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Introduction

Abstract

Objective: Mutations in nuclear-encoded mitochondrial DNA (mtDNA) poly-
merase (POLG) are known to cause autosomal dominant chronic progressive
external ophthalmoplegia (adCPEO) with accumulation of multiple mtDNA
deletions in muscles. However, no animal model with a heterozygous Polg
mutation representing mtDNA impairment and symptoms of CPEO has been
established. To understand the pathogenic mechanism of CPEO, it is important
to determine the age dependency and tissue specificity of mtDNA impairment
resulting from a heterozygous mutation in the Polg gene in an animal model.
Methods: We assessed behavioral phenotypes, tissue-specific accumulation of
mtDNA deletions, and its age dependency in heterozygous Polg””>”* knock-in
mice carrying a proofreading-deficient mutation in the Polg. Results: Heterozy-
gous Polg”*”* knock-in mice exhibited motor dysfunction in a rotarod test.
Polg™”P*" mice had significant accumulation of multiple mtDNA deletions,
but did not show significant accumulation of point mutations or mtDNA
depletion in the brain. While mtDNA deletions increased in an age-dependent
manner regardless of the tissue even in Polg"" mice, the age-dependent accu-
mulation of mtDNA deletions was enhanced in muscles and in the brain of
Polg"P?*”* mice. Interpretation: Heterozygous Polg”**’* knock-in mice showed
tissue-specific, age-dependent accumulation of multiple mtDNA deletions in
muscles and the brain which was likely to result in neuromuscular symptoms.
Polg"P”* mice may be used as an animal model of adCPEO associated with
impaired mtDNA maintenance.

number reduction of mtDNA in affected tissues."> CPEO
is a relatively late-onset disease accompanied by neurolog-

Chronic progressive external ophthalmoplegia (CPEO) is
a mitochondrial neuromuscular disease presenting pro-
gressive external ophthalmoplegia and other neuromuscu-
lar symptoms. On the molecular level, the accumulation
of multiple mtDNA deletions in muscles is characteristic
of CPEO, which is distinct from other inherited mito-
chondrial diseases because of point mutations or copy

ical symptoms such as ataxia, exercise intolerance, fatigue,
optic atrophy, cognitive impairment, and mood disor-
ders.*™® Postmortem brain analyses showed increased
accumulation of multiple mtDNA deletions in the
brain.*” Thus, neurological symptoms in CPEO likely
result from the accumulation of multiple mtDNA dele-
tions in the brain.
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Polg Mutation Causes mtDNA Deletions

Mutations in nuclear-encoded proteins involved in
mtDNA maintenance cause inherited CPEQ.>* b8!
The nuclear gene encoding the catalytic subunit of the
mtDNA polymerase, known as DNA polymerase y (Polg),
plays a prominent role in replication and repair, which
are essential for mtDNA synthesis.'"* Heterozygous muta-
tions in POLG cause autosomal dominant CPEO. Thus, a
heterozygous mutant Polg knock-in mouse may be an
appropriate animal model for CPEO. Homozygous
knock-in mice that carry proofreading-deficient Polg
(PolgD 2574) exhibited marked accumulation of mtDNA
point mutations and showed systemic physical abnormali-
ties and reduced life span; these mice have been proposed
to be an animal model of premature aging.”*">” However,
heterozygous Polg”**’* mice were reportedly normal.** >

In this study, we examined heterozygous Polg"”*”* mice
in detail. These mice exhibited motor dysfunction and
accumulation of mtDNA deletions in the brain and mus-
cles in an age-dependent and tissue-specific manner.

Materials and Methods

Animals and behavioral analysis

The Polg”*”* mouse was described previously.”> In this
study, Polg"P?**”* mice were backcrossed for more than
six generations into C57BL/6]Jcl; next, selective breeding
using 104 microsatellite markers covering the entire gen-
ome enabled the production of mutant mice with a
genetic background similar to C57BL/6] for >99% of off-
spring by mating male Polg"’?*’* mice with female
C57BL/6]Jcl mice purchased from CLEA Japan (Tokyo,
Japan). We examined 34 weeks old male mice kept in
cages with a running wheel for 7 weeks from 19 to
25 weeks. The details of a conventional behavioral test
battery are described in Data S1. All animal experiments
were performed in accordance with the protocols that
had been approved by the Animal Experiment Committee
of RIKEN (Wako, Saitama, Japan) and Shiga University
of Medical Science (Otsu, Shiga, Japan). The number of
animals used their suffering was minimized as much as
possible.

