activity consistent with previous studies,
whereas the VCP- p.Ile27Val benign variant had only a 1.6-
fold increase in ATPase activity. Using these data points, we
selected a 3-fold increase as being consistent with a dys-
functional variant. Thirteen of the novel variants met this

threshold (Figure 2).

A summary of the evidence obtained for each variant using the
scoring system, in silico analysis, and enzymatic activity is
provided in Table 4. For 12 variants, there was agreement
between the 3 predictive tools, including 9 variants predicted to
be deleterious and 3 variants predicted to be nondeleterious.

For 7 variants, the predictive tools disagreed. For 3 of them
(p-Met158Thr, p.Glu66Lys and p.Leu96Val), clinical score
and enzymatic activity supported pathogenicity while in silico
studies did not. Conversely, in other 2 variants (p.Ile27Thr
and p.Ile233Val), clinical score and enzymatic activity sup-
ported nonpathogenicity while in silico studies did.

For the variant p.Arg144His, both the scoring system and the
in silico algorithms predicted pathogenicity, but the enzymatic
activity did not. This variant was found in a patient with
isolated muscle disease with a muscle biopsy showing rimmed
vacuoles and a MRI showing patchy fat replacement in the
quadriceps and who had several relatives with dementia, ALS,
and muscle disease. The variant obtained 4.5 of 5.5 points in
the scoring system, but the enzymatic activity was normal.

For the variant p.Arg89Gly, the in silico studies and enzymatic
activity suggested pathogenicity, but the clinical score was very
low (1 point). This variant was found in a patient with isolated
muscle weakness, with no relevant family history, who had just
fiber atrophy in the muscle biopsy but not rimmed vacuoles or
protein aggregates and who did not have an MRI.

Discussion

The increasing availability of next-generation sequencing
panels and whole-exome/genome sequencing is leading to the
identification of new variants in the VCP gene.28 The evalu-
ation of these novel variants is challenging because of the
intrafamilial and interfamilial phenotype variability7 and be-
cause of the progressive nature of the condition, implying that
patients might not show the whole clinical spectrum when the
results of the genetic tests are obtained. As a result, VCP-MSP
diagnosis can be missed in early stages of the disease or clinical
features could be attributed to other diagnosis.”® This situa-
tion can be even more complex if thorough family history
or segregation studies are not obtained. Moreover, pa-
tients present with a variety of clinical, ancillary tests or family
history findings and allocating them a hierarchical weight in
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Figure 2 Enzymatic in Vitro Test
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Basal ATPase activity was determined from purified recombinant VCP protein. Values are normalized to VCP-wild type activity and presented as percent
change from VCP-wild type. Red bars represent known pathogenic variants. Green bars represent known benign variants. Yellow bars represent the novel
variants investigated. The dotted line represents the 3-fold increase threshold in ATPase activity consistent with a dysfunctional variant. ns: nonsignificant

difference. **p < 0.05; ****p < 0.0001. VCP = valosin-containing protein.

the analysis of the potential pathogenicity of a new variant is
challenging. It is crucial to estimate adequately the pathoge-
nicity of new variants to avoid overestimating variants that
could lead to a wrong diagnosis and stop the surveillance of
other etiologies behind the patients” phenotype. In addition,
when it comes to interpreting novel variants, information about
its rarity based on their frequency in population databases is not
enough to confirm pathogenicity. Even if a variant is labelled as
VUS following the ACGM criteria, clinicians should consider
other information such as patient phenotype, family history,
segregation in the family, and ancillary test results to support
the potential pathogenicity of the variant.

The scoring system proposed here intends to be a tool to
support clinicians when facing a novel variant in the VCP gene
in clinical practice. The current standard of care in VCP sug-
gests that symptomatic patients should be assessed every 6-12
months or more frequently if required.”” The evolving nature
of this disease implies that a novel variant that scored low early
in disease progression can end up having a higher score. This
could be the case of the p.Arg89Gly variant, for which the in
silico and enzymatic studies suggested pathogenicity, but it was
found in a young patient with isolated weakness, therefore,
leading to a low clinical score. Updating the scoring system on
each clinical visit is encouraged in these cases because new
symptoms can appear later in disease progression further
supporting the diagnosis of the disease. The clinical score co-
incided with the functional studies in 17 of 19 new variants and
with the in silico prediction in 12 of 19 new variants, suggesting
that functional studies, which assess enzymatic function, may
provide a more reliable prediction of the potential pathoge-
nicity of variants.

VCP has 2 ATPase domains, D1 and D2, which are orga-
nized as 2 stacked rings with a central channel, whereas its
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regulatory N domain is situated at the periphery of the D1
ring.*® Reported pathogenic variants do not seem to alter
VCP oligomerization but increase basal ATP hydrolysis ac-
tivity, which is mediated through the D2 domain.> Patho-
genic variant residues are commonly found in the interface
between the N and D1 domains, suggesting that commu-
nication between these 2 regions is important for disease
pathogenesis." Other variants might affect the association of
VCP with cofactors.*’ All the novel mutations identified in
this study change an amino acid in the N terminal or D1
domain, except for the variant p.Lys663Arg located in the D2
domain. Being an ATPase enzyme, VCP hydrolyzes ATP
releasing an inorganic phosphate. We have performed an
enzymatic test comparing the intrinsic ATPase activity of
VCP-wild type with several previously reported MSP mu-
tations and the novel mutations, as reported in other stud-
ies."> Most of the novel variants reported here increased
ATP activity compared with VCP-wild type. For those var-
iants in which the ATPase activity did not differ from the
VCP-wild type, clinical score and/or in silico analysis sug-
gested nonpathogenicity. The only exception to this is the
p.Argl144His variant that was suggested as pathogenic by the
in silico studies and found in a patient with clinical data
highly suggestive of the disease, but with a normal enzymatic
activity. An elevation in basal ATPase activity has been de-
scribed for most VCP variants, with the exception of 2
previously reported variants. Specifically, the p.Glul85Lys
variant described in a large family with axonal CMT and
p-Asp395Gly in 2 families with a pathologically distinct de-
mentia (vacuolar tauopathy) had unchanged and reduced
ATPase activity, respectively.’”*® These variants suggest
that VCP mutations could alter VCP functionality by an
ATPase-independent manner. Thus, a reliance exclusively
on in vitro ATPase assays of VCP function may be
misleading.
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Table 4 Summary of the Study Results

Enzymatic
Variant Scoring system In silico analysis analysis Interpretation
€.648A>G; p.lle216Met 5.5 Deleterious + Agreement in the 3 tools, deleterious
€.722T>G; p.lle241Ser 5 Deleterious + Agreement in the 3 tools, deleterious
c.1105A>T; p.lle369Phe 4.5 Deleterious + Agreement in the 3 tools, deleterious
€.431_432delGAinsAC; p.Arg144His 4.5 Deleterious - Enzymatic analysis disagrees
¢.473T>C; p.Met158Thr 4.5 Inconclusive + In silico analysis disagrees, Polyphen-2 PB
¢.1106T>C; p.lle369Thr 4.5 Deleterious + Agreement in the 3 tools, deleterious
€.268A>G; p.Asn90Asp 3 Deleterious + Agreement in the 3 tools, deleterious
¢.367G>A; p.Val123Met 3 Deleterious + Agreement in the 3 tools, deleterious
¢.196G>A; p.Glu66Lys 2.5 Inconclusive + In silico analysis disagrees, Polyphen-2 B
€.463C>G; p.Arg155Gly 2 Deleterious + Agreement in the 3 tools, deleterious
€.490A>C; p.Lys164GIn 2 Deleterious + Agreement in the 3 tools, deleterious
€.286C>G; p.Leu9éVal 2 Inconclusive + In silico analysis disagrees, Polyphen-2 B
€.625T>G; p.Cys209Gly 2 Deleterious + Agreement in the 3 tools, deleterious
c.80T>C; p.lle27Thr 1.5 Deleterious - In silico analysis disagrees, Polyphen-2 PrD
c.1988A>G; p.Lys663Arg 1.5 Inconclusive - Agreement in the 3 tools, nondeleterious
¢.335A>G; p.Lys112Arg 1 Inconclusive - Agreement in the 3 tools, nondeleterious
€.265 C>G; p.Arg89Gly 1 Deleterious + Scoring system disagrees
¢.1057A>G; p.lle353Val 1 Inconclusive - Agreement in the 3 tools, nondeleterious
€.697A>G; p.lle233Val 1 Deleterious - In silico analysis disagrees, Polyphen-2 PrD

The table shows the evidence obtained for each variant using the scoring system, the in silico analysis, and the in vitro ATPase assay (enzymatic activity) and

the variant effect interpretation based on the agreement of the 3 tools.

The results of muscle biopsy and MRI in patients with VCP-
MSP are not specific’** and can overlap with conditions such
as myofibrillar myopathies, other multisystem proteino-
pathies, or myopathies with rimmed vacuoles.” In this context,
an enzymatic test that measures the effect of a variant in the
ATPase activity can aid in diagnosis.m’35 However, assessing
the intrinsic ATPase enzymatic activity in VCP requires pu-
rified recombinant protein. Moreover, there is not an easier
assay that uses blood, muscle, or even cerebrospinal fluid
samples. Other blood biomarkers, such as tumor necrosis
factor alpha and epidermal growth factor, have been suggested
to differentiate patients with VCP-MSP from healthy con-
trols,>® but these biomarkers are not disease-specific and can
be found in other inflammatory conditions.*”**

Three of the variants described here affected amino acidic resi-
dues that have been previously identified in patients with VCP-
MSP. One variant affected the hot spot amino acid position
Arginine 155 codified by exon S, creating the p.Argl155Gly var-
fant. A second variant was identified at amino acid residue Ar-
ginine at position 89, creating a p.Arg89Gly missense variant.
Notably, p.Arg89GIn and p.Arg89Trp variants have been
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reported in a patient with sporadic ALS and distal myopathy with
cognitive impairment without family history, respectively.”’40
Another variant created a p.Jle27Thr missense change which
affected the same amino acid that the already reported p.lle27Val
variant. Although this later variant has been found in cohorts of
sporadic inclusion body myositis and Parkinson disease, it has a
MAF of 0.005 to 0.0006 depending on population ethnicity and
was equally represented in healthy controls, suggesting that it
may be benign.zg’41

Limitations of this study include the retrospective nature of
the VCP International study, from which the novel variants
were obtained. Missing data could affect the score system
result leading to underestimation of the variant pathogenicity.
The sensitivity of the clinical scoring system to label the
variants can progress over time because the clinical, muscle
MRI and biopsy results can be modified along disease pro-
gression, reinforcing the idea that the scoring system should
be applied on a regular basis. A greater than 3-fold increase in
VCP-variant ATPase activity is helpful to support MSP-VCP
mutant pathogenicity but could miss potential pathogenic
variants because VCP mutation dysfunction may occur
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independent of ATPase activity. Other assays of VCP func-
tion may need to be used. These could include assays of
cellular autophagic or proteosomal activity.

