cells (Fig. S1). After cloning the PCR products, we sequenced
all 43 clones obtained and compared the resulting sequences
with that of mtDNA from P29 cells (Table 1). We found one
and two somatic mutations in the mitochondrial tRNA~*“(VVR)
and tRNA” genes, respectively. Given that each somatic muta-
tion was present in only 1 of the 43 clones, the proportion of each in
the mtDNA population of P29 cells would be about 2.2%.

The T7728C and G7731A mutations in the tRNA™* gene both
occurred in conserved sites (Table S1) and may correspond to
pathogenic mutations that induce respiration defects by their
accumulation. Moreover, an orthologous mutation to mouse
G7731A has been reported to occur in human mtDNA from
patients with mitochondrial diseases (10, 11).

Therefore, we selected these mutations in mtDNA for the
generation of mito-mice. In an attempt to detect the T7728C and
G7731A mutations in P29 mtDNA, we performed Xmnl and
Dral digestions of the PCR products of mtDNA, because the
T7728C and G7731A mutations create an Xmnl site and a Dral
site, respectively (SI Materials and Methods). However, the
T7728C and G7731A mutations were undetectable owing to
their insufficient amounts in P29 cells.

Concentration of G7731A mtDNA in Subclones of P29 Cells. We pre-
viously showed that two mtDNA haplotypes with different
mutations in single cells segregate stochastically during cell di-
vision (12). Therefore, some individual cells in the P29 pop-
ulation may possess detectable amounts of the mutated mtDNA.
To obtain some individual cells that had accumulated either
T7728C mtDNA or G7731A mtDNA from the P29 cell pop-
ulation, we isolated 100 subclones from P29 cells. Their mtDNA
genotyping showed that two subclones, P29-42 and P29-69, pos-
sessed 34% and 48% G7731A mtDNA, respectively. However, we
did not obtain any subclones carrying detectable amounts of
T7728C mtDNA.

In the case of human mitochondrial fRNA gene mutations
found in patients with mitochondrial diseases, respiration defects
were apparent only when the mutated mtDNA had accumulated
to more than 90% (13). To isolate P29 cells with more than 90%
G7731A mtDNA, we cultured subclone P29-69, which had 48%
G7731A mtDNA, for an additional 3 mo to allow further am-
plification of G7731A mtDNA through stochastic segregation;
we then isolated more than 200 subclones from the P29-69 cells.
We obtained one subclone, P29-69-183, which contained 92%

Table 1. Somatic mutations in P29 mtDNA according to cloning
and sequence analysis of the PCR products including the tRMALe“(UUR)
and tRNA™* genes

tRNA gene
No. of clones Leu" R Jle  Met Ser’  Lys Lys
Nucleotide position 2721 3760 3883 6931 7728+ 77317

P29 sequence® T G — T T G
No. of clones

P Y

1 — U — - — A

37 — S — - — —

*The T7728C mutation in the tRNA* gene occurred in a site highly con-
served throughout animals and fungi (Table 2). The mutation affects the first
base of an anticodon triplet (TTT), resulting in an anticodon swap from TTT
to CTT (Lys to Glu).

"The mutation equivalent to the G7731A mutation in the tRNA™® gene of
mice has been reported to occur in the mtDNA from human patients with
mitochondrial diseases (10, 11).

*Registered under GenBank accession no. EU312160.
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G7731A mtDNA (Fig. 14)—a level likely to be sufficient for the
expression of respiration defects, if the G7731A mutation indeed
is a pathogenic mutation.

Determination of the Pathogenicity of G7731A mtDNA. Comparison
of the O, consumption rates between parental P29 cells and the
P29-69-183 cells revealed the expression of respiration defects in
the P29-69-183 cells (Fig. 1B). Moreover, P29-69-183 cells dem-
onstrated slight overproduction of reactive oxygen species (Fig.
1C), indicating the pathogenicity of the G7731A mutation. Whole-
sequence analysis of mtDNA in P29-69-183 cells showed that the
G7731A mutation is the only mutation in those cells that is ca-
pable of inducing respiration defects (Table S2). However, we had
to resolve two important issues before generation of the mito-mice
carrying G7731A mtDNA.

First, we had to confirm that the respiration defects in P29-69-
183 cells were due to G7731A mtDNA and not to the selection
of cells with mutations in nuclear DNA that were acquired during
repeated recloning. Second, P29-69-183 cells could not be used as
mtDNA donors to isolate mouse ES cells with G7731A mtDNA
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Fig. 1. Characterization of P29-69-183 cells to determine the pathogenicity
of a G7731A mutation in the mitochondrial tRNAY* gene. (A) Estimation of
the proportion of G7731A mtDNA in P29 and P29-69-183 cells by Dral di-
gestion of the PCR products. The G7731A mtDNA produced 96-bp and 34-bp
fragments owing to the gain of a Dral site through G7731A substitution in
the tRNAY” gene, whereas mtDNA without the mutation produced a 130-bp
fragment. Quantitative estimation of G7731A mtDNA showed that P29-69-
183 cells contained 92% G7731A mtDNA. (B) Estimation of O, consumption
rates of P29 and P29-69-183 cells. *P < 0.05. (C) Estimation of mitochondrial
superoxide levels in P29 and P29-69-183 cells after their treatment with
MitoSOX Red. **P < 0.01.
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because of the difficulty of excluding unenucleated P29-69-183 cells
from fusion mixtures of ES and enucleated P29-69-183 cells.

To simultaneously resolve these issues, we cytoplasmically
transferred G7731A mtDNA from P29-69-183 cells into mtDNA-
less (p°) B82 cells (6). B82 cells are mouse fibrosarcoma cells that
are resistant to BrdU and sensitive to hypoxanthine—aminopterin—
thymidine (HAT) owing to their deficiency of thymidine kinase
activity (6). Moreover, p° B82 cells are unable to grow in the
absence of uridine and pyruvate owing to their complete lack of
mtDNA. Using selection medium containing BrdU and lacking
uridine and pyruvate, we isolated two colonies, B82mt7731-1 and
B82mt7731-2. Genotyping of mtDNA showed that B§2mt7731-1
and -2 possessed 70% and 95% G7731A mtDNA, respectively
(Fig. 24), indicating the transfer of G7731A mtDNA from P29-69-
183 cells into p° B82 cells.

We then examined the respiratory function of these two
cybrids by estimating O, consumption rates and the amounts of
reactive oxygen species. The B82mt7731-2 cybrids showed de-
creased O, consumption rates (Fig. 2B) and increased production of
reactive oxygen species (Fig. 2C) compared with those of B82mtB6
cybrids containing normal mtDNA from B6 mice. Therefore, res-
piration defects were transferred to B82mt7731 cybrids concurrently
with the transfer of G7731A mtDNA from P29-69-183 cells into
p° B82 cells, suggesting that the somatic G7731A mutation in
mtDNA is a pathogenic mutation that can induce mitochondrial
respiration defects by its predominant accumulation. Furthermore,
B82mt7731 cybrids are effective as donors of G7731A mtDNA to
ES cells, because unenucleated B82mt7731 cybrids can be excluded
by using selection medium containing HAT.

Isolation of ES Cells Containing G7731A mtDNA and Their Chimeric
Mice. Our previous study showed that no chimeric mice were
obtained from ES cells carrying predominant amounts of
AmtDNA, because the significant respiration defects induced by
AmtDNA inhibited differentiation of ES cells to various tissues
and germ cells (14). Therefore, we were concerned that the
transfer of mtDNA from B82mt7731-2 cybrids containing 95%
G7731A mtDNA to ES cells would inhibit generation of chimeric
mice, and instead we used B82mt7731-1 cybrids containing lower
proportions of G7731A mtDNA (Fig. 24) as mtDNA donors.

Female (XO)-type ES cells (TT2 cells) were pretreated with
rhodamine 6G (R6G) to eliminate endogenous mitochondria
and mtDNA. They then were used as recipients of G7731A
mtDNA and fused with enucleated B82mt7731-1 cybrids. The
fusion mixture was cultured in selection medium containing
HAT to exclude unenucleated B82mt7731-1 cybrids. Seven ES
clones grew in the selective medium, two of which—clones
ESmt7731-4 and ESmt7731-7—contained G7731A mtDNA (Fig.
S2). The absence of G7731A mtDNA in the remaining five
clones may be due to incomplete elimination of endogenous
mtDNA in ES cells during R6G pretreatment.

We then aggregated the ESmt7731-4 and -7 cybrid clones with
eight-cell-stage mouse embryos (ICR strain) and obtained 35 F,
chimeric mice. Because mouse mtDNA is inherited strictly ma-
ternally (15, 16), we selected 15 Fy chimeric female mice with
13-76% G13997A mtDNA in their tails as founder mice (Table
2) and mated them with B6 male mice to generate F, mice that
carried G7731A mtDNA owing to its transfer through the female
germ line.