Analysis of mtDNA point mutation

mtDNAs were purified from mice frontal lobe using the
mtDNA Extractor CT kit (Wako Pure Chemical Indus-
tries, Osaka, Japan), which is based on the alkaline-SDS
method for the plasmid DNA purification followed by
removal of sodium iodide and RNA by RNaseA treat-
ment. The 1782-bp fragment (#13557-15340) of mtDNA
(NC_005089) from each genotype (n = 3) was digested
using the restriction endonucleases Xhol and BgIII and
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directly cloned into pBluescript SK+ plasmid DNA with-
out polymerase chain reaction (PCR) amplification. From
each mouse tissue, more than 12 independent clones were
sequenced and the average mutation frequency was exam-
ined (Polg"’* mice: 48 total clones, Polg""?"* mice: 47
total clones, PolgP?>7A/P?>7A mice: 53 total clones). More

than 21,000 nucleotides were analyzed from each mouse.

Southern blot analysis

Purified total mtDNA was either left undigested or
digested by incubation with restriction endonuclease BglII
(Takara Bio, Shiga, Japan). After electrophoresis and dep-
urination, alkaline blotting was performed by capillary
transfer.

mtDNAs were detected using the Digoxigein (DIG)-
labeled DNA probe for mouse mtDNA, which was
described previously.”’ The DIG-labeled DNA probes for
the control region (D-loop), NDI, and COXI were syn-
thesized using the PCR DIG Probe Synthesis Kit (Roche
Diagnostics, Mannheim, Germany), and whole mtDNA
probe was synthesized from Taq I-digested mouse whole
mtDNA using random primers and the BcaBEST DIG
labeling kit (Takara).

PCR analysis

All primer sequences are described in Table S1. For PCR,
mouse mtDNA was amplified from 10 ng of purified
mtDNA with the 0.2 umol/L primers D3 and D4,*! which
face outward from the D-loop of mtDNA, using SYBR
Premix Ex Taq reagent (Takara Bio) with the following
protocol: 95°C for 20 sec, 55°C for 20 sec, and 72°C for
13 min (for a long-extension PCR) or 80 sec (for a short-
extension PCR), 35 cycles after an initial denaturation at
95°C for 1 min. For quantitative real-time PCR (qPCR)
analysis, each PCR product was separately amplified from
50 ng of total DNA or 5 ng of purified mtDNA in a
10 uL reaction using SYBR Premix Ex Taq reagent. For
deleted mtDNA molecules, qPCR was based on short-
extension PCR. Accumulation of mtDNA deletions was
assessed by determining the ratio to total mtDNA quanti-
fied with amplification of the D-loop using the primer
pair DI and D2. Other primer sets were designed to
anneal to the COX1I gene and the ND4 gene for mtDNA,
and the ApoB gene for nuclear DNA. Copy number was
quantified by determining the ratio of total mtDNA to
nuclear DNA. Real-time qPCR reactions were carried out
in quadruplicate for all measurements. In every run, the
quantities were calibrated using the standard curves with
each control plasmid (R* > 0.99), as described previ-
ously.”? Only a standard curve of mtDNA deletions was
used to standardize the differences among runs and was
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calculated between Ct values and the logarithm of
concentration of extracted mtDNA from old PolgD 2574/D2574
mice (>60 weeks old) within the linear range (Fig. S4B,
R* > 0.95).

In vivo mtDNA labeling and Southwestern
blot analysis

Newly synthesized mtDNA molecules were labeled by 5-
bromo-2-deoxyuridine (BrdU) treatment and detected by
Southwestern blot analysis using anti-BrdU antibody.
Eight-week-old, male C57BL/6] mice (CLEA Japan) were
injected intraperitoneally with prewarmed 2’'-Deoxyuri-
dine, 5'-Triphosphate (dUTP) or BrdU (500 mg/kg body
weight; 50 mg/mL; NACALAI TESQUE, Kyoto, Japan)
dissolved in 0.1 mol/L NaOH and adjusted to neutral pH.
mtDNA was sampled each hour from 0-12 h and at 24,
36, 48, 60, 72, 84, and 96 h after intraperitoneal injection.
Southwestern blot analysis was developed using a method
described previously.”” mtDNA was digested by incuba-
tion with the restriction endonuclease Eagl (New England
Biolabs, Beverly, MA) and transferred using the same
method used for Southern blot analysis. After BrdU imag-
ing with anti-BrdU antibody (Becton Dickinson Immuno-
cytometry Systems, San Jose, CA), and an HRP-
conjugated anti-mouse IgG secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA) by Wes-
tern Lightning™ Chemiluminescence Reagent (Perkin
Elmer, Waltham, MA) and LAS-3000 (FUJIFILM, Tokyo,
Japan), antibodies were stripped for Southern blot analy-
sis. The relative levels of newly generated mtDNA after
injection was quantified by determining the value of
incorporation of BrdU into mtDNA based on the BrdU/
mtDNA signal intensity ratio measured using Multi
Gauge Ver 2.2 software (FUJIFILM).