In conclusion, we have developed a clinical score able to
predict pathogenicity of new variants in the VCP gene with
high accuracy that highly correlates with the results of in silico
and enzymatic activity studies. This score could be of great
help in the diagnostic process of patients with novel variants
in daily clinics. This study provides data to support patho-
genicity of 13 of 19 new VCP variants based on the fact that
(1) patients affected had clinical and family history data highly
suggestive of the VCP-MSP; (2) most of the new variants
reported resulted in an increase in enzymatic activity in the in
vitro assays; (3) novel variants are not present in public da-
tabases of controls (dbSNP); (4) these variants affected
highly conserved residues across species in the N-terminal
and D1 domain, in which most pathogenic VCP pathogenic
variants have been reported; (5) no variants were found in
other genes which were reported in the patients with MSP,
FTD, or ALS previously; and (6) these variants were pre-
dicted to be deleterious by 3 prediction in silico assays.
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Introduction

HRONIC KIDNEY DISEASE (CKD) is a global

public health concern.' In Japan, the number of
CKD in the adult population increased to 14.8 million in
2015, which was 14.6% of the adult population.* CKD
potentially progresses to end-stage kidney disease
(ESKD), requiring renal replacement therapy (RRT) and
is a recognized risk factor for cardiovascular disease
(CVD) and premature death.™*

The Frontier of Renal Outcome Modifications in Japan
(FROM-]) is a prospective, stratified, cluster-randomized
trial that evaluates the effectiveness of a practice facilita-
tion program involving multidisciplinary care for CKD
management by primary care physicians (PCPs). Since
April 1, 2008, to October 19, 2008, 2,379 patients with
CKD aged between 40 and 74 years have enrolled from
49 local medical associations in 15 different prefectures
and were followed up in the FROM-] study. Participants
were assigned to two intervention groups as follows: stan-
dard intervention, standard treatment according to the
CKD clinical guideline’; and advanced intervention based
on a practice facilitation program. The practice facilitation
program comprised patient education by dieticians at
PCPs’ clinics, newsletters to patients, patient encourage-
ment to visit PCPs during interruptions, alerts to PCPs
to inform the timing of referral to nephrologists, and
support for PCPs to control patient data.’ Recently,
additional data collection and analyses, including
patient-reported outcome measures, were conducted to
investigate the long-term outcomes of the intervention
in the 10th-year after the start of the FROM-] study
(FROM-] 10 study). A total of 1,473 participants had
continued clinical visits to PCPs, who became older peo-
ple aged =70 vyears, while there were dropouts,
withdrawals, and deaths. Among 2,379 patients with
CKD, 7.5% initiated RRT, 8.5% developed CVD, 12.4%
had a 50% decline in estimated glomerular filcration
(eGFR), and 8.9% died, as shown in Figure 1. A certain

percentage of long-term CKD survivors lived with serious
complications, including ESKD and cvD.!

An increasing number of clinical studies on CKD have
used patient-reported outcome measures, including
questionnaires measuring health-related quality of life
(HRQOL).*"* EuroQol 5 Dimension 5 Level (EQ-5D-
5L) is one of the most frequently used generic preference-
based HRQOL measures for CKD.'* The quality of life
(QOL) score is known to decrease in patients with advanced
CKD.™"!" CKD survivors have lived with the disease and its
complications, such as anemia, malnutrition, ESKD, and
CVD,” "' which might affect their QOL scores. However,
there are few studies on QOL scores in long-term survivors
of CKD."" Therefore, we aimed to measure QOL scores in
10 years long-term survivors with CKD using EQ-5D-5L
and examine the predictors and determinants of the clinical
indices for the measured QOL scores.

Methods

Instrument for HRQOL

EQ-5D-5L, a generic preference-based measure of
HRQOL that is standardized and validated for use in Japan,
was used in this study.'”'® It is administered to patients who
are asked to grade five dimensions (mobility, self-care, usual
activides, pain/discomfort, and anxiety/depression) of their
health state at one of five levels (“no problem,” “slight
problems,” “moderate problems,” “severe problems,” and
“extreme problems”). The QOL score, with ranges of 1
for perfect health (no problem in any dimension), 0 for
death, and —0.025 for severe problems in all dimensions,
is determined by the five-dimension health state profile
according to a tariff reflecting the preference of the popula-
tion. Moreover, it is a scalar quantity and is easy to use for
statistical analysis compared with multidimensional QOL
measurements. A higher score indicates better HRQOL,
whereas a smaller or negative score indicates worse

HRQOL.

FROM-J study
FROM-J study in 2008

2,379 CKD patients enrolled in the

179 initiated RRT

202 CVD events occurred
296 had 50% decline in eGFR

FROM-J 10 study

1,473 CKD survivors were surveyed
between October 2018 and March 2019

212 died

423 CKD survivors answered
the EQ-5D-5L questionnaire

116 CKD survivors were not classified
into 10th-year CKD stage because of
missing of serum creatinine data

307 CKD survivors were classified
by 10th-year CKD stage

Figure 1. Flow diagram of the study. Among 1,473 CKD survivors enrolled in the FROM-J study, 423 CKD survivors (38.2%) re-
sponded to the EQ-5D-5L. A total of 307 CKD survivors were classified into 10th-year CKD stages. A total of 116 participants
were not classified into the 10th-year CKD stage because of missing serum creatinine data.
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Table 1. Patients’ Characteristics (n = 423)

Baseline 10th-year
data (2008) data (2018)
% or % or
Variables n mean (SD) n mean (SD)
Male 299 70.7% 299 70.7%
Mean age (years) 423 61.6(7.9) 423  71.6(7.9)
Body mass index 367 25.9(3.9) 401 24.4 (4.0)
Systolic blood 419 135(13) 399 130(13)
pressure (mmHg)
Diastolic blood 419 78 (9) 398 74 (10)
pressure (mmHg)
Mean albumin (g/dL) 315 4.3 (0.3) 144 4.1 (0.3)
Mean hemoglobin 357 13.9(1.6) 267 13.5(2.0)
(g/dL)
Comorbidities
Hypertension 376 89.1% 376 89.1%
Diabetes 219 51.8% 219 51.8%
Hyperlipidemia 292 69.2% 292 69.2%
Hyperuricemia 171 40.5% 171 40.5%
Renal function
Mean serum 387 1.04(0.45) 275 1.55(1.28)
creatine(mg/dL)*
Mean eGFR (mL/ 387 60.3(20.0) 275 45.2(20.5)
min/1.73 m?)*
CKD stages?
G1 35 8.3% 4 0.9%
G2 163 38.5% 57 13.5%
G8a 148 35.0% 79 18.7%
G3b 47 11.1% 70 16.6%
G4 28 6.6% 45 10.6%
G5 2 0.5% 20 4.7%
G5D - - 32 7.6%
stage unknown - - 116 27.4%
Clinical events
Initiation of RRT - - 32 7.6%
Occurrence of - - 23 5.4%
CVD
50% decline in - - 47 11.1%
eGFR}
Intervention groups
Standard 206 48.7% 206 48.7%
intervention
Advanced 217 51.3% 217 51.3%
intervention

CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR,
estimated glomerular filtration rate; RRT, renal replacement therapy;
SD, standard deviation.

*Participants with RRT were not included.

1The baseline CKD stage (2008) was estimated from serum crea-
tine values either at the enrollment or in October 2008.

150% decrease in eGFR was defined as a 50% or greater
decrease in eGFR at 10th-year from October 2008 or April 2009.

Study Design and Participants

We conducted a patient questionnaire survey on CKD
survivors enrolled in the FROM-] study. The 10th-year
data collection was performed by either PCPs or
participants who filled out questionnaires, including
EQ-5D-5L questionnaires, from October 2018 to March
31, 2019. The detailed designs and main results of the

FROM-] and FROM-] 10 studies have already been
reported.®” This study was conducted in accordance with
the Declaration of Helsinki and approved by the Ethics
Committee of Clinical Research at the University of Tsu-
kuba (No0.80 and No.1311).

Study Variables

The baseline and 10th-year demographic and clinical
characteristics, laboratory data (serum albumin, hemoglo-
bin, and serum creatinine), and the presence of comorbid-
ities were based on the FROM-] and FROM-] 10 studies,
respectively. The prevalence of comorbidities remained the
same over the 10th-year follow-up. The eGFR  was
calculated from serum creatine, age, and sex using the
Japanese equation as follows: eGFR
173 m?) = 194 X serum
X age” 2?7 X 0.739 (for female). The baseline and 10th-
year CKD stages were determined in the FROM-] and
FROM-] 10 studies, respectively, according to the modified
classification for the Japanese people based on the CKD clin-
ical guidelines.” RRT was defined as chronic maintenance
dialysis (hemodialysis and peritoneal dialysis) and renal trans-
plantation, and the initiation of these therapies was assessed.
CVD events were defined as cardiovascular death; and
nonfatal myocardial infarction, nonfatal stroke, and heart
failure (requiring hospitalization).>” A 50% decline in
eGFR was defined as a 50% or greater decrease in eGFR
at 10th-year from October 2008 or April 2009.

Statistical Analysis

Data are summarized using proportions, means, or me-
dian values, as appropriate. The differences in QOL scores
between the sex and intervention groups were tested using
the Mann—Whitney U test. The QOL score differences
among age groups and CKD stages were tested using the
Jonckheere—Terpstra test for trend and illustrated utilizing
box and whisker plots. The Tobit model was applied to iden-
tify the clinical indices predicting and determining 10th-year
QOL scores, considering that its distribution was censored at
1. All analyses were performed using the Stata SE software
version 17 (StataCorp LLC, College Stution, TX, USA).
Stadistical significance was set at P <.05.