Generation of Mito-Mice-tRNA"Y*""3! via Female Germ-Line Transfer
of G7731A mtDNA. Of the 15 F, female chimeras, 11 produced
a total of 121 F; pups, 63 of which had G7731A mtDNA in their
tails (Table 2). This finding suggests that G7731A mtDNA was
transmitted maternally from F, female mice to F; progeny. Mice
that carried G7731A mtDNA derived from lung carcinoma P29
cells were named “mito-mice-tRNAM*"71 ” Because the proportion
of G7731A mtDNA did not differ significantly between tissues of
the same F; male mito-mouse-tRNA"7! (Fig, $3), we can deduce
the approximate overall proportion of G7731A mtDNA in mito-
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Fig. 2. Characterization of transmitochondrial B82mt7731 cybrids for their
use as G7731A mtDNA donors to ES cells. (4) Estimation of the proportion of
G7731A mtDNA in cybrids clones B82mt7731-1 and B82mt7731-2 by Dral
digestion of the PCR products. Quantitative estimation of G7731A mtDNA
showed that B82mt7731-1 and B82mt7731-2 had 70% and 95% G7731A
mtDNA, respectively. (B) Estimation of O, consumption rates. **P < 0.01. (C)
Estimation of mitochondrial superoxide levels after treatment with Mito-
SOX Red. **P < 0.01.

mice-tRNAD77! by estimating the proportion of G7731A mtDNA
in the tail, which we can do without killing them.

Of the 63 F; mice with G7731A mtDNA in their tails, seven F;
female mice carrying high proportions of G7731A mtDNA were
mated with B6 male mice to obtain subsequent generations
(F~Fs) of mito-mice-tRNA™"*! with sufficient G7731A
mtDNA for the expression of respiration defects and resultant
disorders. The proportions of G7731A mtDNA varied signifi-
cantly among the pups born to each dam, but none of the pups
carried more than 85% G7731A mtDNA (Fig. 34).

To examine the reasons for the lack of mito-mice-tRNA™"73!
with more than 85% G7731A mtDNA, we estimated the pro-
portion of G7731A mtDNA in the oocytes obtained by ovarian
hyperstimulation of Fs female mito-mice-tRNA™*"7*! with high
proportions of G7731A mtDNA. The results again showed sig-
nificant variation in G7731A mtDNA proportions among the
oocytes and the absence of oocytes with more than 85% G7731A
mtDNA (Fig. 3B), indicating that lethality of oocytes with high
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Table 2. Generation of Fy chimeric mice and their F, progeny that carry G7731A mtDNA in their tails

15 Fo chimeric female mice

ES clones % G7731A mtDNA % Chimerism* % G7731A mtDNA in tails No. of F; pups with G7731A mtDNA/no. of F; pups

ESmt7731-4 49.8 95 68 4/4
95 53 2/12
90 45 24724
50 48 0/17
40 16 0/0
35 21 0/8

ESmt7731-7 48.8 95 72 19/19
95 76 4/4
95 72 2/12
95 68 8/8
80 52 0/8
60 61 0/5
40 26 0/0
15 13 0/0
10 19 0/0

Total: 63/121

*Chimerism was judged by coat color.

levels of G7731A mtDNA is responsible for the absence of mito-
mice-tRNA™"! carrying more than 85% G7731A mtDNA.

Expression of Disorders in Mito-Mice-tRNAY*"7>' with Predominant
G7731A mtDNA. We used B6 mice as controls and three groups
of Fs mito-mice-tRNA™*"7! with different heteroplasmic con-
ditions (low, intermediate, and high levels of G7731A mtDNA)
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Fig. 3. Variation of G7731A mtDNA proportions among pups or oocytes from
individual female mice. (A) Variation of G7731A mtDNA proportions among Fs
pups born to three F;, dams. G7731A mtDNA proportions were estimated by
using tails from Fs pups that were obtained from three F, dams with high
proportions of G7731A mtDNA. (B) Variation of G7731A mtDNA proportions
among oocytes obtained from three Fs female mice. G7731A mtDNA pro-
portions were estimated by using oocytes obtained by ovarian hyperstimulation
of Fs female mito-mice-tRNAY73" with high proportions of G7731A mtDNA.
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in their tails to examine various phenotypes relevant to mito-
chondrial diseases (Fig. 4).

First, we analyzed body length (Fig. 44) and muscle strength
(Fig. 4B), because abnormalities in these characteristics fre-
quently occur in patients with mitochondrial diseases (10, 11),
and these parameters can be examined without killing the mice.
Unlike mito-mice tRNAMY7*! with low and intermediate levels,
those with high levels of G7731A mtDNA showed short body
length (Fig. 44) and muscle weakness (Fig. 4B), which are closely
associated with the clinical phenotypes caused by mutations in
the mitochondrial tRNA™* gene (2, 10, 11).

We then quantitatively estimated mitochondrial respiratory
function and revealed respiration defects in skeletal muscle and
kidney from mito-mice-tRNA™*"7?! with high levels of G7731A
mtDNA (Fig. 4C). Therefore, accumulation of G7731A mtDNA
likely is responsible for the respiration defects in mito-mice-
tRNA " with high levels of G7731A mtDNA (Fig. 4C). These
respiration defects in the skeletal muscle subsequently result in the
expression of muscle weakness (Fig. 4B), which corresponds to
a phenotype relevant to mitochondrial diseases (2).

In contrast, other metabolic parameters relevant to mito-
chondrial diseases were normal (Fig. S4). Histochemical analysis
showed that ragged-red fibers frequently observed in MERRF
patients (2) and renal failures frequently observed in mito-mice-A
(4, 5) were not found in mito-mice-tRNA™*""! (Figs. S5 and S6).
Absence of these disorders in mito-mice-tRNA™*""! may be due
in part to the fact that G7731A mtDNA proportions in the mice
were not sufficient to induce significant respiration defects. For
example, G8344A mtDNA proportions exceed 85% in patients
with MERRF (2). Our failure to obtain mito-mice-tRNA™*77!
with more than 85% G7731A mtDNA can be explained by the
lethality of mouse oocytes carrying these levels of G7731A
mtDNA (Fig. 3B).

These observations suggest that mito-mice-tRNA™*7731 at
least in part can serve as models to investigate pathogenesis of
mitochondrial diseases that arise owing to mutations in the mi-
tochondrial tRNA genes. In addition, the transmission profiles of
G7731A mtDNA showed that selecting oocytes with lower levels
of the mutated mtDNA likely would be effective to prevent
maternal transmission of the disease phenotypes to the progeny.

Discussion

The current study generated mito-mice-tRNA™*"7?! carrying
G7731A mtDNA with a pathogenic G7731A mutation in the
mitochondrial tRNA™* gene. Specifically, we concentrated a
small proportion of mtDNA with a somatic G7731A mutation
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Fig. 4. Characterization of F5 male mito-mice-tRNAY"73! according to pheno-

types associated with mitochondrial diseases. Comparison of (4) body length and
(B) muscle (grip) strength between B6 mice (n = 3) and Fs mito-mice-tRNAY73!
carrying low (13-15%; n = 3), intermediate (37-56%; n = 3), and high (76-84%;
n = 3) proportions of G7731A mtDNA. Body length and grip strength were
measured at 4 mo after birth. Data are presented as means + SD. *P < 0.05;
**P < 0,01. (C) Comparison of activities of mitochondrial respiratory complexes
(I + 1L, 1 + 11, and 1V) between B6 mice and Fs mito-mice-tRNAY"73" carrying
high proportions (76-84%) of G7731A mtDNA in the skeletal muscle and the
kidney at 4 mo after birth. Respiratory complex | (NADH dehydrogenase),
complex Il (succinate dehydrogenase), complex Ill (cytochrome c reductase), and
complex IV (cytochrome ¢ oxidase) are components of the electron-transport
chain. Enhanced activity of complex Il + lll in mito-mice-tRNAY*73" would be due
to compensatory activation of complex II, which is controlled exclusively by nu-
clear DNA. Data are presented as means =+ SD (n = 3). *P < 0.05; **P < 0.01.
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that was present in P29 cells and then introduced it into ES cells
to generate mito-mice-tRNA™"*!. The resulting mice were
used to investigate the pathogenesis and transmission profiles of
G7731A mtDNA.

RegLarding the pathogenesis of G7731A mtDNA, mito-mice-
tRNA™7 with 74-84% G7731A mtDNA demonstrated respi-
ration defects and the resultant muscle weakness and short
body length (Fig. 4). These abnormalities in our mice are very
similar to those found in patients with mitochondrial diseases
owing to human orthologous G8328A mutation (10, 11) and in
MERREF patients carrying the G8344A mutation in the tRNA™*
gene (2, 17-19). Although these abnormalities were expressed in
mito-mice-tRNA™77?! with 74-84% G7731A mtDNA (Fig. 4)
and in the patients with 57% (10) and 82% G8328A mtDNA
(11), more than 85% G8344A mtDNA was required for the onset
of severe abnormalities in patients with MERRF (2, 17-19).
However, we could not obtain mito-mice-tRNAPY7! with more
than 85% G7731A mtDNA (Fig. 34), which would be expected to
induce significant respiration defects and severe abnormalities
corresponding to MERRF, owing to the lethality of mouse oocytes
with more than 85% G7731A mtDNA (Fig. 3B). Therefore, the
expression of the significant respiration defects and severe clinical
disorders in MERRF patients can be explained by supposing the
absence of lethality in human oocytes even at G8344A mtDNA
levels exceeding 85%. In contrast, our previous studies (4, 5)
showed that mito-mice-A possessed more than 85% AmtDNA
with a large-scale deletion and expressed significant respiration
defects and severe abnormalities, even though their oocytes did
not have more than 80% AmtDNA (20). The increase in the
proportion of AmtDNA after birth may be due to its replication
advantage (4, 5).