Cell culture and immunofluorescence
analysis

Primary neurons were isolated from mouse embryos at
gestational day 17-18 and cultured as described previ-
ously.’® To detect localization of BrdU signals in the
mitochondria as an indicator of newly synthesized
mtDNA, neurons were cultured in the presence 10 umol/
L BrdU for 48 h after 7 days of incubation for differentia-
tion. Neurons were fixed and immunocytochemically
stained as reported previously.”> In some experiments,
neurons were also cultured in the presence of 100 nmol/L
MitoTracker Red CM-H2XRos for 1 h before fixation or
were incubated with NeuroTrace Red Fluorescent Nissl
Stain (Life Technologies, Carlsbad, CA) at room tempera-
ture for 20 min following the anti-BrdU staining. Images
were acquired using a confocal microscope (FV1000;
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Olympus, Tokyo, Japan) from at least three independent
culture preparation. Protocols to isolate neural stem cells
and generate neurospheres from embryonic brain in vitro
have been described previously.*®

Statistical analysis

The results of quantitative experiments were analyzed by
parametric or nonparametric tests after conducting a Kol-
mogorov—Smirnov test to confirm a normal distribution.
A two-tailed test was used for all analysis. Statistical sig-
nificance (P < 0.05) was determined using SPSS 18.0 soft-
ware (SPSS, Chicago, IL) and KyPlot 4.0 (KyensLab,
Tokyo, Japan).

Results

+/D257A

Behavioral phenotypes of Polg mice

We examined 34 weeks old male mice carrying the het-
erozygous Polg”*’* mutation (referred to as Polg™P?>7*)
using a conventional behavioral test battery. Homozygous
Polg"**-mutant mice (referred to as PolgP?*7A/P2>74
mice) were also assessed as a positive control group for
mitochondrial dysfunction, apoptosis, and sarcopenia in
skeletal muscle.”***® As expected, Polg"**"/P»7* mice
showed significantly lower body weight than mice of
other genotypes, poor performance in the rotarod test,
and reduced spontaneous motor activity in the open field
test, elevated plus maze, and Y-maze test (Fig. S1). In the
rotarod test, not only Polg"?*”4/P?74 mice but also Polg"™
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Figure 1. Rotarod test for evaluating motor function among Polg**

mice (n = 9), Polg and PolgP?°7A/D257A (n = 10) mice.
The general linear model repeated measures ANOVA followed by
Tukey’s honestly significant difference (HSD) (mean rotations + SEM)
showed significant effects of genotype (P =0.026) and days
(P<1.00 x 107", but no interaction between genotype and days
(P =0.082). Polg*’”?*’4 mice generally showed lower performance
than Polg*’* mice (P = 0.077), which was similar to PolgP?>7A/P257A
mice (Polg*P?*”4 mice vs. PolgP?>’A/P?57A mice: P = 0.885, PolgP?*’*'
D257A mice vs. Polg*™* mice: P = 0.029). These results were supported
by significant differences between Polg** and Polg*P?*"* mice
(1P < 0.05), or PolgP?57AP257A mice (*P < 0.05) in analysis of each
trial.

+/D257A (1 — 1Q),
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D274 mice showed significantly poor performance than

Polg"”* mice for a number of trials (Fig. 1). Polg™"?*"
mice did not differ from Polg"*
result indicates that the motor dysfunction caused by the
heterozygous mutation in Polg is milder than that caused

by the homozygous mutation.

mice in other tests. The

Accumulation of mtDNA deletions in the
brain of Polg*'P?>7A mice

The motor dysfunction in POlg+/D257A

mice prompted us
to investigate whether mtDNA was impaired by the het-
erozygous mutation in Polg. Therefore, we evaluated
mtDNA alterations in the brain of Polg"/P?"
Southern blot analysis of purified mtDNA using a probe
for the control region (D-loop) (Fig. 2A and B) showed
the presence of small mtDNAs corresponding to deletion
mutants in the frontal lobe of Polg””?*”* mice. These
small mtDNAs were observed in the frontal lobe of Polg"™
D274 mice at 62 weeks of age upon overexposure
(Fig. 2B). However, small mtDNAs were not detectable in

Polg*P?” mice at 24 weeks and in Polg”* mice at

mice.