Results

We collected 423 responses from 1,473 CKD survivors,
as shown in Figure 1. The overall response rate was 38.2%.
A total of 116 participants could not be classified into the
10th-year CKD stages because of the lack of serum creati-
nine data. Table 1 shows the baseline and 10th-year
characteristics of patients. The respondents included 299
males (70.7%) and 124 females (29.3%). Regarding the
10th-year data. the mean age was 71.6 year old, serum
creatinine was 1.55 mg/dL, and eGFR was 45.2 mL/
min/1.73 m?. Proportions of 10th-year CKD stages were
0.9% for G1, 13.5% for G2. 18.7% for G3a, 16.6% for
G3b, 10.6% for G4, 4.7% for G5, 7.6% for G5D, and
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Table 2. 10th-year QOL Scores by EQ-5D-5L (n = 423)

95%
confidence Interquartile
Characteristics n Mean Median interval range P value
All 423 0.893 1.000 0.880-0.906 0.826-1.000
Sex
Male 299 0.894 1.000 0.877-0.911 0.826-1.000 .370
Female 124 0.891 0.895 0.868-0.914 0.823-1.000
Age at the 10th-year survey
<60 31 0.944 1.000 0.906-0.982 0.895-1.000 <.001
60-69 132 0.924 1.000 0.906-0.943 0.871-1.000
70-79 185 0.895 1.000 0.875-0.915 0.831-1.000
=80 75 0.811 0.826 0.770-0.852 0.707-1.000
Comorbidities
Hypertension
presence 376 0.892 1.000 0.878-0.906 0.826-1.000 448
absence 46 0.902 1.000 0.857-0.946 0.867-1.000
Diabetes
presence 219 0.900 0.895 0.858-0.899 0.825-1.000 .077
absence 204 0.908 1.000 0.891-0.926 0.831-1.000
Hyperlipidemia
presence 292 0.894 0.948 0.878-0.909 0.825-1.000 .832
absence 130 0.892 1.000 0.866-0.917 0.826-1.000
Hyperuricemia
presence 171 0.873 0.895 0.850-0.896 0.825-1.000 .021
absence 251 0.906 1.000 0.890-0.923 0.831-1.000
CKD stages at the 10th-year
survey
G1+G2 61 0.892 1.000 0.856-0.928 0.825-1.000 125
G3a 79 0.900 1.000 0.866-0.933 0.831-1.000
G3b 70 0.948 1.000 0.928-0.969 0.895-1.000
G4 45 0.851 0.867 0.802-0.900 0.780-1.000
G5 20 0.909 0.892 0.867-0.951 0.828-1.000
G5D 32 0.824 0.828 0.767-0.881 0.755-1.000
Stage unknown 116 0.888 0.948 0.861-0.914 0.825-1.000
Clinical events
Initiation of RRT
presence 32 0.824 0.828 0.767-0.881 0.755-1.000 .002
absence 391 0.899 1.000 0.885-0.912 0.831-1.000
Occurrence of CVD
presence 23 0.877 1.000 0.811-0.943 0.753-1.000 .647
absence 400 0.894 1.000 0.880-0.908 0.826-1.000
50% decline in eGFR*
presence 47 0.893 . 0.889 0.860-0.926 0.825-1.000 118
absence 223 0.906 1.000 0.888-0.925 0.844-1.000
Intervention groups
Standard intervention 206 0.890 1.000 0.870-0.911 0.825-1.000 .988
Advanced intervention 217 0.895 1.000 0.878-0.913 0.826-1.000

CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; QOL, quality of life; RRT, renal replace-

ment therapy.

The differences in QOL scores between the sex, comorbidities, clinical events, and intervention groups were tested using the Mann-Whitney U

test.

The QOL score differences among age groups and CKD stages were tested using the Jonckheere-Terpstra test for trend.

*Participants receiving RRT were not included.

27.4% for stage unknown. Regarding clinical events, 32
participants initiated RRT, 29 were on hemodialysis, 2
were on peritoneal dialysis, 1 was on kidney transplanta-
tion, 23 developed CVD and 47 participants had 50%
decline in eGFR during 10 years.

Table S1 shows the health status according to the
EQ-5D-5L questionnaire. The proportion of patients

who responded “no problem” was 69.7% for mobility,
94.3% for self-care. 78.3% for usual activities, 66.2% for
pain/discomfort, and 86.5% for anxiety/depression.

Table 2 presents the mean and median QOL scores. The
mean QOL score of all was 0.893 (95% confidence interval
(CI), 0.880-0.906), and the median QOL score was 1.000
(interquartile range (IQR), 0.826—1.000). The mean QOL

Downloaded for Anonymous User (n/a) at Tokatsu Hospital from ClinicalKey.jp by Elsevier on April 11, 2024.
For personal use only. No other uses without permitWCopyright ©2024. Elsevier Inc. All rights reserved.



QOL SCORES IN LONG-TERM CKD SURVIVORS

165

QOL score
11 14
- -
091 X x . 09 x b3 x
0.8 1 % 08
0.7 I 07
g °
06 ° 0.6 1 °
8 ° R
° o
0.5 ° ° 8 051 o o
°
04 ° 04 °
° o
0.3 o ° 03 o o
o o
0.2 02
0.4 P=0.002 044 [ ~ Mesn P=0.125
0 0
G1 G2 G3a G3b G4 G5 G1+G2 G3a G3b G4 G5 G5D  unclassified

Baseline CKD stages (2008)

10th-year CKD stages (2018)

Figure 2. Box and whisker plots of QOL scores based on the baseline and 10th-year CKD stages. The decrease in QOL scores
along with baseline CKD stages was significant according to the Jonckheere~Terpstra test for trend (P = .002). The measured
QOL scores were not significantly associated with the 10th-year CKD stages according to the Jonckheere-Terpstra test for trend

P = .125).

score in participants with RRT was 0.824 (95% CI, 0.767-
0.881), and the median was 0.828 (IQR, 0.755-1.000).
Limited to hemodialysis patients, the mean QOL score
was 0.822 (95% CI, 0.760-0.884), and the median was
0.831 (IQR, 0.757-1.000). The mean QOL score in
participants with CVD was 0.877 (95% CI, 0.811-0.943),
and the median was 1.000 (IQR, 0.723-1.000). The
mean QOL score in participants with 50% decline n
eGFR was 0.893 (95% CI, 0.860-0.926), and the median
was 0.889 (IQR, 0.825-1.000). Figure 2 illustrates the
measured QOL scores based on the baseline and 10th-year
CKD stages in a box plot with a mark showing the mean.
The decrease in QOL scores along with baseline CKD
stages was significant according to the Jonckheere—
Terpstra test for trend (P = .002).

Table 3 shows the results of the Tobit regression analysis
aimed at identifying the clinical predictors of 10th-year
QOL scores among the baseline data. We performed three
models of regression analysis, selecting hemoglobin (model
1), serum creatine {(model 2), and eGFR (model 3)
considering the multicollinearity based on results of simple
regression analysis. The analysis revealed that baseline age,
systolic blood pressure, and history of hyperuricemia were
significant predictors. The intervention groups (standard
or advanced intervention) were not associated with the
10th-year QOL scores.

Table 4 shows the results of the Tobit regression analysis
aimed at identifying the clinical determinants of 10ch-year
QOL scores among the 10th-year data. Sex, age, and
10-year diabetes and hyperuricemia were significant factors.

Discussion
We measured QOL scores using the EQ-3D-5L in
10 years long-term survivors with CKD based on the
FROM-] study. Our results demonstrated the QOL scores

of patients surviving CKD) under the clinical practices of
PCPs. The measured mean QOL scores decreased with
age, with values of 0.944 (<60 years), 0.924 (60-69),
0.895 (70-79), and 0.811 (=80 years). Although all our
participants had CKD, some had more serious comorbid-
ities than others, and the age-related decline in QOL scores
was similar to previous general population norm studies in
Japan and overseas. '7-22 The measured mean QOL score in
males was slightly higher than that in females, which is also
commonly observed in many countries; however, the
underlying reason is unclear.'®

Advanced intervention by a practice facilitation program
in the FROM-] study has been shown to have long-term ef-
fects on patients with CKD by preventing CVD events.”
The mean QOL score of participants in the advanced inter-
vention was 0.895 (95% CI, 0.878-0.913), which was
slightly higher than 0.890 (95% CI, 0.870-0.911) in the
standard intervention. However, there was no significant
difference, and the practice groups were not predictors of
the QOL scores. In our study, the QOL score of participants
with CVD events was lower than that of those without CVD
events. We considered that the practice facilitation program
might indirectly have positive effects on QOL scores in
patients with CKD through the reduction of CVD events.