The absence of abnormalities in mito-mice-tRNA™*"?! with
intermediate levels (37-56%) of G7731A mtDNA (Fig. 4 A and
B) seems to be different from what is observed for mtDNA with
human orthologous G8328A mutation, because the patient with
only 57% G8328A mtDNA in the skeletal muscles expressed
disorders (10). This apparent discrepancy may be due to the aging
effects in the patient with 57% G8328A mtDNA, considering that
the phenotypes of the mito-mice-tRNA™""! were examined
4 mo after birth (Fig. 4) and that the patient expressed disorders
45y after birth (10). Thus, we have to examine whether mito-mice-
tRNA™"71 with intermediate levels of G7731A mtDNA express
abnormalities along with aging.

Regarding transmission profiles, those of mito-mice-tRNAM77
are highly similar to those of MERREF patients, in that the mu-
tated mtDNA is inherited by subsequent generations through the
female germ line and the proportion of mutated mtDNA varied
markedly among the pups born to each dam (Fig. 34). The pups
always carry wild-type mtDNA (Fig. 34), owing to the significant
pathogenicity of G7731A mtDNA and resultant induction
of oocyte lethality in the absence of wild-type mtDNA (Fig. 3B). In
contrast, we previously generated mito-mice-COI**® (6) and mito-
mice-ND6">**7 (7, 8), which carry a 100% (homoplasmic) T6589C
mtDNA mutation and a homoplasmic G13997A mtDNA mutation
in the structural genes COXI and ND6, respectively, owing to
the mild pathogenicity of the mutations. Because patients with
MERRF and mito-mice-tRNA"7! always carry both wild-type
mtDNA and mutated mtDNA, mito-mice-tRNAM7! are ‘ap-
propriate models for further investigating the transmission profiles
of mutated mtDNA with marked pathogenicity.

The heteroplasmic mtDNA (wild-type mtDNA and mutated
G7731A mtDNA) of our mito-mice-tRNA™*773! segregated sto-
chastically, like those derived from different mouse strains
(BALB and NZB) with polymorphic mutations (21) and those
with and without point mutations (22). The significant variation
in the G7731A mtDNA proportions among pups (Fig. 34) may
reflect “bottleneck effects” with (23, 24) or without decrease in
the mtDNA copy number (25, 26) during female germ-line
transmission of the heteroplasmic mtDNAs.

Regarding primary prevention of mitochondrial diseases, the
results in Figs. 3 and 4 indicate that the selection of oocytes with
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low proportions of G7731A mtDNA likely would yield pheno-
typically normal mice. In contrast, our previous study (20) showed
that nuclear transplantation from zygotes of transmitochondrial
mito-mice-A into enucleated zygotes with normal mtDNA is ef-
fective as germ-line gene therapy. Many recent reports similarly
have noted that the use of the nuclear transplantation from human
oocytes of affected mothers into enucleated oocytes donated by
unrelated women would prevent the transmission of mitochon-
drial diseases caused by mtDNA mutations to their children (27—
29). However, this technology includes the risk of inducing nuclear
abnormalities, even though it excludes the risk of mitochondrial
abnormalities. This problem would be resolved by the selection of
oocytes with low proportions of mutated mtDNA. A previous
study showed that polar bodies are effective for preimplantation
genetic diagnosis (PGD) to deduce the proportion of mutated
mtDNA in mouse oocytes (20). However, subsequent studies us-
ing polar bodies from human oocytes (30) and blastomeres from
human embryos (31, 32) indicated that blastomeres are more
appropriate than are polar bodies for PGD to deduce the pro-
portion of mutated mtDNA. Although this procedure would not
completely exclude the mutated mtDNA from the affected moth-
ers, our previous studies (33, 34) showed the presence of inter-
mitochondrial complementation to maintain normal respiratory
function in the presence of the mutated mtDNA. Therefore, in light
of the results in Figs. 3 and 4, we propose that the selection of
embryos with low proportions of mutated mtDNA from affected
mothers would be effective for obtaining unaffected children.

The risk of late-onset disorders in subjects with low pro-
portions of mutated mtDNA seems to be negligible, because no
subjects with less than 40% MERRF G8344A mutation in the
blood expressed any abnormal symptoms throughout their life-
times (17). Moreover, mito-mice-COI®*® carrying homoplasmic
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T6589C mtDNA in the COXI gene and expressing mild respi-
ration defects showed normal lifespans and no late-onset dis-
orders (6, 8). Although mito-mice-ND6'*7 carrying homoplasmic
G13997A mtDNA in the ND6 gene developed late-onset and
age-related disorders (8), the onset was not due to respiration
defects but to overproduction of reactive oxygen species, which
can be suppressed by the administration of antioxidants (8).
Because high proportions of G7731A mtDNA also induced slight
overproduction of reactive oxygen species (Fig. 2C), we will ex-
amine whether mito-mice-tRNA"*773! with high proportions of
G7731A mtDNA express late-onset disorders owing to over-
production of reactive oxygen species.

Materials and Methods

Detailed information on materials and methods in this study is provided in S/
Materials and Methods. information on materials includes cell line and mice.
Technical information on methods contains: cloning and sequencing of PCR
products; genotyping of mtDNA; isolation of B82mt7731 and ESmt7731
cybrids; generation of chimeric mice and mitomice-tRNALys7731; oxygen
consumption; measurement of reactive oxygen species in mitochondria;
histopathological analyses; grip strength test; biochemical measurements of
respiratory enzyme activity; measurement of blood glucose, lactate and
blood urea nitrogen; measurement of hematocrit values; sequence analysis;
and statistical analysis.
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Sl Materials and Methods

Cell Lines and Cell Culture. Mouse P29 cells, their subclones,
mtDNA-less (p°) B82 cells, and their transmitochondrial cybrid
clones were grown in DMEM (Sigma—Aldrich) containing 10%
FCS, uridine (50 ng/mL), and pyruvate (100 ng/mL). Mouse ES
cells (TT2-F, an XO subline established from XY TT2 cells;
Riken BioResource Center) and transmitochondrial ES cybrids
were cultivated on mitomycin-C-inactivated feeder cells de-
rived from fetal fibroblasts in DMEM (Invitrogen) supple-
mented with 15% Knockout Serum Replacement (Invitrogen),
nonessential amino acids (MP Biomedicals LLC), leukemia in-
hibitory factor (105 U/mL, Invitrogen), and 100 pM 2-mercapto-
ethanol (Sigma-Aldrich).

Cloning and Sequencing of PCR Products. Total DNA extracted from
P29 cells was used as the template for PCR amplifications, which
generated two mtDNA fragments, F1 and F2, by using unique
primer pairs that were designed to generate 2.6- and 2.7-kb frag-
ments, respectively. The sequences of the primers were based on
the standard mtDNA sequence of B6 mice (GenBank accession
no. AY172335): F1 forward, nucleotides 2045-2064; F1 reverse,
4623-4603; F2 forward, 5931-5950; and F2 reverse, 8626-8606
(Fig. S1). All PCR amplifications were performed in 50 pL of
solution consisting of PCR buffer, 0.2 mM dNTPs, 0.6 mM pri-
mers, 1 U AmpliTaqg Gold DNA polymerase (Perkin—-Elmer
Applied Biosystems), and 1 pg of cellular DNA as template.
Reaction conditions were 95 °C for 10 min, followed by 35 cycles
of 60 s at 95 °C, 60 s at 50-56 °C, and 150 s at 72 °C. PCR
products were ligated into pUC118 (Takara) and then in-
troduced into DH5a cells (Takara). Sequence templates were
prepared by using a TempliPhi DNA Sequencing Template
Amplification Kit (Amersham Pharmacia Biosciences) according
to the manufacturer’s protocol. Sequence reactions were per-
formed by using dye termination methods (Takara PCR Thermal
Cycler GP), and samples were sequenced on a MegaBACE1000
automated sequencer (Amersham Pharmacia Biosciences).

Genotyping of mtDNA. To detect the T7728C mutation, a 71-bp
fragment containing the 7,728 site was PCR-amplified by using
the nucleotide sequences 7703-7723 (5-TATGAAGCTAAGA-
GCGgaAAC-3'; lowercase letters indicate mismatch) and 7773—
7754 (5-TGTGGCATATCACTATGGAG-3') as oligonucleotide
primers. Combination of the PCR-generated mutation with the
T7728C mutation creates a restriction site for Xmnl and generates
50- and 21-bp fragments on Xmnl digestion of the PCR products.
To detect the G7731A mutation, a 130-bp fragment containing the
7731 site was PCR-amplified by using the nucleotide sequences
from 7633 to 7653 (5-GCCCATTGTCCTAGAAATGGT-3")
and 7762-7732 (5-ACTATGGAGATTTTAAGGTCTCTAAC-
TTTAA-3') as oligonucleotide primers. The G7731A mutation
creates a restriction site for Dral and generates 96- and 34-bp
fragments on Dral digestion of PCR products. The restriction
fragments were separated by electrophoresis in a 3% (wt/vol)
agarose gel. For quantification of G7731A mtDNA, we used the
National Institutes of Health ImageJ program.