62 weeks at the same experimental condition. Addition-
ally, apparent multiple mtDNA signals were observed in
PolgP?7A/P?74 mice at 62 weeks, subtle signals were
observed at 24 weeks (Fig. 2A). Consistent with the
results of previous studies, there was no detectable signal
other than full-length mtDNA using probes for gene-
encoding regions of mtDNA, even in Polg"?"*/P%74 mice
(Fig. S2A). Accumulation of multiple mtDNA deletions in
the frontal lobe of Polg"’"*”* mice at 62 weeks was con-
firmed by PCR analyses (Fig. 2C-E). Long-range PCR
amplification of mtDNA revealed the presence of vari-
ously sized mtDNA molecules with deletions in the brain
of Polg"’P*"* mice (Fig. 2C). Full-length mtDNA was
observed, but there were fewer deletion molecules in
Polg*" mice than in Polg"’"**’* mice. Moreover, short-
extension PCR was used to selectively amplify small
mtDNA molecules to clarify the difference between Polg"’
D2574 and Polg** mice (Fig. 2D). Using highly sensitive
qPCR analysis (see Materials and Methods, Fig. S2B and
C), significantly increased accumulation of mtDNA dele-
tions was observed in Polg""**”* mice (Fig. 2E). In fron-
tal lobe of Polg"”P?**”* mice, there was a reduction in
protein level of mtDNA-encoded subunits of Complex IV
(Fig. S3).

We also investigated mtDNA point mutations in fron-
tal lobe. PolgP?*”A/P74 mice showed significant accumu-
lation of point mutations compared to other mice.
Although Polg™’??*”* mice also showed a similar tendency
of higher number of mtDNA point mutations than Polg"
* mice, this difference was not statistically significant
(Fig. 2F). In addition to point mutations, crucial single
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nucleotide insertion/deletion were found in six clones
from Polg”?74/P?>7A mice. Moreover, Polg"?>"*/P274 mice
showed a significantly reduced mtDNA copy number in
frontal lobe, posterior cortex, basal ganglia, and cerebel-
lum. No significant difference in mtDNA copy number
was observed between Polg"”* and Polg"’P*”* mice
(Fig. 2G). Thus, the formation and accumulation of
mtDNA deletions, but not point mutations and mtDNA

depletion, were detected in Polg™"**’* mice.

Age-dependent increase in mtDNA deletions
is accelerated in muscle and the brain of
Po,g+/ozs7A mice

We investigated mtDNA deletion levels in detail in the
brain, which was divided into five areas (frontal lobe,
posterior cortex, cerebral cortex except for the frontal
lobe, hippocampus, basal ganglia, cerebellum), and in
other somatic tissues (heart, liver, kidney, and skeletal
muscles) of Polg"’* and Polg""*”* mice at 48 weeks of
age. Deletions in the heart were clearly detected in all
Polg*"P?*”* mice by Southern blot analysis (Fig. 3A, upper
panel). Deleted mtDNA signals in the frontal lobe, poster-
ior cortex, and hippocampus of Polg""**”* mice were
detectable after overexposure in Southern blot analysis,
same as is shown in Figure 2B, but were not detectable at
all in Polg""* mice (Fig. 3A, lower panel). Consistent with
the results of Southern blot analysis, significant differ-
ences were verified by short-extension qPCR analysis in
the frontal lobe, posterior cortex, and hippocampus, and
heart, but not in the cerebellum, liver, kidney, and skele-
tal muscles at 48 weeks (Fig. 3B). On the other hand,
PolgP?7A/P74 mice indeed showed much higher levels of
mtDNA deletions in all tissues we tested (Fig. S4).

To understand the effect of age on accumulation of
multiple mtDNA deletions, we measured mtDNA deletion
levels in each brain region, muscles, and liver in Polg™’*
and Polg"”P*”* mice of various ages (Figs. 3C and S5).
mtDNA deletions accumulated with age in an exponential
manner regardless of tissues or genotypes. However, there
was a significant interaction between genotype and age;
the heterozygous Polg mutation accelerated the age-
dependent increase in mtDNA deletions in the brain and
muscles, including the cerebellum and skeletal muscles,
but not the liver. In contrast, mtDNA copy number was
not affected by age or genotype, whereas a significant dif-
ference was found between tissues (Fig. S6). Although the
increase in mtDNA deletion was not detected until
60 weeks in mtDNA analysis utilizing the entire skeletal
muscle in hind limb, a part of skeletal muscle of hind
limb of Polg"’P**”* mice showed the significant enhance-
ment of accumulation of mtDNA deletions at 37 weeks