Similar to previous studies, this study showed a signifi-
cant trend of a decline in QOL scores along with the
baseline CKD stage.™™"' The renal function was found to
be neither a clinical predictor nor determinant of
10th-year QOL scores. Some studies have reported that
renal function estimated from serum creatinine may not
adequately reflect the renal function of older people
because serum creatine levels are affected by muscle mass,
sex, and age.”*' We considered that 10th-year renal
function in our participants might be affected by their older
ages and serious complications.
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Table 3. Tobit Regression Analysis for Clinical Predictors of 10th-year QOL Scores Among Baseline Data (2008)

Simple regression analysis

Multiple regression analysis

Mode! 1 Model 2 Model 3
(hemoglobin) (creatinine) (eGFR)
P P P P
Variables Coefficients value Coefficients value Coefficients value Coefficients value
Sex (male = 0, -0.0175 .549 —-0.0262 .482 —0.0562 .084 —0.0551 .085
female = 1)
Age —0.0096 <.001 —0.0085 <.001 —0.0093 <.001 —0.0097 <.001
Body mass index —0.0034 .345 —0.0036 .342 —0.0035 341 —0.0030 412
Systolic blood pressure —0.0022 .029 —0.0023 .051 —0.0024 .037 —0.0024 .036
(mmHg)
Diastolic blood 0.0018 .024
pressure (mmHg)
Mean albumin (g/dL) 0.0796 .096
Mean hemoglobin (g/ 0.0225 .009 0.0108 .300
dL)
Comorbidities
Hypertension —-0.0275 531
Diabetes —0.0551 .040 —0.0393 195 —0.0559 .069 —0.0470 124
Hyperlipidemia —0.0048 .870 —0.0005 .988 0.0054 .862 0.0066 .833
Hyperuricemia —0.0703 .010 —0.0867 .005 —0.0840 .008 -0.0977 .003
Renal function
Serum creatine (mg/ —0.0511 .081 —0.0173 623
dL)
eGFR (mL/min/ 0.0012 .068 —0.0005 .555
1.73 m?)
CKD stage*
G2 -0.0312 .545
G3a —0.0480 .355
G3b -0.0779 .199
G4 —0.2286 .001
G5 1.1614 .985
Intervention groups 0.0056 .835 —0.0013 .964 0.0103 717 0.0073 797
(standard
intervention = 0,
advanced
intervention = 1)
Constant 1.8590 <.001 2.1138 <.001 2.1402 <.001
Number of 316 337 337
observations
Pseudo R-squared 0.1591 0.1747 0.1752

CKD, chronic kidney disease; QOL, quality of life; eGFR, estimated glomerular filtration rate.
We performed three models of regression analysis by considering the multicollinearity.

*Compared with CKD stage G1

The mean QOL scores in participants receiving RRT and
hemodialysis were 0.824 and 0.822, respectively. These
scores were lower than 0.899 for non-RRT patients with
CKD. This result is consistent with previous studies showing
that the QOL scores of hemodialysis patients were lower
than those of nondialysis patients with CKD.**" There is
one report about QOL scores measured by EQ-5D-5L for
717 Japanese older patients aged 72.9 * 6.5 years who
received maintenance hemodialysis for more than 5 years.
Their QOL score was 0.738 (95% CI, 0.723—0.754),°
which was lower than that of our study. They reported
that hemodialysis duration was a determinant of lower
QOL scores. We also consider that difference in QOL scores

might be due to the duration of hemodialysis, which was
15.4 * 8.8 years compared with our 4.4 = 0.5 years.

The significance of a history of hyperuricemia as both a
predictor and determinant of QOL scores is a new finding
of this study. A previous study reported that gout reduces
physical HRQOL, regardless of serum uric acid levels or
urate-lowering therapy.”” We considered thac there might
be some participants with gouts in the presence of hyper-
uricemia because hyperuricemia is the most important
risk factor for the development of gout.® The baseline
systolic blood pressure was negatively associated with the
QOL scores. This result is consistent with a previous study”
and a Chinese study on QOL scores measured using the
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Table 4. Tobit Regression Analysis for Clinical Determinants of 10th-year QOL Scores Among 10th-year Data (2018)

167

Simple regression analysis

Multiple regression analysis

Model 1 Model 2 Model 3
(hemoglobin) (creatinine) (eGFR)
P P P P
Variables Coefficients value Coefficients  value Coefficients  value Coefficients value
Sex (male = 0, -0.0175 .549 —0.0769 .058 —0.0888 .006 —0.0938 .040
female = 1)
Age —0.0096 <.001 —0.0108 <.001 —-0.0110 <.001 -0.0113 <.001
Body mass index 0.0015 .653 —0.0004 .926 —0.0036 .378 ~0.0034 .399
Systolic blood pressure —0.0023 .028 —0.0012 .346 —0.0010 .360 —0.0011 295
(mmHg)
Diastolic blood 0.0003 .814
pressure (mmHg)
Mean albumin (g/dL) 0.1529 .029
Mean hemoglobin (g/ 0.0170 .054 —0.0009 .928
dL)
Comorbidities
10-year hypertension —0.0275 531
10-year diabetes —0.0551 .040 -0.0712 .053 —0.0992 .001 —0.0939 .002
10-year —0.0048 .870 -0.0131 .729 —-0.0018 .953 —0.0017 .956
hyperlipidemia
10-year —0.0703 .010 —0.0885 .016 —0.0931 .002 —0.1043 .001
hyperuricemia
Renal function
Serum creatine(mg/ —0.0016 .901 0.0043 713
dL)
eGFR (mL/min/ —0.0002 77 —0.0012 131
1.73m?3
CKD stage*
G3a 0.0145 .749
G3b 0.1194 .015
G4 —0.0702 .170
G5 0.0074 913
G5D -0.1157 .039
stage unknown —0.0071 .866
Clinical events
Initiation of RRT —1.2874 .007 —0.0582 .521 —0.1365 .203 —0.1495 .010
Occurrence of CVD —0.0169 775 —0.0608 374 0.0398 .552 0.0285 670
50% decline in —0.0443 319
eGFR+t
Intervention groups 0.0056 .835 0.0203 .552 0.0131 .651 0.0125 665
(standard
intervention = 0,
advanced
intervention = 1)
Constant 2.1441 <.001 2.1988 <.001 2.307 <.001
Number of 249 292 292
observations
Pseudo R-squared 0.1720 0.2897 0.2999

CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; QOL, quality of life.
We performed three models of regression analysis by considering the multicollinearity.
*Compared with CKD stage G1+G2.

tParticipants receiving RRT were not included.

EQ-5D-3L in patients with hypertension.”” The manage-
ment of hypertension, diabetes and hyperuricemia, shown
as significant predictors or determinants of 10th-year QOL
scores, is recommended in the CKD guidelines.> We
suggest the importance of CKD guideline-based practces

from the perspective of HRQOL improvement.

This study had some limitations. First, the sample size
was small owing to excessive missing 10-year values.
Moreover, 27.4% of participants with CKD were not
categorized based on their 10-year CKD stages, which
might affect the association between QOL scores and renal

function. These missing values also affected the selection of
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the variables in the multiple regression analysis. Second,
because of the self-reported questionnaire surveys by
mailing, participants who responded to the questionnaires
tended to be healthier than those who could not. Sicker
patients, especially those with CKD stage G5, may have
already initiated RRT or were lost to death before the sur-
vey. Third, we could not evaluate clinical events other than
the initdation of RRT, CVD or 50% decline in eGFR and
could not examine changes in the clinical indices or drug
treatments. These unevaluated factors that might
contribute to QOL scores in patients with CKD should
be examined in further studies.

In conclusion, our results suggest that baseline age, a
history of hyperuricemia and systolic blood pressure are
important clinical predictors of QOL scores in long-term
CKD survivors. CKD guideline-based practices,” preven-
tion of ESKDD/CVD and management of hypertension,
diabetes and hyperuricemia, might contribute to future
HRQOL in patients with CKD.

Practical Application

This study shows that CKD) complications, such as
ESKD and CVD, negatively affect the QOL scores in
10 years long-term survivors with CKD. The baseline
age, a history of hyperuricemia and systolic blood pressure
are important clinical predictors of the 10th-year QOL
scores in older survivors aged =70 years with CKD. There-
fore, our study suggests that CKD guideline-based practice
is important for patients with CKD from the perspective of
improving HRQOL.
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ARTICLE INFO ABSTRACT

Keywords: The m.3243A > G mutation in the mitochondrially encoded tRNA leucine 1 (MT-TL1) gene is known
Case report to cause mitochondrial nephropathy. However, its long-term effects of the m.3243A > G mutation
Mitochondrial nephropathy on renal histopathology or heteroplasmy rates remain unknown. Here we present the case of a
A,ET;;Z; A>G mutation female patient who underwent renal biopsy at 34 years of age to invzestigate the reason for a low
Heteroplasmy estimated glomerular filtration rate (eGFR) of 47.9 mL/min/1.73 m®. Light microscopy revealed
Taurine nephrosclerosis with granular swollen epithelial cells (GSECs) in the renal tubules. Genetic testing

revealed the m.3243A > G mutation in the MT-TL1 gene. Over a follow-up period of 8 years, the
eGFR declined at a rate of 1.50 mL/min/1.73 m?/year. A second renal biopsy was performed at
the age of 42 years; the patient’s glomerular sclerosis rate had increased from 45.5% to 63.2%,
and the frequency of GSECs in the collecting ducts had increased from 5.8% to 20.8%. Further-
more, the heteroplasmy rate in blood cells and urinary sediment cells increased from 9% to 20%
and 20% to 53%, respectively. Taurine therapy was initiated just after the second kidney biopsy.
To date, after approximately 3 years of taurine administration, the rate of eGFR decline has
markedly decreased to 0.26 mL/min/1.73 m?/year. This experience suggests that an increased
heteroplasmy rate may be associated with the progression of mitochondrial nephropathy caused
by MT-TL1 mutation. Furthermore, our case is the first to suggest the effectiveness of taurine for
mitochondrial nephropathy caused by the m.3243A > G mutation in the MT-TL1 gene.
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1. Introduction

Several reports have shown that focal segmental glomerulosclerosis (FSGS) is a characteristic pathological change in mitochondrial
nephropathies caused by mitochondrial DNA (mtDNA) mutations, such as those in the mitochondrial tRNA leucine 1 (MT-TL1) gene
[1-3]. In such cases, the mitochondria in glomerular podocytes lose their normal function, and the resulting podocyte damage has been
thought to be involved in the etiopathogenesis of FSGS lesions [4]. However, our prior analysis of 63 renal biopsy cases with the
m.3243A > G mutation in MT-TL1 showed that 11.4% of these cases were diagnosed via histopathology as nephrosclerosis without
FSGS lesions [3]. Although the lack of FSGS lesions in renal biopsy sections may be due to sampling errors, whether this error alone can
explain the lack of FSGS lesions is debatable. The clinical manifestations and pathological changes of mitochondrial disease caused by
mtDNA mutations are highly variable and are impacted by the heteroplasmy rate that differs among organs and cells [5].

The long-term effects of the m.3243A > G mutation on renal histopathology or heteroplasmy rates are unknown. In addition,
although taurine is reportedly effective at treating mitochondrial diseases with MT-TL1 mutations that were already proven to cause a
taurine modification defect in tRNALeu (UUR), as in m.3243A > G [6], its effect on mitochondrial nephropathy is unclear. In this
context, we present a patient with an m.3243A > G mutation who underwent two renal biopsies performed 8 years apart, necessitated
by a gradual decrease in estimated glomerular filtration rate (eGFR). We investigated the factors contributing to the progression of
nephropathy in this patient by analyzing the changes in histopathology and heteroplasmy rates of mtDNA. Furthermore, this study is
the first report verifying the effectiveness of taurine in such patients.