Isolation of B2mt7731 Cybrids. We used mtDNA-less (p°) B82 cells
as recipients for G7731A mtDNA. p® B82 cells are resistant to
BrdU and sensitive to hypoxanthine-aminopterin—thymidine
(HAT) owing to their deficiency of thyrmdme kinase activity.
Furthermore, p B82 cells are unable to grow in the absence of
uridine and pyruvate owing to their absence of mtDNA. mtDNA
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donor P29-69-183 cells were pretreated with cytochalasin B
(10 pg/mL) for 10 min and centrifuged at 7,500 x g for 10 min at
37 °C for enucleation; the resultant cytoplasts were fused with
p® B82 cells by using polyethylene glycol. The fusion mixture was
cultured in selection medium containing BrdU (30 pg/mL) and
lacking uridine and pyruvate. The selection medium excluded
unenucleated P29-69-183 cells and unfused p° B82 and thus al-
lowed exclusive growth of transmitochondrial B82mt7731 cybrids.

isolation of ESmt7731 Cybrids. Host ES cells were pretreated with
rhodamine 6G (R6G; 0.38-1.5 pg/mL in 3% (wt/vol) ethanol) for
48 h to eliminate endogenous mitochondria and mtDNA (1, 2).
The ES cells then were washed with PBS and suspended in R6G-
free medium for 2 h to allow recovery. mtDNA donor B82mt7731
cybrids were pretreated with cytochalasin B (10 pg/mL) for 10 min
and centrifuged at 22,500 x g for 30 min at 37 °C for enucleation.
The resultant cytoplasts were fused with R6G-pretreated ES cells
by using polyethylene glycol, and the fusion mixture was cultured
in selection medium containing HAT to exclude unenucleated
B82mt7731 cybrids. At 7 d after fusion, growing colonies were
harvested for mtDNA genotyping. Under these selection con-
ditions, ES cells containing recovered endogenous mtDNA were
not eliminated completely, owing to insufficient R6G treatment.

Generation of Chimeric Mice and Mito-Mice-tRNAY"*', Frozen
eight-cell-stage embryos of ICR mice (ARK Resource Company)
were thawed and their zona pellucidae were removed by treat-
ment with acidified Tyrode’s buffer (Sigma-Aldrich). Each
treated embryo was placed with about 50 ESmt7731 cybrids in
awell of a 35-mm culture dish and incubated overnight to enable
aggregation. The next day, the embryos were transferred into
pseudopregnant ICR female mice (Japan SLC). The resulting
progeny were identified by their coat-color chimerism. Founder
(Fo) chimeric female mice were mated with C57BL/6 J (B6;
CLEA Japan) male mice to produce the F; generation, and F;
female mice with G7731A mtDNA in their tails (F; female mito-
mice-tRNAD731) were back-crossed with B6 male mice to ob-

tain F, mito-mice-tRNADS731,

Mice. Inbred B6 mice generated through more than 40 rounds of
brother-sister mating were obtained from CLEA Japan. We
maintained mito-mice-tRNA™77*! by repeated back-crossing of
these female mice with B6 male mice. Animal experiments were
performed in accordance with protocols approved by the
Experimental Animal Committee of the University of Tsukuba
(approval number 12070).

Oxygen Consumption. Cells were washed once in PBS and then
resuspended in PBS at a density of 4 x 10° cells/mL. Oxygen
consumption was measured by using an oxygraph equipped with
a Clark-type electrode (model 5300; Yellow Springs Instruments
Company) at 37 °C. The cell suspension (2 mL) was transferred
to a polarographic cell, and basal respiration was measured im-
mediately under constant stirring.

Measurement of Reactive Oxygen Species in Mitochondria. Reactive
oxygen species were detected by using the mitochondrial su-
peroxide indicator MitoSOX Red (Invitrogen). Cells were in-
cubated with 1 mM MitoSOX Red for 15 min at 37 °C in PBS,
washed twice with PBS, and then immediately analyzed by using
flow cytometry (FACScan; Becton Dickinson).
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Histopatholegic Analyses. Formalin-fixed, paraffin-embedded sec-
tions (5-pm thickness) were stained with hematoxylin and eosin to
identify cases of renal failure. Cryosections (10-um thickness) of
skeletal muscle were stained by using a modified Gomori tri-
chrome to identify ragged-red fibers (RRFs).

Grip Strength Test. Muscle strength was estimated by using a Grip
Strength Meter (Columbus Instruments); three sequential trials
were performed on each mouse.

Biochemical Measurements of Respiratory Enzyme Activity. Mito-
chondrial respiratory complex I (NADH dehydrogenase), com-
plex II (succinate dehydrogenase), and complex III (cytochrome ¢
reductase) are components of the electron-transport chain and
are located in the mitochondrial inner membrane. The activity of
these enzymes was assayed as described previously (3). Briefly, to
estimate the activity owing to complex I + III, NADH and
cytochrome c (oxidized form) were used as substrates, and the
reduction in cytochrome ¢ was monitored by measuring absor-
bance at a wavelength of 550 nm. To estimate the activity owing
to complex II + III, sodium succinate and cytochrome c (oxi-
dized form) were used as substrates, and the reduction of cyto-
chrome ¢ was monitored as described previously.

Measurement of Blood Glucose, Lactate, and Blood Urea Nitrogen. To
determine fasting blood lactate and glucose concentrations, pe-
ripheral blood was collected from the tail veins of mice after
overnight fasting from food. After oral administration of glucose
(1.5 g/kg body weight), blood was collected again, and lactate and
glucose concentrations were measured by using an automatic
blood lactate test meter (Lactate Pro; Arkray) and glucose test

-

. Ziegler ML, Davidson RL (1981) Elimination of mitochondrial elements and improved
viability in hybrid cells. Somatic Cell Genet 7(1):73-88,
2. McKenzie M, Trounce IA, Cassar CA, Pinkert CA (2004) Production of homoplasmic
xenomitochondrial mice. Proc Nat! Acad Sci USA 101(6):1685-1690.
3. Miyabayashi S, et al. (1989) Defective pattern of mitochondrial respiratory enzymes in
mitochondrial myopathy. J Inherit Metab Dis 12(3):373-377.

meter (Dexter ZII; Bayer), respectively. Blood urea nitrogen was
measured by using a Urea N B test (Wako Pure Chemical) in
accordance with the manufacturer’s protocol.

Measurement of Hematocrit Values. To determine hematocrit lev-
els, capillary blood was collected from each mouse into hepa-
rinized capillary tubes and centrifuged at 10,500 x g for 5 min.
Packed cell volumes were measured by using a hematocrit reader.

Sequence Analysis. Each DNA (3 pg) extracted from P29-69-183
cells and from kidney of mito-mouse-tRNA"! were used to
prepare the sequencing libraries. These sequencing libraries
were constructed by using the TruSeq DNA LT Sample Prep Kit
(Ilumina) according to the instructions in “TruSeq DNA Sample
Preparation Guide Rev. C” (Tllumina). These sample DNAs were
sheared by using an acoustic solubilizer (Covaris), and the over-
hangs resulting from the fragmentation were converted to blunt
ends by phosphorylation of the DNA fragments. The blunt frag-
ments were adenylated at their 3’ ends and were ligated to the
ends of the DNA fragments, which were subsequently enriched by
PCR. Clonal template clusters were generated from the se-
quencing library, and sequencing was performed by the reversible
terminator-based method (4). Base calling and data conversion
into Fastq files were performed by using software providing the
Burrows-Wheeler Alignment Tool (5).

Statistical Analysis. Data are presented as means & SD and were
analyzed by using Student ¢ test; P values less than 0.05 were con-
sidered significant.

4. Bentley DR, et al. (2008) Accurate whole human genome sequencing using reversible
terminator chemistry. Nature 456(7218):53-59.

5. Li H, Durbin R (2009) Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25(14):1754-1760.
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L 1 i L ) 3
o e E—
chﬂe)f
Uz ]
heat 5

liver ‘]
[ 1
spleen ]
iume(y ]

bone marrow 1
testis

cortex
ung

b s———————
hgag‘i (]
liver 1
c‘r i
ear ]
is(?mey ]
skelotal I 1
bone marrow 4
toatic 3

tail
cortex
ung
R — 1
] M ————————— |

P RS L —————————
L] Siammmsm—————
k{d‘\ey

bone marrow ie————
st T

cortex

heart —
liver] 1

F1 male mito-mice-tRNAWs773!

splean 3

ki 1
skeletal musei :
bone marrew * |

0 20 40 60 80
Proportion (%) G7731A mtDNA

Fig. S3. Proportions of G7731A mtDNA in the tissues from a single F; male mouse. Note that the proportion of G7731A mtDNA did not differ significantly

among different tissues from the same F; male mito-mice-tRNA"Y731, suggesting that we can deduce the overall proportion of G7731A mtDNA in mito-mice-
tRNAY773! from that in the tail without killing the mice.