corresponding period of the rotarod test (Fig. S7).
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Accumulation levels were determined using the D-loop (white), COXT (gray), or ND4 (black) region of mtDNA as a reference (n = 3, mean + SD,
*P < 0.02, t-test). (F) Quantitative analysis of mtDNA point mutation in the frontal lobe of mice at 62 weeks. Numbers of total mutations (white
columns, Welch ANOVA followed by Dunnett’s T3 test) and nonsynonymous mutations (gray columns, one-way ANOVA followed by Tukey’'s
HSD) are indicated (n = 3, mean + SD, *P < 0.025). (G) Analysis of mtDNA copy number in the frontal lobe, posterior cortex, basal ganglia, and
cerebellum of mice: Polg** mice (white columns), Polg*P>*”4 mice (gray columns), and PolgP?>”/P2>74 mice (black columns). The vertical axis
represents the relative value normalized to the average copy number of mtDNA in frontal lobe of Polg™* mice (n = 3, mean + SD, **P < 0.01,
*P < 0.05, Welch ANOVA followed by the Dunnett’s T3 test).
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factor of tissues and a covariate of age in each genotype, difference among tissues and the interaction between tissue and age were significant
(P < 0.001). Significant differences were detected at several ages, except for in the liver (*P < 0.05). Significant effects of age were observed in
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Furthermore, a significant decrease in complex IV (COX)
activities was observed in skeletal muscles of Polg™"*"
mice at 96 weeks (Fig. S8) similar to that in cortex of
Polg*P*”* mice in previous report.’”

In neural stem cells (NSCs) cultured for 5 weeks from
mouse embryos, no difference was observed between
NSCs from Polg*"?*”* mice and those from Polg"”" mice,
although NSCs from Polg"*”*/P**’4 mice accumulated
mtDNA deletions (Fig. S9). These results suggest that
aging plays an important role in the accumulation of
mtDNA deletions in the brain of Polg"”"*”* mice.

mtDNA replicates more rapidly in the
mouse brain than in the liver

Since mtDNA deletions and point mutations were accu-
mulated in mouse brain which contains nondividing
neurons, we estimated the probability that quiescent
cells are constantly metabolizing mtDNA and accumu-
late mtDNA mutations during mtDNA synthesis. To
verify the active mtDNA synthesis, we treated primary
cultured neurons from wild-type mouse embryos with
BrdU for 48 h. We showed that BrdU signals were
localized in the mitochondria in the cell bodies and
neurites, but not in the nuclei (Fig. 4A), in postmitotic
neurons.

Tissue-dependent difference in mtDNA synthesis rate
may also contribute to the tissue-dependent accumulation
of mtDNA deletions. Thus, we examined differences in
mtDNA synthesis between the liver (Fig. 4B, D, and F)
and brain (posterior cortex) (Fig. 4C, E, and G) by in
vivo mtDNA labeling with BrdUin adult wild-type mice
at 8 weeks of age. Incorporation of BrdU (Fig. 4B and C)
into mtDNA (Fig. 4D and E) increased over time in the
both tissues from an hour or two after the injection
(Fig. 4F and G). A significant dependence was observed
between tissues over time. The time to reach the half-
maximal level of BrdU incorporation (T,,;) was shorter
in the brain (posterior cortex) (Fig. 4G and H, ~4 h)
than in the liver (Fig. 4F and H, 7-8 h).

Discussion

Despite clinical studies indicating that heterozygous
POLG mutations cause CPEO, neuromuscular symptoms
and accumulation of mtDNA deletions in Polg"/"*"
mice have not been reported. In this study, we found that
a heterozygous mutation of POLG could cause neuromus-
cular symptoms similar to those found in CPEO patients.
Moreover, we showed that the D257A mutation in one
allele of the Polg gene was sufficient to cause accumula-
tion of multiple mtDNA deletions in the brain and mus-
cles, but accumulation of mtDNA point mutations and

Polg Mutation Causes mtDNA Deletions

mtDNA copy number reduction is absent or less promi-
nent. It is still controversial whether mtDNA point muta-
tions are increased in the Polg+/ D2574 mice.?**” However,
the present results suggest that mtDNA deletions are
more prominent than point mutations. In addition to
skeletal muscles in posterior crus, we cannot rule out a
possibility that accumulations of mtDNA deletions in tis-
sues other than skeletal muscles, such as the posterior
cortex, basal ganglia, and heart, affect motor dysfunction
of Polg*"P?**”* mice, because they already showed signifi-
cant increase in mtDNA deletions at 24 weeks. In either
case, the tissue-specific accumulation of mtDNA deletions
was similar to CPEO patients and the worse rotarod per-
formance of Polg"’P?’* mice might be resulted from
accumulation of mtDNA deletions. Thus, the PolgHD 2574
mouse could be an animal model of adCPEO, in contrast
with the PolgP?*”*P74 mice that have the systemically
premature-aging phenotype derived from
mtDNA alterations, including mtDNA depletion and
point mutations.