2. Case presentation

Herein, we describe the case of a 45-year-old Japanese woman with no significant medical history prior to the second pregnancy at
32 years of age. The patient was initially found to have proteinuria and a decreased renal function in week 27 of the second pregnancy
and gave birth to the second child at 28 weeks of gestation due to an imminent risk of premature birth. One day after delivery,
proteinuria was 1.2 g/day and eGFR was 48.3 mL/min/1.73 m? as calculated using the serum creatinine value and the Japanese
equation (eGFR [mL/min/1.73 mz] =194 x Age’o'287 x Cre 1094 [x 0.739 if female]) [7]. Although the proteinuria disappeared 3
months after delivery, the eGFR was persistently <50 mL/min/1.73 m?. At 34 years of age, 15 months after the second delivery, the
patient was referred to our hospital by her primary doctor for decreased renal function. At the first visit to our hospital, the serum
creatinine level was 1.12 mg/dL (eGFR: 46.0 mL/min/1.73 m?), without proteinuria. Three months after the first visit to us, the patient
was admitted for a kidney biopsy to investigate the reason for persistent renal dysfunction.

Physical examination at admission showed the following: height 160.0 cm, body weight 45.5 kg, body mass index 17.8, blood
pressure 116/73 mmHg, and a regular heart rate of 67 bpm. Neurological examination results were normal. The patient had no
headaches, edema, or skin lesions. The serum creatinine level was 1.08 mg/dL (eGFR: 47.9 mL/min/1.73 m?) (Table 1) without
proteinuria (0.03 g/day) or hematuria (0-1/HPF). Except for hyperuricemia (uric acid: 6.5 mg/dL), all blood test results were normal

Table 1
Laboratory tests on admission.
1st biopsy 2nd biopsy

Age 34 42
Blood cell count
WBC (/L) 3900 5400
RBC (/pL) 415 x 104 458 x 104
Platelet (/pl) 1,67,000 1,87,000
Blood chemistry
Albumin (g/dL) 4.9 4.7
Sodium (mEq/L) 139 140
Potassium (mEq/L) 4.1 4.2
Chloride (mEq/L) 101 108
BUN (mg/dL) 15.5 25.1
Cre (mg/dL) 1.08 1.48
eGFR (ml/min/1.73m2) 47.9 31.9
Uric acid (mg/dL) 6.5 7.8
Fasted blood glucose (mg/dL) 88 98
HbAlc (%) 5.7 5.8
Serum lactate (mg/dL) 9.1 125
Serum pyruvic acid (mg/dL) 0.46 0.86
Urinarysis
Glucose (test tape) ) -)
Protein (g/day) 0.03 0.02
RBC (/HPF) 0-1 0-1
NAG (IU/L) 5.2 4.6
b2-MG (mg/L) 37 75

WBC, white blood cells; RBC, red blood cells; BUN, blood urea nitrogen; Cre, creatinine; eGFR, estimated
glomerular filtration rate; UA, uric acid; HbAlc, hemoglobin Alc by NGSP; NAG, N-acetylglutamate; b2-
MG, microglobulin; HPF, high-power field. Bold texts indicate abnormal values.
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(Table 1), and the serum lactate level was within the normal range (9.1 mg/dL). Blood tests did not suggest the existence of diabetes
mellitus, the patient was not a smoker, and was not taking any prescribed medications. Audiometric tests revealed pure tone averages
of 25.0 dB in the right and 20.0 dB in the left ears ([500 Hz + 1000 Hz x 2 + 2000 Hz]/4), indicating a normal hearing ability. An
echocardiogram revealed a normal heart function. Brain magnetic resonance imaging (MRI) was not performed as neurological
symptoms and stroke-like episodes were absent.

The patient reported that her mother had died at 42 years of age due to diabetic nephropathy-induced uremia. Her brother was
diagnosed with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) at 7 months of age and died at 37
years of age. The present patient was born after 36 weeks of gestation, with a birth weight of 2720 g. Both of her children are healthy
with no symptoms; the first was born prematurely at 29 weeks of gestation, with a birth weight of 1566 g, and the second at 28 weeks of
gestation with a birth weight of 1502 g. Neither showed proteinuria or renal dysfunction during health checkups.

The renal pathological findings of the present case are summarized in Table 2. Fig. 1A-C shows the light microscopy images of the
first kidney biopsy. Renal pathology showed nephrosclerosis. Five glomeruli among observed eleven glomeruli had global sclerosis
(45.5%), and two glomeruli were collapsed (18.2%). All other glomeruli showed almost normal appearance without any sclerotic
lesions, tuft adhesions, or endocapillary proliferation. Age-inappropriate disarranged and irregularly sized vascular smooth muscle
cells (AiDIVs) were also observed in the intralobular arteries (Fig. 1A) and afferent arterioles (Fig. 1B); arteriolar hyalinosis and intimal
thickening were not observed. Furthermore, granular swollen epithelial cells (GSECs) were also apparent in the collecting ducts on
Masson Trichrome staining (Fig. 1C). Electron microscopy examination showed an increase in the number of abnormal mitochondria
in podocytes and collecting duct cells (Fig. 1D-F).

The presence of GSECs, podocytes with abnormal mitochondria, and a relevant family history prompted us to consider the pos-
sibility of mitochondrial nephropathy due to mtDNA mutation. We performed genetic analysis using mtDNA extracted from peripheral
blood mononuclear cells and urine sediment cells [8]. The m.3243A > G mtDNA mutation was detected in both blood and urine
sediment cells. Heteroplasmy rates of blood and urine sediment cells were 9% and 20%, respectively (Table 2).

After the first kidney biopsy and genetic analysis, the patient was followed up without prescribing any medications as there were no
apparent clinical symptoms, and proteinuria was never detected (<0.15 g/g Cre). Urinary N-Acetylglucosamine and 2-microglobulin
levels were within the normal range. However, after the first kidney biopsy, the patient became aware that her hearing ability was
decreasing. In addition, the eGFR slowly but gradually decreased. Therefore, the patient was later admitted for a second kidney biopsy
to investigate the cause of the gradually decreasing renal function.

On the 2nd admission, the patient’s body weight was 45.5 kg, and blood pressure was 110/61 mmHg. Physical examination did not
reveal any abnormalities; the serum creatinine level had increased to 1.48 mg/dL (eGFR: 31.9 mL/min/1.73 m?) without proteinuria
(0.02 g/day). Although the uric acid level was high (6.5 mg/dL), all blood test results were normal and had not changed from the
results at the first admission (Table 1). An audiometric test showed pure tone averages of 45.0 dB in the right and 40.0 dB in the left
ears ([500 Hz + 1000 Hz x 2 + 2000 Hz]/4), indicating that the patient had experienced hearing loss. The echocardiogram was normal.

The renal pathological findings are summarized in Table 2. Light microscopy of the second biopsy specimen (containing 19
glomeruli) yielded 12 glomeruli with global sclerosis (63.2%) and one collapsing glomerulus; all other glomeruli appeared normal.
There were more GSECs in the collecting ducts in this biopsy compared to the first biopsy (53% and 20%, respectively) (Fig. 2A,
Table 2). AiDIVs were observed in the intralobular arteries and afferent arterioles, similar to those at the first biopsy (Fig. 2B and C). An
electron microscopical analysis revealed accumulation of abnormal mitochondria in podocytes (Fig. 2D). In addition, vascular smooth
muscle cells of arterioles were filled with abnormal mitochondria (Fig. 2E and F).

Next, we analyzed heteroplasmy rates of mtDNA with m.3243A > G. The heteroplasmy rates in the peripheral blood mononuclear
cells and urinary sediment cells were 20% and 53%, respectively, showing an increase over the 8 years (Table 2). The heteroplasmy
rate of kidney tissue was 75%.

Due to the gradually decreasing eGFR and the confirmed renal tissue damage with progressively increasing global glomeruli
sclerosis, we decided to administer taurine (12 g/day in three divided doses after each meal). The least squares regression line of the
eGFR trend using all the values from the first visit date showed that the patient’s eGFR was declining at a rate of 1.50 mL/min/1.73 m?/
year prior to taurine treatment (Fig. 3). After a period of 1022 days (about 2.8 years) since taurine was first prescribed, the rate of eGFR
decline markedly decreased to 0.26 mL/min/1.73 m?/year, as determined by linear regression using least square method (Fig. 3). The

Table 2
Comparison of histopathological findings and heteroplasmy rates of mtDNA.
1st biopsy 2nd biopsy

Renal Pathology
Global sclerosis 5/11 (45.5%) 12/19 (63.2%)
Segmental sclerosis 0/11 0/19
Podocytes with abnormal mitochondria accumulation + +
GSECs in collecting ducts 16/274 (5.8%) 38/183 (20.8%)
Rate of m.3243 A > G heteroplasmy
Blood cells 9% 20%
Cells in urinary sediments 20% 53%
Kidney tissue n.d. 75%

mtDNA, mitochondrial DNA; GSEC, granular swollen epithelial cell.
n.d., not done.
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Fig. 1. Microscopic histopathological examination of the first kidney biopsy specimen. (A) One glomerulus is globally sclerosed (arrow). Age-
inappropriate disarranged and irregularly sized vascular smooth muscle cells (AiDIVs) can be observed in an interlobular artery (asterisk) on pe-
riodic acid-methenamine-silver and hematoxylin eosin (PAM-HE) staining. (B) Residual glomeruli show a normal appearance. The afferent arteriole
of this glomerulus showed AiDIVs on PAM-HE staining. (C) Granular swollen epithelial cells (GSECs) can be observed among the renal tubules and in
the collecting duct (arrows) on Masson Trichrome staining. (D) Mitochondria with abnormal cristae structures accumulate in a collecting duct cell
(electron microscopy; magnification 1500 x ). (E) Mitochondria are increased in a podocyte (electron microscopy; magnification 1500 x ). (F) High
magnification of the area enclosed in the square shown in (E). The mitochondrial cristae structures exhibit ripping and loss, and the mitochondria
are enlarged (electron microscopy; magnification 8000 x ).

only drug prescribed to the patient during this 2.8-year period was taurine. The uric acid level normalized after taurine administration.
However, there has been no improvement in hearing impairment.