100

Shimizu et al. www.pnas.org/cgi/content/short/1318109111 30f5

— 5056 —



B
) 50"’
s
8 40~
g
% 30
g EBS : Lys7731
= Elmito-mice-tRNA™®
8 20~ G7731A MiDNA 76—84%
?
¥ 10+
©
a
0 -
D
<6
[}
£
E4 --B6
o & mito-mice-IRNAY™"
§ 2 G7731A MDNA 76—84%
ed

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Fig. S4. Analyses of metabolic parameters related to mitochondrial diseases by using peripheral blood from mito-mice-tRNA®*"73" with high proportions of
G7731A mtDNA. (A) Blood urea nitrogen. (B) Hematocrit. (C) Blood glucose levels before and after glucose administration. (D) Blood lactate levels before and

after glucose administration. No statistically significant differences between B6 and mito-mice-tRNAY*773" with high proportions of G7731A mtDNA were
obtained. Data are presented as mean =+ SD (n = 3).

Skeletal muscle
MiO-mice-tRNALYS?1 -

Gomori

Fig. S5. Histopathologic analysis to identify RRFs in skeletal muscie. Cryosections (10-pm thickness) of skeletal muscle were stained by using modified Gomori
trichrome for histopathologic analysis to identify RRF. No RRFs were present in mito-mice-tRNAY*73" with high proportions of G7731A mtDNA. (Scale bar, 50 um.)
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Fig. $6. Morphology and histopathologic analysis of kidney. (A) Morphology of kidneys from B6 mice (Left) and mito-mice-tRNA%*"73" with 76% G7731A
mtDNA (Right). (Scale bar, 1 cm.) (B) Histopathology of the renal cortex of kidneys from B6 mice (Left) and mito-mice-tRNAY*73" with 76% G7731A mtDNA
(Right). Formalin-fixed, paraffin-embedded sections (5-um thickness) were stained with hematoxylin and eosin. No renal failure was noted in mito-mice-
tRNAYS7731 (Scale bar, 50 ym.)
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Table S1. Comparison of mutations in the mouse mitochondrial
tRNA gene with the wild-type tRNA genes of other species

Leu(UUR) Lys

del2721T T7728C G7731A
Mutation - C A
Mouse T T G
Human C T G
Xenopus T T G
Zebrafish C T G
Drosophila T T A
Nematoda - T T
Yeast C T G

The GenBank accession nos. of the sequences used in the alignment are mouse,
AY172335; human, NC_012920; Xenopus, NC_001573; zebrafish, NC_002333;
Drosophila, NC001709; Nematoda, NC_001328; and yeast, NC_001224.

Table 2. Whole-sequence analysis of the mtDNA from P29-69-183 cells and mito-mice-

tRNALys7731
Genes
tRNAY* tRNAA™ D-loop

Nucleotide position 7731 9818~ 9821~ 16099 16105
P29 sequence* G (M3 (A)o (A)g A T
Variant sequence A (T2 (A)s (A)1o C C
P29-69-183* 89.6%" 16.4% 8.2% 6.5% 31.6% 47.6%
Mito-mouse-tRNAWS7731¥ 80.0% 3.6% 0.5% 18.1% 26.9% 37.0%

*Registered under GenBank accession nos. EU312160 (for P29) and AP014540 (for P29-69-183).
"Whole-sequence analysis of mtDNA from P29-69-183 cells showed that they had 89.6% G7731A mtDNA. This
value was almost equivalent to that obtained in Fig. 1A (92%), suggesting the reliability of our quantification of
G7731A mtDNA proportion by using restriction fragment length polymorphism.

*Kidney of Fs mito-mouse-tRNA"*73! possessing 81.3% G7731A mtDNA quantified by using restriction frag-
ment length polymorphism was used for whole-sequence analysis of the mtDNA. All polymorphic mutations
found in mtDNA of P29-69-183 cells have persisted in mtDNA of a mito-mouse-tRNAY*7731,
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Pyruvate therapy is a promising approach for the treatment of mitochondrial diseases. To identify novel bio-
markers for diagnosis and to evaluate therapeutic efficacy, we performed microarray analysis of 2SD cybrid
cells harboring a MELAS-causing mutation and control cells treated with either lactate or pyruvate. We found
that expression and secretion of growth differentiation factor 15 (GDF15) were increased in 2SD cells treated
with lactate and that serum GDF15 levels were significantly higher in patients with mitochondrial diseases
than in those with other diseases, suggesting that GDF15 could be a useful marker for diagnosis and evaluating
the therapeutic efficacy of pyruvate.

© 2014 Elsevier B.V. and Mitochondria Research Society.

1. Introduction

Mitochondrial diseases are caused by mitochondrial or nuclear ge-
nome mutations that affect the functions of mitochondria. The symptoms
are caused by impaired energy metabolism due to mitochondrial dysfunc-
tion and manifest mostly in tissues with a high energy demand such as
brain, heart, and muscle. Mitochondrial myopathy, encephalopathy, lactic
acidosis, and stroke-like episodes (MELAS) is one of the most common of
the mitochondrial diseases (Pavlakis et al., 1984). The A-to-G transition at
the 3243 position of the mitochondrial DNA (m.3243A > G) located in the
mitochondrial tRNA*" (VU gene is a MELAS-causing mutation, and it is
detected in approximately 80% of patients with MELAS (Goto et al.,
1990, 1992; Kirino et al., 2004; Yasukawa et al.,, 2000).

These pathogenic mutations typically result in defective ATP synthesis
in mitochondria, and therefore ATP production depends on the glycolytic
pathway. Since lactate production is aberrantly increased by the accelera-
tion of glycolysis when energy demand is elevated, the lactate to pyruvate
(L/P) ratio in serum is often increased in patients with mitochondrial dis-
eases and has been clinically used for estimating the dysfunction of mito-
chondrial respiration. It is well known that the L/P ratio reflects the
intracellular NADH/NAD™ ratio. Since NAD™ is indispensable for oxida-
tion of glyceraldehyde 3-phosphate (GAP) to 1,3-bisphosphoglycerate

* Corresponding author. Tel.: +81 3 3964 3241; fax: +81 3 3579 4776.
E-mail address: mtanaka@tmig.or.jp (M. Tanaka).

http://dx.doi.org/10.1016/j.mito.2014.10.006
1567-7249/© 2014 Elsevier B.V. and Mitochondria Research Society.

(BPG) by glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the
glycolytic pathway, a shortage of NAD™ interrupts this reaction, resulting
in decreased ATP biosynthesis. Tanaka et al. (2007) proposed that the ad-
dition of pyruvate would facilitate oxidation of NADH to NAD™ via the lac-
tate dehydrogenase reaction, which would restore ATP production by the
glycolytic pathway even under defective respiratory conditions. Indeed,
positive effects of sodium pyruvate on clinical manifestations of mito-
chondrial diseases have been reported (Koga et al,, 2012; Saito et al.,
2012). However, useful biomarkers for evaluating the therapeutic efficacy
of pyruvate remain to be developed.

Cybrid cell lines established by the fusion of enucleated myoblast
cells from a patient with a cultured cell line depleted of mtDNA have
been used to elucidate the pathogenesis and underlying molecular
mechanisms of mitochondrial diseases. We previously reported
increased expression of amino acid starvation-responsive genes in
cybrid cells with MELAS and NARP (neuropathy, ataxia, and retinitis
pigmentosa) mutations (Fujita et al,, 2007). In our earlier study (Kami
etal, 2012), we found that exposure to excessive sodium lactate signif-
icantly increases the intracellular L/P and NADH/NAD™ ratios in cybrid
cells harboring the MELAS mutation (m.3243A > G), which implies
worsening of lactic acidosis and NAD* shortage. On the other hand,
we found that treatment with sodium pyruvate facilitates the ATP pro-
duction and improves the energy status, as indicated by a decrease in
the L/P ratio and retention of the NADH/NAD™ ratio. Taken together,
we considered that these experimental conditions would be ideal for
identifying biomarker candidate genes, whose expression levels reflect
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the intracellular energy deficiency and the effect of pyruvate on energy
metabolism.

In the present study, we performed a global gene expression analysis
of cybrid cells with the MELAS mutation (m.3243A > G: 2SD cells) and
control cybrid cells (2SA cells) treated or not with lactate or pyruvate.
We identified several biomarker candidate genes, among which we fo-
cused on growth differentiation factor 15 (GDF15). The level of GDF15
in the conditioned medium was significantly higher in 2SD cells than
in 2SA cells, which level was further increased by lactate but was not af-
fected by pyruvate in 2SD cells. We also demonstrated that the concen-
tration of GDF15 in the serum was markedly elevated in patients with
mitochondrial diseases compared with that in those with other pediat-
ric diseases. Thus, we identified GDF15 as a novel serum marker for the
diagnosis of mitochondrial diseases and possibly for monitoring the dis-
ease status and progression and for evaluating the therapeutic efficacy
of pyruvate.