Recently, Dai et al. showed that Polg""**’* mice per-
formed comparably in the rotarod test to control mice.””

excessive

There are several possible explanations for this discrep-
ancy: protocol of rotarod test, analysis methods, genetic
back ground, and housing environment. These differences
between the previous report and our study could lead to
this apparent discrepancy. Among them, housing environ-
ment of mice might have impact on the motor dysfunc-
tion because mice were kept in cages with a running
wheel. Exercise might have become load for muscles. In
addition, the genetic background of mice seems to be dif-
ferent: we backcrossed Polg” D2574 mice into C57BL/6]]cl
before a conventional behavioral test battery, whereas Dai
and colleagues intercrossed Polg"”?”* mice in a colony.
Clinical heterogeneity of features and different age of
onset is observed among patients even within a family of
adCPEO carrying an identical mutation in POLG.*'®'"!®
This may also be explained by genetic background and
environmental factors. We clearly demonstrated that
aging is a critical determinant for accumulation of
mtDNA deletions due to Polg mutation. However, other
genetic or environmental risk factors associated with
disease onset and progression remain unclear. The
Polg™P*7* mouse will be useful for exploring and evalu-
ating these risk factors.

There are two explanations for the tissue specificity of
adCPEO symptoms due to a POLG mutation. First, the
muscles and brain may show functional impairment at
relatively low levels of mtDNA deletions, which does
not cause dysfunction in other tissues. Second, the mus-
cles and brain may accumulate more mtDNA deletions
than other types of tissues. Our data suggest that the
latter possibility is more likely as mtDNA deletions
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Figure 4. (A) Immunofluorescence analysis for the incorporation of BrdU in primary cultures of neurons prepared from mice at E17. After 9 days
of culture, neurons exhibiting morphological differentiation with neurite elongations (left panels) were stained with an anti-BrdU antibody (right
panels). Localization of BrdU was observed in the mitochondria of cell bodies and neurites (open arrow heads), but not in the nuclei of
postmitotic neurons in the presence 10 umol/L BrdU (lower panels), although no signal was observed in the absence of BrdU (upper panels).
Assessment of newly generated mtDNA in the liver (B, D, and F) and brain (C, E, and G) using BrdU. Representative result is shown. (B and C)
Southwestern blot analysis of purified mtDNA from the liver and posterior cortex after intraperitoneal injection of BrdU into adult mice. A control
sample was applied to normalize the signals on each membrane (lane “C"”). (D and E) Southern blot analysis using the same membrane from B
and C. Analysis was performed from each injection independently (n = 3). (F and G) Quantification of incorporation of BrdU into mtDNA in the
liver and cerebral cortex. The vertical axis represents the relative level of BrdU incorporation into mtDNA to the peak in each experiment. (H)
Quantitative analysis of BrdU incorporation into mtDNA in the liver (upper graph) and cerebral cortex (lower graph). In ANCOVA in which a factor
of tissue and a covariate of time was applied (n = 3, % mean + SE), there was a significant effect of tissue (P < 0.05) and time (P < 0.001) as
well as a significant interaction between region and time (P < 0.03). The time to reach the half of the maximum level of BrdU incorporation was
shorter in the cerebral cortex (2-3 h) of the brain than in the liver (7-8 h).

preferentially accumulated in the muscles and brain in
Polg"P?7 mice. mtDNA deletions may preferentially
accumulate in the muscles and brain because myocytes
and neurons are not frequently replaced by newly gener-
ated cells.