3. Discussion
FSGS cases with the m.3243A > G mutation often show an accumulation of abnormal mitochondria in podocytes upon electron

microscopy, which suggests that mitochondrial dysfunction-induced podocytopathy may underline this disease [1,2,4]. However, our
prior analysis showed that 11.4% of mitochondrial nephropathy cases with the m.3243A > G mutation were diagnosed as
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Fig. 2. Microscopic histopathological examination after the second kidney biopsy. (A) Most of the cells in the collecting duct (arrow) were
classified as GSECs on Masson Trichrome staining. (B) One glomerulus is globally sclerosed (arrow). Another residual glomerulus appears normal
while the vascular smooth muscle cells of the afferent arteriole of this glomerulus shows AiDIVs on PAM-HE staining. (C) AiDIVs can be observed in
an arteriole (arrow) on PAM-HE staining. (D) Enlarged mitochondria can be observed in a podocyte (arrow; electron microscopy; magnification
10,000 x ). (E) A vascular smooth muscle cell (arrow) of an arteriole is filled with enlarged mitochondria (electron microscopy; magnification 2500
x ). (F) High magnification of the area enclosed in square (E). Cristae structures in accumulated mitochondria are disarranged. The crista structure
of one mitochondrion exhibits a spiral shape (arrow; electron microscopy; magnification 30,000 x ).

nephrosclerosis without FSGS lesions [3]. The pathogenesis of why nephrosclerotic lesions without FSGS occur in mitochondrial
nephropathy remains unclear. Sampling error may mean that FSGS lesions were not included in the limited renal biopsy specimens.
However, we believe that sampling error alone cannot explain our data, as renal biopsy was performed twice in our case. As observed
upon electron microscopy, abnormal mitochondria accumulated in the vascular smooth muscle cells (Fig. 2E and F). This finding
suggests that mitochondrial dysfunction may occur and cause cellular dysfunction in vascular smooth muscle cells. In fact, despite the
absence of hypertension and in spite of the patient’s age, the mesenteric vascular smooth muscle cells of the interlobular arteries were
unequal in size and arrangement (Figs. 1A, 3B and 3C). Thus, these age-inappropriate disarranged and irregularly sized vascular
smooth muscle cells (AiDIVs) were assumed to cause abnormal glomerular hemodynamics, resulting in pathological changes similar to
hypertension-induced nephrosclerosis.

In our case, two renal biopsies were performed with an intervening period of over 8 years. One weakness of this report was that the
specimens from the first renal biopsy were not available for re-examination, and the mtDNA heteroplasmy rate could not be deter-
mined in the kidney. However, the rate of heteroplasmy increased markedly in the blood and urine sediment cells during this 8-year
period, and the GSECs also increased between the first and second biopsy. This increase suggests that the rise in the heteroplasmy rate
and the reduced mitochondrial function in the renal cells contributed to the progression of nephropathy. A previous report showed a
relationship between the elevated m.3243A > G heteroplasmy rate in leukocytes and age-related changes [9], which may explain the
age-inappropriate pathological changes in the renal lesions observed in our patient based on the increased heteroplasmy rate.
Alternatively, other reports have shown that the heteroplasmy rates of the m.3243A > G pathogenic variant of MT-TL1 in leukocytes
decrease over time [10,11], which differs from the results in our case, where the heteroplasmy rates in leukocytes and urine sediment
cells increased over time. Although the reason for this cannot be clearly demonstrated, it has been speculated that the decline in quality
control of mtDNA decreases with age and the heteroplasmy rate of mtDNA increases, and this impaired quality control of mtDNA may
have been the cause in this case as well [12-14]. In the future, it will be necessary to investigate the change in heteroplasmy rate of
mtDNA over time in mitochondrial nephropathy cases with this pathological variant in order to resolve this difference.

Prior to treatment, the eGFR in the present patient declined at a rate of 1.50 mL/min/1.73 m? per year. As the eGFR was 31.9 mL/
min/1.73 m? at the time of the second renal biopsy, it was estimated that the patient would reach end-stage kidney disease (ESKD)
(under 10 mL/min/1.73 m?) at approximately 60 years of age. The m.3243A > G mutation reduces the taurine modification of the
leucine tRNA anticodon, resulting in the UUG codon not being appropriately recognized, leading to abnormal synthesis of mito-
chondrial proteins [15,16]. This reduction in tRNA function in cases with the pathogenic variants in MT-TL1 that were already proven
to cause a taurine modification defect in tRNALeu (UUR), as in m.3243A > G, can be improved by taurine supplementation, which
restores mitochondrial function [6]. So far, the patient has been taking taurine for approximately three years, during which time the
rate of eGFR decline improved markedly to 0.26 mL/min per year (Fig. 3). Assuming that this rate of eGFR decline could be main-
tained, we calculated that the patient would reach ESKD (under 10 mL/min/1.73 m?) at approximately 115 years of age, because the
current eGFR is about 28 mL/min/1.73 m2. Although this is a single patient case report, it is the first study to show the long-term effects
of taurine treatment on mitochondrial nephropathy caused by impaired taurine modification of mitochondrial tRNAs. It should be
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Fig. 3. Estimated glomerular filtration rate (eGFR) before (A) and after (B) taurine treatment. The slope is determined by a linear regression
line using least square method. The horizontal axis shows the time in days, and the coefficient was multiplied by 365 to obtain the slope per year.
The slope of eGFR prior to taurine administration was calculated using all eGFR measurements taken from the date of the first visit to the date of
initiation of taurine administration, including the day of administration. The first renal biopsy was performed on day 99 and the second one was on
day 3124. The slope of the post-taurine eGFR uses all measurements from the date of taurine administration to the present.

noted that this is an evaluation based on only one case treated with taurine, and the effect cannot be proven until additional cases are
analyzed. Ultimately, randomized clinical trials with taurine supplementation are needed to address this research.

4. Conclusion

In conclusion, we believe that this case report provides three important insights into mitochondrial nephropathy. First, our analysis
suggests that the etiopathogenesis of nephrosclerosis in mitochondrial nephropathy may be caused by abnormal mitochondrial
function in vascular smooth muscle cells. Second, the heteroplasmy rates of mutated mtDNA increase over time, resulting in pro-
gression of nephropathy; these changes may be non-invasively captured by the analysis of urine sediment cells. Third, taurine
administration may be effective at ameliorating MT-TL1 mutation-induced mitochondrial nephropathy, although further studies are
needed to independently validate our findings.
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ARTICLE INFO ABSTRACT
Keywords: NADH dehydrogenase 5 (ND5) is one of 44 subunits composed of Complex I in mitochondrial respiratory chain.
Focal segmental glomerulosclerosis Therefore, a mitochondrially encoded ND5 (MT-ND5) gene mutation causes mitochondrial oxidative phosphory-

Mitochondrial nephropathy
NADH dehydrogenase 5
Podocyte

Case report

lation (OXPHOS) disorder, resulting in the development of mitochondrial diseases. Focal segmental glomer-
ulosclerosis (FSGS) which had podocytes filled with abnormal mitochondria is induced by mitochondrial
diseases. An MT-ND5 mutation also causes FSGS. We herein report a Japanese woman who was found to have
proteinuria and renal dysfunction in an annual health check-up at 29 years old. Because her proteinuria and renal
dysfunction were persistent, she had a kidney biopsy at 33 years of age. The renal histology showed FSGS with
podocytes filled with abnormal mitochondria. The podocytes also had foot process effacement and cytoplasmic
vacuolization. In addition, the renal pathological findings showed granular swollen epithelial cells (GSECs) in
tubular cells, age-inappropriately disarranged and irregularly sized vascular smooth muscle cells (AiDIVs), and
red-coloured podocytes (ReCPos) by acidic dye. A genetic analysis using peripheral mononuclear blood cells and
urine sediment cells detected the m.13513 G > A variant in the MT-ND5 gene. Therefore, this patient was
diagnosed with FSGS due to an MT-ND5 gene mutation. Although this is not the first case report to show that an
MT-ND5 gene mutation causes FSGS, this is the first to demonstrate podocyte injuries accompanied with accu-
mulation of abnormal mitochondria in the cytoplasm.

1. Introduction (MRC) complex. Given that the genes related to the MRC complex are
encoded in mitochondrial DNA (mtDNA) and nuclear DNA (nDNA),

Mitochondrial diseases/disorders are rare and occur every 1 in 5000 mitochondrial diseases can occur in cases of mtDNA or nDNA mutations
births [1]. Mitochondria play a key role in the biosynthesis of adenosine [2,3]. As ATP is mandatory for all cells that require energy, the clinical
triphosphate (ATP), the main energy source of cells, through oxidative phenotypes of mitochondrial diseases are versatile and are expressed as

phosphorylation (OXPHOS) using the mitochondrial respiratory chain encephalopathy [4], myopathy [5], cardiomyopathy [6], hepatopathy

Abbreviations: ND5, NADH dehydrogenase 5; MT-ND5, mitochondrially encoded ND5; OXPHOS:, oxidative phosphorylation; MELAS, mitochondrial encepha-
lomyopathy, lactic acidosis, and stroke-like episodes; FSGS, focal segmental glomerulosclerosis; GSECs, granular swollen epithelial cells; AiDIVs, age-inappropriately
disarranged and irregularly sized vascular smooth muscle cells; ReCPos, red-coloured podocytes; ATP, adenosine triphosphate; MRC, mitochondrial respiratory
chain; mtDNA, mitochondrial DNA; nDNA, nuclear DNA; Cr, creatinine; sCr, serum creatinine; eGFR, estimated glomerular filtration rate; COX IV, cytochrome ¢
oxidase subunit 4.
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[71, deafness [8], and diabetes mellitus [9]. Mitochondrial nephropathy,
which occurs because of a mitochondrial disorder in nephrons, has also
been reported [10-12].