2. Materials and methods
2.1. Cell culture

The 2SA and 2SD cybrid cell lines were previously established by
Chomyn et al. (1992). Briefly, 14 cybrid clones were isolated after the fu-
sion of enucleated myoblasts derived from a MELAS patient with
mtDNA-deficient p®206 cells generated from a human 143B osteosarco-
ma cell line. Among those clones, 10 clones had homoplasmic wild-type
mtDNA, and 4 clones harbored strongly predominant mutant mtDNA.
For our experiments, we chose two clones, 2SA and 2SD cybrid cell
lines carrying 100% wild-type mtDNA and 94% m.3243A > G mutant
mtDNA, respectively. The 2SD but not 2SA cybrid cells were shown to
be defective in mitochondrial protein synthesis and respiratory capacity
(Chomyn et al., 1992). Cells were cultured in high-glucose Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum, 1 mM sodium pyruvate, and 0.4 mM uridine at 37 °Cunder a hu-
midified atmosphere of 5% CO,.

2.2, Microarray analysis

Total RNA was isolated from cells by using a miRNeasy mini kit
(Qiagen, Venlo, Netherlands). One hundred nanograms of total RNA
was labeled and amplified with a low input quick amp labeling kit
(Agilent Technologies, Santa Clara, CA, USA) used according to the
manufacturer's instructions. The labeled ¢RNA was hybridized to the
Agilent SurePrint G3 Human GE 8x60K Microarray in a rotating hybrid-
ization oven at 10 rpm for 20 h at 65 °C. After hybridization, the micro-
arrays were washed according to the manufacturer's instructions and
scanned on an Agilent DNA Microarray Scanner with Scan Control soft-
ware. The resulting images were processed, and raw data were collected
by using Agilent Feature Extraction software. Expression data were an-
alyzed by using GeneSpring GX 11 (Agilent Technologies). The signal in-
tensity of each probe was normalized by a percentile shift, in which each
value was divided by the 75th percentile of all values in its array. For
pairwise comparison analysis, only the probes that had expression
flags present under at least one condition were considered. The list
was analyzed with Ingenuity Pathways Analysis software (Ingenuity
Systems, Redwood, CA, USA)

2.3. Quantitative RT-PCR

Total RNA was reverse transcribed to cDNA with a High Capacity
cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, USA)
used according to the manufacturer's protocols. Real-time PCR was per-
formed on the StepOnePlus Real-Time PCR System (Life Technologies)
using Power SYBR Green PCR Master Mix. 18S rRNA gene was used as
an internal control for normalization. The sequences of primers are
listed in Supplementary Table 1.

24. Patients

A written informed consent was obtained from all patients or their
legal guardians. Enrolled patients were diagnosed with mitochondrial
diseases by medical doctors in Kurume University Hospital over the pe-
riod of 2005-2013. Seventeen patients diagnosed at this hospital as hav-
ing mitochondrial diseases were recruited for this study. As a control
group, 13 patients diagnosed as having other pediatric diseases such
as dwarfism were also recruited. The clinical information of the patients
is listed in Supplementary Table 2. This study was approved by the Insti-
tutional Review Board (Kurume University #13099).

2.5. ELISA and multiplex suspension array

Cells were placed on 60-mm dishes 1 day before replacing the medi-
um with fresh medium. Conditioned medium cultured for 24 h was col-
lected, and the particulates were removed by centrifugation (at 500 xg
for 10 min, at 10,000 xg for 30 min). The GDF15 and INHBE concentra-
tions in the supernatants and in the sera of patients were determined in
duplicate by using a Human GDF-15 Immunoassay (R&D Systems, Min-
neapolis, MN, USA) and enzyme-linked immunosorbent assay kit for In-
hibin Beta E (Uscn Life Science, Wuhan, Hubei, PRC) according to the
manufacturer's instructions. For measuring other cytokine concentra-
tions, the sera were subjected to a multiplex suspension array, Bio-
Plex Pro Human Cytokine Grp 1l Panel 21-Plex (Bio-Rad, Hercules, CA,
USA). The cytokines measured by use of this array were the following:
IL-1e, IL-2Ray, IL-3, I1-12 (p40), IL-16, IL-18, CTACK, GRO-c, HGF, IFN-
02, LIF, MCP-3, M-CSF, MIF, MIG, B3-NGF, SCF, SCGF-B, SDF-1a, TNF-3,
and TRAIL. We measured the FGF21 (BioVendor, Czech Republic)
concentration in duplicate samples by ELISA. Unmeasurable high-
concentration samples of FGF21 and GDF15 were diluted 10-fold prior
to measurement. The value from each assay was determined by refer-
ence to the linear portion of the standard curves for FGF21 and
GDF15. All assays were performed by a trained scientist or technical
staff.

2.6. Statistical analysis

Statistical analyses were performed by using IBM SPSS statistics
(IBM, Armonk, NY, USA). We used the nonparametric Mann-Whit-
ney U test to validate differences in cytokine levels in serum between
mitochondrial disease patients and controls. The correlation be-
tween GDF15 and FGF21 concentrations in serum was assessed by
Spearman correlation analysis. We plotted the receiver operating
characteristics (ROC) curve for GDF15, HGF, SCF, SCGF-B, and
FGF21 and calculated the area under the curve (AUC). The data for
the sensitivity and 100 minus the specificity were plotted on a con-
tinuous scale.

3. Results

3.1. Gene expression changes in response to intracellular energy deficiency
in 28D cells

We performed microarray analysis of 25D cybrid cells harboring
the MELAS mutation (m.3243A > G) and 2SA control cybrid cells
treated with 10 mM lactate or 10 mM pyruvate for 0, 4 or 8 h
(Fig. 1A). The numbers of gene probes whose signal intensities
were altered by 2-fold for each comparison are given in Supplemen-
tary Tables 3-6. We found remarkable changes in gene expression in
2SD cells, but not in 2SA cells, treated with lactate for 8 h. As shown
in Supplementary Fig. 1A, we then selected gene probes that were in-
creased by lactate treatment for 8 h compared with those without
treatment and concurrently up-regulated by lactate but not by pyru-
vate at 8 h after treatment and thereby identified 313 probes that
were specifically up-regulated by lactate in 2SD cells at 8 h
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Fig. 1. Microarray analysis of 2SD and 2SA cells (A) Diagram of treatment protocols. Total RNA isolated from 2SD and 25A cells treated with 10 mM lactate or 10 mM pyruvate for 0,4,or 8 h
were subjected to microarray analysis (n = 2). (B, C) Venn diagrams show the number of probes for genes in 2SD cells (B) or 2SA cells (C) that were increased (left panels) or decreased
(right panels) in expression by lactate treatment for 8 h compared with their expression at 0 h and concurrently up-regulated by lactate but not by pyruvate after 8-h treatment. (For
interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

(Fig. 1B). Using similar criteria (Supplementary Fig. 1B), we also
identified 96 probes that were specifically down-regulated in 2SD
cells by lactate treatment for 8 h (Fig. 1B). In 2SA cells, having normal
mitochondrial function, the numbers of gene probes that responded
to lactate treatment were limited (Fig. 1C). The clustering analysis of
the 313 up-regulated (corresponding to 231 genes) and 96 down-
regulated (corresponding to 75 genes) gene probes highlighted sig-
nificant differences in gene expression patterns between 2SD and
2SA cells and also between lactate and pyruvate treatments
(Fig. 2). These results suggest that a defective energy metabolism
caused by exposure to a high dose of lactate resulted in significant
changes in gene expression in 2SD cells.

3.2. Gene networks associated with intracellular energy deficiency in
25D cells

In order to identify gene networks associated with a defective ener-
gy metabolism in the lactate-treated 2SD cells, a gene network analysis
was performed on 231 up-regulated genes and 75 down-regulated
ones. This analysis identified 11 and 5 gene networks for up- and
down-regulated genes, respectively (Fig. 3 and Supplementary Figs. 2
and 3). The top-ranked gene network identified for the up-regulated
genes contained those related to the amino-acid starvation response,
such as ASNS, ATF3, NUPR1, DDIT3, CTH, TRIB3, STC2, and PCK2
(Fig. 3A). It is worth noting that GDF15, on which we focused in the
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Fig. 2. Clustering analysis of the microarray data The gene probes up-regulated (n = 313) and down-regulated (n = 96) at 8 h after lactate treatment were subjected to clustering analysis.
Part of the data are shown. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

A B

Fig. 3. Gene network analysis of the microarray data The genes specifically up-regulated (n = 231) and down-regulated (n = 75) at 8 h after lactate treatment were subjected to gene
network analysis. The top-ranked gene networks in terms of the number of genes included are shown for up-regulated (A) and down-regulated (B) genes. Genes involved in the
amino-acid starvation response (red circles) and heat-shock response (blue circles) as well as GDF15 (red square) are denoted. (For interpretation of the references to colour in this figure,
the reader is referred to the web version of this article.)
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present study, was included in this network. On the other hand, the
gene network for down-regulated genes included those linked to the
heat-shock protein response, such as HSPA1A, HSPA2, HSPA4L, HSPAS,
HSPA12A, and HSPH1 (Fig. 3B).