The results of the present study analyzing mtDNA in
Polg*/P?7* mice suggest that normal Polg in one allele is
sufficient to repair point mutations or to maintain the
mtDNA copy number but does not inhibit the formation
of deletions during mtDNA synthesis by Polg”?*74 %3
Previous reports did not detect the accumulation of
mtDNA deletions in Polg"’?*"*  mice.***>***° This
apparent discrepancy may be because different methods
were used; Southern blot analysis with labeled whole
mtDNA or a large variety of labeled oligonucleotides as a
probe was used in previous studies, while the D-loop
region that containing the replication origin for the heavy
strand of mtDNA was used as a probe in this study. The
presence of the D-loop in deleted mtDNAs suggests that
the molecules are replicated and amplified, which explains
why mtDNA deletions accumulate in an exponential
manner along with aging. Indeed, D-loop retaining mtD-
NAs with deletions replicate more efficiently than full-
length mtDNAs.*® Therefore, higher activity of mtDNA
synthesis in the brain may contribute at least in part to
tissue-specific accumulation of mtDNA deletions. Further
studies are needed to understand how mtDNAs contain-
ing deletions replicate through the action of normal or
mutant Polg or both in the brain subregions of Polg"’
D274 mice and to clarify how pathological accumulation
of mtDNA deletions cause chronic progression of neuro-
muscular symptoms of CPEO.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Results of conventional behavioral test battery.
Male mice at 34 weeks old were used for these analyses
(mean £+ SEM is shown in all graphs.). (A) Body weight.
PolgP?74/P274 mijce weighed less than Polg"P*"* and
Polg"* mice (n =10, *P < 0.05, one-way ANOVA fol-
lowed by Tukey’s HSD). (B) Open field test. Total dis-
tance traveled per 5 min is shown. There was a significant
main effect of genotype (P = 0.046) and bin of time
(P = 0.00307) in the GLM repeated measures ANOVA. A
significant interaction between genotype and the bin was
observed (P =1.01 x 107°). In analysis of each 5 min,
the total distance of Polg"?*”*/P?”* mice was shorter than
for Polg""?”* and Polg"" mice (n = 10, *P < 0.05, one-
way ANOVA followed by Tukey’s HSD). (C) A percent-
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age of total time in center in an open field test. There
was no significant difference among genotypes (n = 10,
P = 0.817, one-way ANOVA). (D) Total distance traveled
in elevated plus maze test. The total distance of Polg">*"*/
D274 mice was shorter than for Polg’??”* and Polg"*
mice (n =10, *P < 0.05, one-way ANOVA followed by
Tukey’s HSD). (E) A percentage of total time in the open
arm of the elevated plus maze. There was no significant
difference among genotypes (n = 10, P = 0.142, Kruskal—
Wallis test). (F) A percentage of number of entries into
the open arm in the elevated plus maze test. There was
no significant difference among genotypes (n = 10,
P = 0.066, one-way ANOVA). (G) Y-maze test. Numbers
of entries into the arm are shown. Polg”*”4/P?’4 mice
showed fewer entries than Polg"’"*’* and Polg"" mice
(n>9, *P < 0.05, one-way ANOVA followed by Tukey’s
HSD). The low number of entries of Polg”?*"4/P*”4 mice
(2.3 £ 0.65) was seemingly due to a lack of spontaneous
behavior. Thus, the number of alternations does not make
sense in the PolgP?7A/P?’* mjce. No difference was
found in the alternation task between Polg""**’* and
Polg"”* mice (n = 8, P = 0.618, t-test). (H) Prepulse inhi-
bition (PPI) test. Effect of prepulse on the auditory startle
response was examined. There was a significant main
effect of prepulse (P =7.74 x 10”°) but not genotype
(P =0.171) with the GLM repeated measures ANOVA.
There was no significant interaction between PPI and
genotype (P = 0.469). (I) Passive avoidance test. The
genotypes did not differ in time until entry into the black
box in both training (P = 0.913, Kruskal-Wallis test) and
the test (P = 0.795, Kruskal-Wallis test).

Figure S2. Methodology for analysis of accumulation of
multiple mtDNA deletions. (A) Southern blot analysis of
total mtDNA from frontal lobe using the same membrane
as Figure 2C with a probe for cytochrome c oxidase sub-
unit I (COXI) gene (left panel), for nicotinamide adenine
dinucleotide dehydrogenase subunit 4 (ND4) genes (mid-
dle panel), or for whole mtDNA (right panel). Even in
PolgP?7A/P274 mice, there was no detectable signal other
than full-length mtDNA. (B) For a quantitative real-time
PCR (qPCR) analysis for the statistical comparison of the
relative accumulation of mtDNA deletions, typical stan-
dard curves of serially diluted control mtDNA, which was
extracted from the frontal lobe of aged PolgP?*7A/P2>74
mice and contains mtDNA deletions, as measured by
qPCR analysis. Each circle indicates a single measurement
(n = 4). Significantly high linearity in this range for the
standard samples was assured in each PCR plate
(R* > 0.95). (C) Agarose gel electrophoresis analysis and
identification of amplifications of multiple mtDNA dele-
tions after real-time PCR. A dilution series of control

mtDNA for a standard curve, mtDNA of the frontal lobe
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of Polg"" and Polg"’"**”* mice are shown. No amplifica-
tion was detected without mtDNA (lane N).

Figure S3. Western blot analysis for levels of the respira-
tory chain enzyme complex subunits in the frontal lobes
of Polg"* and Polg"P*”* mice at 96 weeks of age. (A)
Subunits of mitochondrial complex are shown as follows:
complex I subunit Ndufb8 (CI), complex II subunit Sdhb
(CII), complex III subunit Uqcrc2 (CIII), complex IV
subunit mt-Col (CIV), and complex V subunit Atp5al
(CV) (upper panel). B-actin was detected as a loading
control in the same membrane after stripping antibodies
(lower panel). (B) Densitometric quantification of the
ratios of each mitochondrial complex subunit/B-actin
immunoblot levels in Western blot analysis (n =6,
mean + SE, *P < 0.05, t-test). One of mtDNA-encoded
subunits of respiratory complex, mt-Col, showed a signif-
icant decrease in protein level.