Focal segmental glomerulosclerosis (FSGS) is a histological term,
rather than a specific disease category and diagnosed by the presence of
sclerosis in parts of at least one glomerulus in the kidney biopsy spec-
imen [13]. It can be classified into primary, secondary, genetic, and
unknown forms of FSGS [14]. Among causative genes of mitochondrial
nephropathy, m.3243A > G pathogenic variant in MT-TL1 gene on
mtDNA, which encodes mitochondrial transfer RNA leucine 1, is ma-
jority [12]. The m.3243A > G mutation leads to genetic cause of FSGS
with accumulation of abnormal mitochondria in podocytes [11,15].
Because podocyte injury plays a key role in the pathogenesis of FSGS
[16-18], impaired mitochondrial function in podocytes should induce
FSGS [19-22].

The pathogenic variants in mitochondrially encoded NADH dehydro-
genase 5 (MT-ND5) gene cause mitochondrial diseases such as mito-
chondrial encephalomyopathy with lactic acidosis and stroke-like
episodes (MELAS) [23-25]. ND5 is one of the 44 subunits of mito-
chondria respiratory complex I. The pathogenic variants in MT-ND5
gene also cause FSGS [26-29]. However, in all cases with FSGS lesions
presented in the past reports, abnormal mitochondria or their accumu-
lation were not identified in podocytes. In another recent report of three
cases with nephropathy due to MT-ND5 gene mutation, one of the cases
showed FSGS lesion. The authors of this report concluded that FSGS
lesion of their case was secondary [28]. The pathogenesis of the sec-
ondary FSGS is considered to involve intraglomerular hypertension
caused by hypertension or obesity, by adaptation to nephron loss due to
progression of glomerulosclerosis or by a low nephron number due to
low birth weight [30,31]. Therefore, it has not been evident whether
genetic FSGS occurs with a pathogenic variant in MT-ND5 gene. Here,
we report the case with an MT-ND5 mutation with apparent FSGS le-
sions. In this case, foot process effacement and cytoplasmic vacuoliza-
tion in podocytes with accumulation of abnormal mitochondria were
observed.

2. Case presentation

This case occurred in a Japanese woman born at 39 weeks of

Molecular Genetics and Metabolism Reports 35 (2023) 100963

gestation with a birth weight of 3210 g. She had no remarkable medical
history. Annual health check-ups showed no proteinuria on urinalysis
until age 29. At 29 years of age, the annual health check-up revealed
proteinuria (1+) for the first time using a urine dipstick and a high
serum creatinine (sCr) level of 1.01 mg/dL. Her estimated glomerular
filtration rate (eGFR) using the Japanese Eq. [32] was calculated to be
54.0 mL/min/1.73 m?. At the same check-up, she was also found to have
a slight hearing disturbance. Additionally, she had a headache once a
week from 30 years of age and was diagnosed by a neurologist with
migraine, uncontrolled with triptan. Her health check-up at 32 years of
age again showed proteinuria (14) and increased sCr (1.06 mg/dL).
Hematuria has never been noted before. At 33 years of age, she was
referred to the Yamanashi Prefectural Central Hospital by her primary
doctor to examine the reason for her proteinuria and decreased eGFR. At
the first visit, proteinuria (1.09 g/gCr), elevated sCr (1.28 mg/dL), and
elevated uric acid (7.5 mg/dL) were detected. Febuxostat and sodium
bicarbonate were prescribed for the treatment of hyperuricemia.
Because of the continued presentation of proteinuria and decreased
renal function, she was admitted for a kidney biopsy, at 6 months
following the initial visit.

Upon admission, her blood pressure was 114/70 mmHg. Physical
examination showed a height of 152 cm, body weight of 43.8 kg, and
body mass index of 19.0. No crackles or murmurs were detected on chest
auscultation. No abnormal neurological findings were observed. Neither
skin lesions nor pitting oedema were detected. The laboratory data on
admission are summarised in Table 1, which shows decreased eGFR and
proteinuria. Hematuria was not observed. In the data we measured,
there were no data to suggest the presence of tubular dysfunction such as
Fanconi's syndrome or distal tubular acidosis. The long x short axis of
the kidneys measured 101 x 38 mm on the left and 104 x 50 mm on the
right, indicating no renal atrophy. The electrocardiogram test result was
normal, and echocardiography revealed normal cardiac function. The
standard pure-tone hearing test showed a right-ear value of 38.8 dB and
a left-ear value of 40.0 dB. She was therefore diagnosed with sensori-
neural hearing loss by an otolaryngologist. No visual field defects were
noted. Furthermore, because of hearing loss and headache symptoms, a
brain magnetic resolution imaging (MRI) was also performed to examine
for brain lesions, but no abnormal findings were found.

Her parents had died because of cancer (mother, breast cancer,

Table 1
Laboratory data on admission.
Blood cell count Blood chemistry Immunology Urinalysis
WBC 5400 /HL TP 6.8 g/dL CH50 54 U/mL Gravity 1.01
RBC 373 x10%/uL Alb 3.9 g/dL C3 76.1 mg/dL pH 7.0
Hb 11.5 g/dL AST 21 IU/L Cc4 19.3 mg/dL RBC 1-4 /HPF
Ht 35.1 % ALT 11 1U/L IgG 1340.3 mg/dL WBC <1 /HPF
MCV 94.1 fl LDH 186 1U/L IgA 225.7 mg/dL Protein 2.04 g/gCr
MCHC 32.8 % ALP 149 IU/L IgM 180.1 mg/dL Glucose )
Plt 25.7 ><104/pL Thil 0.56 mg/dL ANA -) NAG 8.6 U/L
BUN 21.8 mg/dL M protein )
Coagulation Cr 1.26 mg/dL HBs Ag )
APTT 34.0 sec eGFR 40.8 mL/min/1.73 m? HCV Ab )
PT 99.0 % K 5.0 mEq/L
INR 0.97 INR P 3.1 mg/dL
Fib 373.0 mg/dL UA 5.4 mg/dL
Tcho 255 mg/dL
CRP 0.01 mg/dL
FBS 85 mg/dL
HbAlc 5.3 %

Aberrant values are underlined.

WBC, white blood cells; RBC, red blood cells; Hb, haemoglobin; Hct, haematocrit; MCV, mean corpuscular volume; MCHC, mean corpuscular haemoglobin con-
centration; Plt, platelet; APTT, activated partial thromboplastin time; PT, prothrombin time; INR, international normalized ratio; Fib, fibrinogen; 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; eGFR, estimated glomerular filtration rate (by the Japanese equation); K, potassium; P, phosphate; UA, uric acid; Tcho, total cholesterol;
CRP, C-reactive protein; FBS, fasting blood sugar; HbAlc, haemoglobin Alc (NGSP); CH50, 50% haemolytic complement activity; C3, complement 3; IgG, immu-
noglobulin G; ANA, antinuclear antibody; M protein, monoclonal protein; HBs Ag, hepatitis B surface antigen; HCV Ab, hepatitis C virus antibody; NAG, N-acetyl

glucosaminidase; HPF, high power field.
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father, colon cancer) without kidney disease or any hearing difficulty.
Neither of her two older brothers had any abnormalities in kidney
function, urine, or hearing. She had a 7-year-old daughter and a 5-year-
old son. Her daughter's birth weight was 2840 g at 41 weeks and 2 days
of gestation, and her son's birth weight was 2632 g at 39 weeks of
gestation. Her daughter was born using suction delivery, whereas her
son was born through normal delivery. None of her children had any
urinary abnormalities or hearing difficulties, as examined during med-
ical check-ups. However, the children sometimes complained of head-
aches that had not yet been diagnosed by any doctor.

A percutaneous kidney biopsy was performed under ultrasound
guidance. Light microscopy photographs of renal biopsy specimens are
shown in Fig. 1. Nine glomeruli were observed in the specimens. One
glomerulus was globally sclerosed. Furthermore, segmental sclerosis
was observed at the perihilar area in two glomeruli, compatible with the
perihilar variant in the Columbia classification of FSGS (Fig. la)
[13,30]. Interestingly, red-coloured podocytes (ReCPos), whose cyto-
plasm was dyed red, were observed using AZAN trichrome staining
(Fig. 1a and b). Neither mesangial proliferation nor hypercellularity
were detected. Interstitial fibrosis and tubular atrophy were observed in
almost 30% of the interstitium. There were no abnormal findings such as
thickening or lamellation of the tubular basement membrane. Charac-
teristically, granular swollen epithelial cells (GSECs), reported to be
specific to mitochondrial diseases [33,34], were markedly observed in
the distal tubular cells using AZAN trichrome staining (Fig. 1c). Such
GSECs were emphasised by staining with anti-cytochrome c oxidase
subunit 4 (COX IV) antibody [mouse anti-COX IV antibody (20E8C12)]
(ab14744; Abcam PLC., Cambridge, UK; Fig. 1d). COX IV staining is
recognised as a loading control for mitochondria [34,35]. Furthermore,
the sizes of the vascular smooth muscle cells in arterioles were irregular,
and their arrangement was disorganized in a manner similar to that seen
in older patients, despite the younger age (33 years) of the patient,
without any medical history that may have caused arteriosclerosis
(Fig. 1e). Such age-inappropriately disarranged and irregularly sized
vascular smooth muscle cells (AiDIVs) were also noticeable in the
interlobular arteries (Fig. 1f). Immunofluorescence analysis revealed
IgM, C3 and C1q deposits in the glomeruli (Fig. 1g-i). IgG and IgA were
negative in observed glomeruli. Electron microscopy analyses
(Fig. 2a—e) also showed podocytes with increased mitochondria that had
lost their normal cristae structure. Foot processes of such podocytes with
accumulation of abnormal mitochondria were effaced (Fig. 2b and d). A
vacuolization was also observed in the cytoplasm in the podocyte with
mitochondrial accumulation (Fig. 2b). We also detected cells with
increased abnormal mitochondria in the parietal epithelial cells of the
Bowman's capsule (Fig. 2f). Although the glomerular basement mem-
brane was partially thin at the part along with the podocytes with
abnormal mitochondria, the membranes at other parts showed normal
thickness (> 250 nm) without lamination or reticulation. Electron dense
deposits were not observed in mesangium or glomerular basement
membranes. These renal pathology findings strongly suggest genetic
FSGS due to mitochondrial disease.