3.3. GDF15 as a potential biomarker for diagnosis and evaluating the
therapeutic efficacy of pyruvate

Proteins encoded by genes related to intracellular energy deficiency
in 2SD cells and secreted into the medium could be potential bio-
markers for mitochondrial diseases. Gene annotation analysis revealed
the location of gene products that were specifically up- and down-
regulated by lactate at 8 h (231 and 75 genes, respectively) (Table 1).
Twenty-three up-regulated genes and 4 down-regulated genes were
annotated to the extracellular space, each of which is listed in Tables 2
and 3. Among them, we focused on the top 2 ranked up-regulated
genes, growth differentiation factor 15 (GDF15) and inhibin beta E
(INHBE).

To validate the intracellular expression levels of these genes, we per-
formed quantitative RT-PCR for GDF15 and INHBE. The expression
levels of GDF15 (Fig. 4A) and INHBE (Fig. 4B) in the 25D cells were in-
creased by treatment with 10 mM lactate, but not with 10 mM pyruvate,
for 4 or 8 h. Furthermore, GDF15 expression at 0 h was higher in 2SD
cells than in 2SA cells. These results confirmed the reproducibility of
our microarray data and identified GDF15 and INHBE as candidate bio-
markers. To determine whether the secretion of GDF15 and INHBE pro-
teins was increased in 2SD cells in response to lactate treatment, we
measured their concentrations in medium from 2SA and 2SD cells cul-
tured for 24 h in the presence of 1 mM pyruvate, 10 mM lactate, or
10 mM pyruvate. ELISA showed that the GDF15 levels were higher in
the conditioned medium of 2SD cells than in that of 2SA cells under all
of the culture conditions (Fig. 4C). Moreover, treatment with 10 mM
lactate, but not with 10 mM pyruvate, promoted secretion of GDF15 in
2SD cells in comparison with treatment with 1 mM pyruvate, whereas
2SA cells did not respond to the high dose of lactate and pyruvate treat-
ment. [n contrast, INHBE protein was not detectable by ELISA in the con-
ditioned medium of either 2SD or 2SA cells under any culture conditions
(data not shown). These results indicate that GDF15 could be a potential
biomarker for diagnosis and monitoring the disease status and progres-
sion as well as for assessing the therapeutic efficacy of pyruvate for the
treatment of mitochondrial diseases.

3.4. GDF15 as a biomarker for diagnosis of mitochondrial diseases

In order to validate the feasibility of GDF15 as a serum biomarker, we
measured its concentration in the serum of 17 patients with mitochon-
drial diseases as well as in that of 13 patients with other pediatric dis~
eases as a control (Supplementary Table 2). ELISA showed that the
average concentration of GDF15 in the serum of mitochondrial disease
patients was 2632.9 pg/mlL, whereas that for other pediatric disease pa-
tients was 285.2 pg/ml, suggesting that GDF15 levels were significantly
increased in the serum of mitochondrial disease patients and could
clearly distinguish mitochondrial disease patients from control patients
(Fig. 5A).

Table 1
The location of probes (genes) up- and down-regulated in 2SD cells with lactate treatment
for 8 h.

Up-regulated Down-regulated

Location Probe Gene Probe Gene
number number number number
Nucleus 39 35 14 14
Cytoplasm 51 47 25 19
Plasma membrane 37 33 16 16
Extracellular space 26 23 5 4
Unknown 160 93 36 22

Since fibroblast growth factor 21 (FGF21) was recently proposed asa
diagnostic marker for mitochondrial diseases (Davis et al., 2013;
Suomalainen et al., 2011), we also measured the FGF21 levels in the
serum of the same mitochondrial disease patients and control patients
(Fig. 5B). The serum FGF21 levels were higher in patients with mito-
chondrial diseases than in those with other diseases. Furthermore,
there was a good correlation between the serum GDF15 and FGF21
levels (Fig. 5C).

In an attempt to find additional biomarkers, we determined the
serum levels of 21 cytokines in the same patients by using the multiplex
suspension array. As shown in Supplementary Fig. 4A, the serum con-
centrations of HGF and SCF were higher in patients with mitochondrial
diseases than in control patients, whereas the serum levels of SCGF-3
were lower in the former than in the latter.

Finally, we performed ROC curve analysis of GDF15, HGF, SCF, SCGF-
3, and FGF21. As shown in Fig. 5D, the area under the curves (AUC) for
GDF15 (0.986) was higher than that for FGF21 (0.787). The AUC for
FGF21 was similar to those for HGF (0.747), SCF (0.729), and SCGF-B
(0.837) (Supplementary Fig. 4B), indicating that GDF15 had the maxi-
mum sensitivity and specificity for diagnosis of mitochondrial diseases.
These results suggest that GDF15 has the greatest potential as a novel
diagnostic marker for MELAS and other mitochondrial diseases.

4. Discussion

Based on the global gene expression analysis of cybrid cells with mi-
tochondrial dysfunction, we identified GDF15 as a potential biomarker
whose expression and secretion reflected the intracellular energy defi-
ciency and the effect of pyruvate therapy on the energy metabolism.
We then determined the serum levels of GDF15 in patients with mito-
chondrial diseases and other diseases and identified GDF15 as a novel
diagnostic marker for mitochondrial diseases. Although additional clin-
ical studies are needed, the serum GDF15 concentration may be a useful
biomarker not only for diagnosis of mitochondrial diseases but also for
monitoring the disease status and progression as well as for determin-
ing the efficacy of pyruvate therapy.

GDF15 is a member of the transforming growth factor-g (TGF-B) su-
perfamily and is widely expressed in mammalian tissues (Unsicker
et al, 2013). GDF15 plays important roles in multiple pathologies in-
cluding cardiovascular diseases, cancer, and inflammation. It has been
shown that GDF15 is up-regulated by tumor suppressor p53 in response
to high glucose or treatment with anti-cancer compounds (Baek et al.,
2002; Lietal,, 2013; Yang et al,, 2003). The p53 protein is a transcription
factor that responds to a variety of stresses such as DNA damage, oxida-
tive stress, hypoxia, and metabolic stress, and it activates the expression
of genes to induce cell cycle arrest, DNA repair, senescence, and cell
death (Sermeus and Michiels, 2011; Sperka et al., 2012; Zhang et al,,
2010). CDKN1A (p21), a potent cyclin-dependent kinase inhibitor, is a
major downstream effector of p53, which induces cell-cycle arrest
(Sperka et al,, 2012). In our microarray data, the CDKN1A expression
level was 3.5-fold increased by lactate treatment of 2SD cells (data not
shown). Previous reports demonstrated increased expression of
CDKN1A in the skeletal muscle of patients with mitochondrial diseases
and a cell line depleted of mitochondrial DNA (Behan et al., 2005; Crimi
et al,, 2005). Besides CDKN1A, we found other p53 effector genes in the
list of genes up-regulated in the lactate-treated 2SD cells, including
GADDA45A, EGR2, DDIT3, CHMP4C, SESN2, ULBP1, DDIT4, and NUPR1
(data not shown). These results suggest that p53 activation may have
played an important role in the induction of GDF15 expression in 25D
cells treated with lactate. It has been also demonstrated that p53 activa-
tion caused by metabolic stress is mediated by AMP-activated protein
kinase (AMPK; Zhang et al,, 2010). Our previous metabolomic profiling
revealed that the ATP level drops but that the ADP and AMP levels are
increased in lactate-treated 2SD cells (Kami et al., 2012), implying that
elevation of the AMP/ATP ratio may activate p53 through AMPK activa-
tion. Taken together, it is possible that p53 induced GDF15 expression in
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Table 2
Genes annotated to the extracellular space among those specifically up-regulated by lactate treatment for 8 h.
Gene symbol Accession number Entrez gene name Fold change
L-8/1-0° L-8/P-8°

GDF15 NM_004864 Growth differentiation factor 15 274 14.8
INHBE NM_031479 Inhibin, beta E 15.0 94
AREG NM_001657 Amphiregulin 14.0 22
ECM2 NM_001393 Extracellular matrix protein 2, female organ and adipocyte specific 11.8 9.0
ADM2 NM_024866 Adrenomedullin 2 103 3.0
MMP3 NM_002422 Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 9.8 4.2
IL1A NM_000575 Interleukin 1, alpha 7.6 6.0
C12o0rf39 ENST00000256969 Chromosome 12 open reading frame 39 6.3 6.7
APOLS NM_030641 Apolipoprotein L, 6 6.2 38
SCG5 NM_003020 Secretogranin V (7B2 protein) 52 3.0
SPOCK2 NM_014767 Sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 2 5.1 6.6
AMTN NM_212557 Amelotin 5.0 3.9
1L23A NM_016584 Interleukin 23, alpha subunit p19 44 2.8
ADAMTS17 NM_139057 ADAM metallopeptidase with thrombospondin type 1 motif, 17 35 22
VEGFA NM_001025370 Vascular endothelial growth factor A 34 2.5
STC2 NM_003714 Stanniocalcin 2 34 26
PDGFB NM_002608 Platelet-derived growth factor beta polypeptide 2.8 3.8
C1QTNF1 NM_198594 C1q and tumor necrosis factor related protein 1 26 29
HECW2 NM_020760 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 2 2.4 2.1
IGFALS NM_004970 Insulin-like growth factor binding protein, acid labile subunit 2.3 2.5
IGFBP1 NM_000596 Insulin-like growth factor binding protein 1 ‘ 23 2.1
PDGFA NM_002607 Platelet-derived growth factor alpha polypeptide 22 2.2
CLEC3B NM_003278 C-type lectin domain family 3, member B 2.1 22

Fold change between 8 h and 0 h after lactate treatment
bFold change between lactate treatment and pyruvate treatment at 8 h

response to AMPK activation caused by the intracellular energy defi-
ciency. However, it remains to be determined whether other stresses
such as oxidative stress may also have participated in p53 activation
and GDF15 induction in the lactate-treated 2SD cells.