Figure S$4. Tissue distribution of accumulation of mtDNA
deletions in Polg"" mice at 48 weeks (n = 3), Polg™/P*74
and Polg"?74/P»74 mice at 24 weeks (n = 4). The qPCR
analysis was applied to mtDNAs extracted from five areas
of the brain (frontal lobe [Fl], posterior cortices [Cx],
hippocampus [Hp], basal ganglia [Bg], and cerebellum
[Cb]) and four somatic tissues (heart, liver [Liv], kidney
[Kid], and skeletal muscle [Sk]). The vertical axis repre-
sents the relative value normalized to the average level of
deletions in the frontal lobe of Polg"”* mice (*P < 0.05,
**P < 0.01, mean + SD, Welch ANOVA followed by the
Dunnett T3 test). In all areas and tissues, PolgD 257A/D257A
mice showed significantly higher accumulation of mtDNA
deletions than did the other mice. In both Polg??*74/P2>74
and Polg”P*”* mice (P < 0.0001), but not in Polg""*
mice (P = 0.332), a significant tissue-dependent variation
in the level of the accumulation was found by Welch
ANOVA. A multiple comparison by the Dunnett T3 test
showed a significant tissue-dependent difference in accu-
mulation in PolgP?*7A/P?*’A and Polg""P*’* mice, as fol-
lows. In Polgl—’257‘é’/m57A mice: Fl, Cx, and heart > Cb, Liv,
and Sk; Hp and Bg > Liv and Sk; Fl1 > Bg (P < 0.05). In
Polg*"P?*”A mice: Fl and heart > Liv, Kid, and Sk; Fl > Bg
and Cb (P < 0.05).

Figure S5. Analysis of age-dependent accumulation of
mtDNA deletions in posterior cortices, hippocampus,
basal ganglia, cerebellum, and heart of Polg"’?**”* and
Polg""* mice at 12, 24, 48, 60, 72, 84, 101 weeks using
qPCR. Values are represented relative to the average of
12-week-old Polg"" mice in each tissue. Each circle indi-
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cates one mouse (n = 4; two males and two females). Sig-
nificant differences were detected at several ages except
for liver (*P < 0.05). Statistical analysis results including
the frontal lobe and skeletal muscles are described in Fig-
ure 3C.

Figure S6. Effect of age, tissue, and genotype on mtDNA
copy number, as measured by qPCR from total DNA.
The mtDNA copy number was measured in eight regions:
frontal lobe, other cortices, hippocampus, basal ganglia,
cerebellum, heart, liver, and skeletal muscle. The copy
number per cell was measured by qPCR for the D-loop of
mtDNA using the ApoB gene as a reference for nuclear
genome copy number. The vertical axis represents the rel-
ative value normalized to each ratio in the frontal lobe of
Polg"* mice (n =4, mean + SD). The horizontal axis
represents the age. A significant difference was found in
mtDNA copy number among tissues (P < 1.0 x 1077,
ANCOVA), whereas age and genotype showed no signifi-
cant effect (P > 0.05).

Figure S7. Analysis of region-dependent accumulation of
mtDNA deletions in skeletal muscles from hind limbs of
+/D257A +/+

Polg and Polg™™ mice at 37 weeks using qPCR.
Values are represented relative accumulation of mtDNA
deletions to that in the thigh of Polg"* mice. Each circle
indicates (n=15; two males and three

females), and each horizontal bar show the mean value.

one mouse

Significant differences were detected only in posterior crus
(*P < 0.01, Mann—Whitney U test).

Figure S8. Analysis of complex IV (COX) enzyme activity
in skeletal muscles of male Polg"??*’* and Polg"’* mice
at 96 weeks of age (n = 6, mean £ SE). The vertical axis
represents absorbance at 550 nm (A) or the relative activ-
ities normalized to the average value of activities in Polg"’
" mice (B). There was a significant decrease in COX
activities in skeletal of Polg"P*"™  mice
(*P < 0.01, t-test).

Figure S9. Southern blot analysis of mtDNA in neural
stem cell (NSC) cultured for 5 weeks from the mouse
embryo at gestational day 14.5 (Polg"" mice: n =2,
Polg""P?"A mice: n = 3, Polg"*"*P?*’A mice: n = 3) and
16.5 (Polg"’* mice: n = 2, Polg"P?*”* mice: n = 2). NSC
from Polg"?*74/P74 mice at E14.5 accumulated mtDNA
deletions. However, there was no detectable signal other
than full-length mtDNA both in NSC from Polg™P?*4
mice and that from Polg™*
Table S1. PCR primers.

Data S1. Supplementary methods.

muscles

mice.
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