The serum lactate and pyruvate levels were slightly elevated at 21.0
mg/dL (normal: 3.0-17.0 mg/dL) and 1.34 mg/dL (normal: 0.30-0.94
mg/dL), respectively. The pathological finding of accumulation of
abnormal mitochondria in glomerular epithelial cells and tubules, the
presence of sensorineural hearing difficulty, and elevated blood lactate
led us to perform a comprehensive genetic analysis of mitochondrial
diseases.

After obtaining informed consent from the patient according to
protocol and permission from our ethics committees, genomic DNA
extracted from the patient's peripheral mononuclear blood cells and
urine sediment cells was analysed by targeted resequencing coupled
with next-generation sequencing, followed by Sanger sequencing. The
DNA was subjected to fragmentation and library preparation using the
Lotus DNA Library Prep Kit (#10001074; Integrated Device Technology,
Inc., San Jose, CA, USA) according to the manufacturer's instructions.
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Target enrichment was performed with xGen Human mtDNA Research
Panel (#1075705; Integrated Device Technology) targeting the whole
mtDNA and with custom xGen® Predesigned Gene Capture Pools (In-
tegrated Device Technology)/xGen Lockdown Probe pool (Integrated
Device Technology) targeting the exons of 367 nuclear-encoded genes
that cause mitochondrial diseases. The library was then sequenced on
the Illumina MiSeq platform using the MiSeq Reagent Kit v2 (MS-102-
2002; Illumina, Inc., San Diego, CA, USA). A pathogenic mtDNA variant
of m.13513G > A was detected in both the patient's blood cells and urine
sediment cells (Fig. 3). The Minor Variant Finder (MVF) software pro-
gram (Thermo Fisher Scientific, Waltham, MA, USA) revealed that the
heteroplasmy rates of the blood cells and urine sediment cells were
10.3% (forward: 11.6%/reverse: 9.0%) and 62.2% (forward: 63.7%/
reverse: 60.7%), respectively. Therefore, we diagnosed her with renal
dysfunction and proteinuria due to FSGS caused by an MT-ND5
mutation.

3. Discussion and conclusions

MT-ND5 gene encodes NADH dehydrogenase 5 (ND5), which is a
subunit of mitochondria respiratory complex I. Therefore, MT-ND5
mutations cause mitochondrial diseases such as MELAS [23,36,37],
Leigh syndrome [36-39], and Leber hereditary optic neuropathy [37].
Our case with the m.13513G > A variant in the MT-ND5 gene showed
FSGS lesions with injured podocytes that had accumulation of abnormal
mitochondria in the cytoplasm. The m.13513G > A has already been
confirmed as a pathogenic variant of the mitochondrial disease using
MITOMAP, a human mitochondrial genome database (https://www.mit
omap.org/MITOMAP).

Mitochondrial diseases cause genetic FSGS [11,12,15]. Its etiology is
postulated to be caused by genetically disrupted mitochondrial function
in podocytes [19,22]. As an indication of this, cases with FSGS due to
m.3243A > G mutation had podocytes filled with mitochondria with
abnormal cristae structure [10,11]. In the past, several cases of mito-
chondrial diseases due to MT-ND5 mutations have been also reported to
show FSGS lesions [26-29]. However, in these cases, pathological
findings of podocyte injuries with accumulation of abnormal mito-
chondria were not confirmed, leaving the possibility of secondary FSGS
caused by intraglomerular hypertension [14,28,30,31]. In contrast, our
present case showed apparent FSGS lesions, and we detected increased
abnormal mitochondria in the glomerular podocytes that also had
pathological findings indicating their injuries such as foot process
effacement and the cytoplasmic vacuolization. Our patient did not have
hypertension, obesity, or a history of low birth weight. Furthermore, the
diameters of all glomeruli observed under light microscopy in this pa-
tient were < 250 pm (mean + SD; 149 + —72 pm). Therefore, we
deemed the etiology of FSGS, in this case, to be a disorder of the mito-
chondrial OXPHOS system due to an MT-ND5 mutation and not due to
‘secondary’ by intraglomerular hypertension [14,30,31]. The patho-
logical picture of tubulointerstitial nephropathy with GSECs was also
observed in this case. This tubulointerstitial damage may be due to the
MT-ND5 mutation, as has been reported in the past [28].

In general, mitochondrial diseases induced by mtDNA mutations
vary markedly based on differences in the rates of heteroplasmy by cell
type or organ [40,41]. Therefore, while the reason for the differences
between the present and the previous cases with the pathogenic variant
in MT-ND5 gene could not be completely ascertained, the heteroplasmy
rate of mtDNA with the pathogenic variant in podocytes might have
been higher in our case than that in the previous cases.

In this case, IgM, C3, and C1q were positive in glomeruli (Fig. 1g-i).
Since neither hematuria, mesangial cell proliferation, nor electron dense
deposits were observed, we considered that it was unlikely that IgM
nephropathy or Clq nephropathy was complicated [42,43]. On the
other hand, glomerular IgM and C3 deposits frequently accompany FSGS
[44]. In addition, IgM and C3 were positive in glomeruli of two out of
three cases report by Bakis et al., too [28]. Therefore, IgM and C3

189


https://www.mitomap.org/MITOMAP
https://www.mitomap.org/MITOMAP

T. Naganuma et al. Molecular Genetics and Metabolism Reports 35 (2023) 100963

a b

Fig. 1. Light microscopy and immunofluorescence findings (a): The segmental sclerosis lesion at the perihilar area is indicated by an arrow. A red-coloured podocyte
(ReCPo) is surrounded by a square, magnified at the top right (AZAN stain). (b): The ReCPo is indicated by an arrow (AZAN stain). (c): GSECs in the distal tubules are
indicated by arrows (AZAN stain). One GSEC is magnified at the lower left. (d): Staining of COX IV emphasizes tubular cells, including many mitochondria, which
correspond to GSECs. (e): In the afferent arteriole that connects to the glomerulus of (a), the sizes of the vascular smooth muscle cells are irregular, and their
arrangement is disorganized, similar to those seen in older patients (PAM-HE stain). (f): Age-inappropriately disarranged and irregularly sized vascular smooth
muscle cells (AiDIVs) are observed in an interlobular artery (PAM-HE stain). (g): IgM deposits are detected in glomeruli. (h): IgG deposits are detected in glomeruli.
(i): C1q deposits are detected in glomeruli.
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deposition may be related to a part of the pathogenesis of FSGS caused
by MT-ND5 mutation. Although the reason for Clq deposition in
glomeruli is also not clear. Because Clq is reported to bind to mito-
chondria, it may be associated with the pathogenesis of FSGS by driving
oxidative stress [45-47].

This case should be suggestive because it had several characteristic
light-microscopical findings of mitochondrial nephropathy. In our case,
GSECs with red-coloured cytoplasm were observed with AZAN

Molecular Genetics and Metabolism Reports 35 (2023) 100963

Fig. 2. Electron microscopy findings (a):
Arrows indicate podocytes filled with
increased mitochondria. (b): In a podocyte,
abnormally high numbers of mitochondria
are seen in the cytoplasm. Foot process
effacement (*) and cytoplasmic vacuoliza-
tion (**) are observed in this podocyte. (c):
Magnification of (b) reveals that the
increased mitochondria have lost their
organized cristae structure. (d): A podocyte
is filled with mitochondria. The foot process
of this podocyte is effaced. (e): Magnification
of (d) reveals that mitochondria with disor-
ganized cristae increase. (f): The parietal
epithelial cells in Bowman's capsule are also
filled with abnormal mitochondria.

trichrome staining. As mitochondria are dyed red by acidic dyes such as
AZAN, red-coloured GSECs indicate that they abnormally include many
mitochondria [33]. In addition, as COX IV is a subunit of complex IV,
COX IV staining can be used to stain mitochondria [35] and may help
confirm the presence of abnormally increased numbers of mitochondria
[34,48]. Furthermore, age-inappropriately disarranged and irregularly
sized vascular smooth muscle cells (AiDIVs) were observed in the arte-
rioles and intralobular arteries in this case. Such findings have also been
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Fig. 3. Genetic analysis (a): The electropherogram from Sanger sequencing indicates that the patient has the m.13513 G > A variant in her peripheral mononuclear
blood and urine sediment cells. (b): The rate of heteroplasmy calculated by the MVF software program is 10.3% (forward: 11.6%/reverse: 9.0%) in peripheral
mononuclear blood cells (upper panel: patient, lower panel: control). (¢): The rate of heteroplasmy is 62.2% (forward: 63.7%;/reverse: 60.7%) in urine sediment cells

(upper panel: patient, lower panel: control).

reported in other cases of mitochondrial nephropathy [12,34]. Inter-
estingly, red-coloured podocytes (ReCPos) were detected using AZAN
trichrome staining, as we recently reported in a case of mitochondrial
nephropathy [49]. Like GSECs, ReCPos abnormally include many
mitochondria in their cytoplasm [49]. In summary, in cases of FSGS or
glomerulosclerosis with unknown aetiologies, the existence of GSECs,

AiDIVs, and ReCPos should be carefully evaluated. COX IV staining may
aid in the detection of abnormally increased mitochondrial counts.

We describe the weaknesses of our report. In this case, because
mitochondrial disease was suspected based on the pathological findings
of abnormal mitochondria, the presence of hearing loss, and high blood
lactate levels, we comprehensively examined the genes associated with
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mitochondrial diseases. Therefore, genetic FSGS due to other gene mu-
tation [S0] cannot be completely ruled out. In addition, because genetic
testing was performed only on the patient but not on other family
members, it could not be investigated whether they carried the hetero-
plasmic mitochondrial variant. The parents were already deceased and
the two healthy brothers did not consent to genetic analysis. The two her
children were still under 18 years old and the patient did not wish ge-
netic test. Furthermore, measurement of MRC enzyme activity using
kidney biopsy specimens is an effective for confirming mitochondrial
dysfunction [51,52]. However, it could not be performed due to the
paucity of kidney specimens for this analysis.

In conclusion, this is the first case report which indicates that the
pathogenic variant an MT-ND5 gene causes accumulation of abnormal
mitochondria in podocytes, which leads to forming FSGS.
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