Gene network analysis demonstrated that the top-ranked net-
work contained not only genes associated with the amino-acid star-
vation response but also the GDF15 gene (Fig. 3A). In a mouse model
of late-onset mitochondrial myopathy, the expression of amino-acid
starvation-responsive genes was shown to be elevated (Tyynismaa
et al., 2010). The asparagine synthetase (ASNS), which is a represen-
tative gene involved in the amino-acid starvation response, has been
reported to be up-regulated in the skeletal muscle of patients with
mitochondrial diseases and in cybrid cells established from a mito-
chondrial disease patient (Crimi et al., 2005; Fujita et al., 2007). Acti-
vating transcription factor 4 (ATF4) is a master regulator of
integrated stress responses (ISR), in which a variety of stresses, in-
cluding amino-acid starvation as well as glucose starvation, ER
stress, hypoxia, and oxidative stress, induce phosphorylation of
elF2a followed by up-regulation of ATF4 to activate expression of
stress-responsive genes (Harding et al., 2003; Jiang et al., 2004;
Rouschop et al., 2010; Rzymski et al., 2010; Teske et al., 2011). It is
noteworthy to point out that GDF15 has been shown to be up-
regulated by ATF4 in mouse embryonic fibroblasts (Jousse et al.,
2007). Taken together, such findings suggest that the ISR pathway
may also contribute to the induction of GDF15 in response to defec-
tive energy metabolism and play a role in the pathogenesis of mito-
chondrial diseases.

In the present study, we validated the clinical usefulness of GDF15 as
a diagnostic marker by determining the serum GDF15 levels in patients
with mitochondrial diseases and in those with other pediatric diseases.
The results showed that serum GDF15 levels were significantly elevated
in patients with mitochondrial diseases, which finding is consistent
with a recent report (Kalko et al.,, 2014). We also demonstrated that
GDF15 had higher sensitivity and specificity than FGF21, which was re-
cently identified as a sensitive and specific blood biomarker for muscle
pathology in a wide range of mitochondrial diseases in adults and chil-
dren (Suomalainen et al,, 2011). Our small-scale study, however, may
have underestimated the clinical usefulness of FGF21, because the
AUC for FGF21 reported by 2 independent groups (0.95 and 0.91) was
higher than that in the present study (0.787).

Using the multiplex suspension array, we also identified HGF, SCF,
and SCGF-3 as potential diagnostic markers for mitochondrial diseases.
The ROC curve analysis, however, revealed that GDF15 had the maxi-
mum sensitivity and specificity for diagnosis of mitochondrial diseases
compared with HGF, SCF, SCGF-B, or FGF21. Based on the microarray
analysis, we also selected INHBE as the next best candidate gene
(Table 2). INHBE is a member of the activin beta family, which has
been reported to be primarily expressed in the liver and up-regulated
by drug-induced ER stress, cysteine deprivation, and insulin treatment
(Bruning et al., 2012; Dombroski et al., 2010; Hashimoto et al., 2009;
Lee et al,, 2008). Although secreted INHBE protein was not detectable
in the conditioned medium from the cell cultures, we are currently in-
vestigating the clinical usefulness of INHBE as a biomarker for diagnosis
and monitoring of the disease status and progression.

Table 3

Genes annotated to the extracellular space among those specifically down-regulated by lactate treatment for 8 h.
Gene symbol Accession number Entrez gene name Fold change

L-8/L-0° L-8/pP-8°

CXCL1 NM_001511 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha) —34 —26
PDZRN3 NM_015009 PDZ domain containing ring finger 3 —24 —2.0
SLC39A10 NM_020342 Solute carrier family 39 (zinc transporter), member 10 —23 —29
DKK1 NM_012242 Dickkopf 1 homolog {Xenopus laevis) —2.1 —23

2Fold change between 8 h and 0 h after lactate treatment
bEold change between lactate treatment and pyruvate treatment at 8 h
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It is well known that mitochondrial dysfunction is associated with the
pathology of various diseases such as Parkinson's disease, Alzheimer's
disease, diabetes, and aging (Exner et al.,, 2012; Lopez-Otin et al., 2013;
Martin and McGee, 2014). GDF15, which may reflect mitochondria dys-
function, could be a useful marker for those diseases and the aging pro-
cess. In support of this idea, the serum GDF15 level was reported to be
elevated under various pathological conditions such as cancers, cardio-
vascular diseases, diabetes, and obesity (Dostalova et al., 2009; Kempf
et al,, 2007; Welsh et al., 2003); however, in most cases, it was not as
high as that observed in mitochondrial diseases. Recent cohort studies
also demonstrated that the serum GDF15 level is a novel predictor of
all-cause mortality and is associated with cognitive performance and cog-
nitive decline (Fuchs et al,, 2013; Wiklund et al., 2010). We thus anticipate
that GDF15 will attract more interest with respect to a variety of diseases
and aging associated with mitochondrial dysfunction.

In conclusion, we identified GDF15 as a novel serum marker for the
diagnosis of mitochondrial diseases and possibly both for monitoring
the disease status and progression and for evaluating the therapeutic ef-
ficacy of pyruvate. Large-scale clinical trials including combined use of
other markers such as FGF21 should confirm the clinical usefulness of
GDF15.
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Article history: Background: Disorders of oxidative phosphorylation (OXPHOS) cause an increase in the NADH/NAD™ ratio,
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store glycolysis. There are some case reports on the efficacy of pyruvate treatment for mitochondrial diseases.
However, few of these reports assessed their results using a standardized scale.

Methods: We monitored 4 bedridden patients with OXPHOS disorders who continued therapies of 0.5-1.0 g/kg/day
of sodium pyruvate for more than 12 months. The efficacies of these treatments were evaluated with the Newcastle

I;;mﬁs' Pediatric Mitochondrial Disease Scale and the Gross Motor Function Measure with 88 items.

Therapy Results: The ages of the patients at the treatment initiation ranged from 8-100 months. Of the 4 patients, 3 exhibited
Mitochondrial disease improvements within 1-3 months from the initiation of treatment. Among these 3 patients, one maintained the
NAD* improvement for over 2 years. The remaining 2 regressed 3-6 months after the initiation of treatment. The

Lactate-to-pyruvate ratio blood lactate/pyruvate ratios did not correlate with the efficacy of treatment.
Conclusion: Pyruvate was effective even in bedridden patients with OXPHOS disorders, at least in the short term.
Clinical trials with more patients and less severe disabilities are necessary to evaluate the long-term efficacy of

this treatment. Biomarkers other than lactate and pyruvate need to be identified to biochemically monitor the ef-

ficacy of this treatment.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Tanaka et al. [ 1] proposed that pyruvate has therapeutic potential for
patients with oxidative phosphorylation (OXPHOS) disorders in which
the intracellular NADH/NAD™ ratio is increased. Such an increased
ratio impairs the activity of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) in the glycolysis pathway. Theoretically, with lactate de-
hydrogenase, pyruvate provides NAD™ and decreases this ratio and
thereby restores the activity of GAPDH, which produces ATP.

Abbreviations: NPMDS, Newcastle Pediatric Mitochondrial Disease Scale; GMFM-88,
Gross Motor Function Measure with 88 items; JMDRS, Japanese Mitochondrial Disease
Rating Scale; OXPHOS, Oxidative phosphorylation; MELAS, Mitochondrial myopathy, en-
cephalopathy, lactic acidosis and stroke-like episodes; FGF-21, Fibroblast growth factor 21.
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Additionally, pyruvate activates pyruvate dehydrogenase and non-
enzymatically eliminates hydrogen peroxide.

There are several case reports on the efficacy of pyruvate in patients
with OXPHOS disorders [2-4]. However, few of these reports have eval-
uated the clinical outcomes using a standardized clinical assessment
scale. We semi-quantitatively evaluated the efficacy of pyruvate thera-
py in 4 patients with OXPHOS disorders using standardized scales.
This study was approved by the Ethical Committee of our institution.
Written informed consent was obtained from the parents of every
patient.

2. Patients and methods
2.1. Patients

Four patients who had been on pyruvate for more than 12 months
were studied (Table 1). Two patients had Leigh syndrome associated
with m.8993 T>G or m.9176 T>C mutations. One patient had non-
specific encephalomyopathy associated with complex 1 and IV com-
bined deficiency. Another patient had myopathic mitochondrial DNA
depletion syndrome. All patients were bedridden, and all but one
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