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ATP production and reactive oxygen species (ROS) changed in similar ways in POLG and control

NSCs, but mtDNA replication, MRC complex | and NAD* metabolism failed to remodel normally. In

DA neurons differentiated from NSCs, we saw that POLG mutations caused failure to increase MMP

and ATP production and blunted the increase in mtDNA and complex I. Interestingly, mitochon-

drial remodeling during astrocyte differentiation from NSCs was similar in both POLG-mutated

and control NSCs. Further, we showed downregulation of the SIRT3/AMPK pathways in POLG-

mutated cells, suggesting that POLG mutations lead to abnormal mitochondrial remodeling in

early neural development due to the downregulation of these pathways.
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Introduction

Mitochondria play pivotal roles in diverse cellular
functions, from energy generation to redox home-
ostasis, cell cycle regulation and apoptosis.
Mitochondria are highly dynamic. They remodel
the morphology related to their functionality.
Recently, mitochondria have been shown to exhi-
bit peculiar features in pluripotent stem cells [1].
Moreover, an extensive restructuring of mitochon-
dria has been observed during cellular reprogram-
ming from the conversion of somatic cells into
iPSCs and differentiation of iPSCs into neuronal
cells [1-3]. These transformation events impact
mitochondrial number, morphology, activity, cel-
lular metabolism and mtDNA integrity [4-6].
Differentiating human iPSCs into neural progeni-
tors is associated with the metabolic switch from
glycolysis  to oxidative ~ phosphorylation
(OXPHOS) and is correlated with an increase in
the number of mitochondria [7,8]. Mitochondria
play an important role in regulation of stem cell
homeostasis and differentiation [9].

Human iPSCs retain the capacity for indefinite
self-renewal and to give rise to virtually any cell
type. Yamanaka showed that overexpression of
specific combinations of different pluripotency-
related oncogenic transcription factors (OCT4,
SOX2, NANOG, MYC and LIN28) could initiate
the molecular circuitry of pluripotency and con-
vert human fibroblasts into iPSCs, opening new
opportunities for drug discovery approaches and
stem cell-based therapies [10-12]. This technique
allows researchers to generate pluripotent cells
from various human tissue sources with diverse
genetic backgrounds and disease states in order
to model a disease in vitro [12].

Mutations in POLG gene disrupt mtDNA repli-
cation and cause devastating diseases, often with
neurological phenotypes [13,14]. Pathological and
molecular studies performed in our group have
revealed some of the mechanisms involved in
POLG disease affecting the brain. At the molecular
level, mutations in POLG lead to mtDNA main-
tenance defects and mitochondrial dysfunction
[15,16]. Previously, we have generated iPSCs
from both healthy and patient fibroblasts carrying
POLG mutations and differentiated these iPSCs
into diverse lineages, including NSCs [17], glial
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astrocytes [18] and DA neurons [19]. We have
demonstrated the mitochondrial changes in
POLG patient iPSC-derived cells; however, the
mitochondrial reprogramming and metabolic
changes during these differentiations in these
POLG cells remain largely unknown.

Thus, this study aimed to investigate how mito-
chondrial remodeling and metabolic reprogram-
ming that occurs during neural and glial
astrocyte differentiation of iPSCs is influenced by
the presence of POLG mutations that disrupt
mtDNA homeostasis and respiratory chain func-
tion. We differentiated iPSCs with POLG muta-
tions (one homozygous c.2243 G > C, p.W748S/
W748S and one compound heterozygous
c1399 G > A/c2243 G > C, p.A467T/W748S)
into NSCs and further differentiated NSCs into
DA neurons and glial astrocytes. Specifically, we
investigated how mitochondrial remodeling dur-
ing neural and glial astrocyte differentiation from
iPSCs is affected by the presence of dysfunctional
mitochondria via examining multiple mitochon-
drial parameters including mitochondrial volume,
MMP, ATP production, ROS, mtDNA replication,
MRC complexes and NAD" metabolism during
the conversion from iPSCs to NSCs and then
from NSCs to neurons and astrocytes. Overall,
our findings showed that mutations of POLG
lead to an abnormal modulation of mitochondrial
remodeling and NAD" metabolism reprogram-
ming via SIRT3/AMPK inhibition in early neural
fate, which may contribute to pathogenesis in
POLG-related diseases. In addition, activation of
the SIRT3/AMPK pathway could provide
a potential treatment for POLG patients.

Materials and methods
Ethics approval

This project was approved by the Western Norway
Committee for Ethics in Health Research (REK nr.
2012/919).

Generation of iPSCs and differentiation of NSCs,
DA neutrons and astrocytes

The fibroblasts from one homozygous ¢.2243 G > C,
p-W7485/W748S (WS5A) and one compound
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heterozygous ¢.1399 G > A/c.2243 G > C, p.A467T/
W748S (CP2A) patient were collected by punch
biopsy. Detroit 551 fibroblasts (ATCC® CCL
110™) and AGO05836B  fibroblasts (RRID:
CVCL_2B58) were used as control lines. The gen-
eration and maintenance of iPSCs were described
previously [17,19]. NSCs and DA neurons were dif-
ferentiated according to the protocols described pre-
viously [17,19]. Astrocytes were differentiated from
NSCs according to the protocol described pre-
viously [18].

Immunofluorescence staining

Cells were fixed with 4% (v/v) paraformaldehyde
(PFA) and blocked using blocking buffer contain-
ing 1x PBS and 10% (v/v) normal goat serum
(Sigma-Aldrich) with 0.3% (v/v) Triton™ X-100
(Sigma-Aldrich). The cells were stained with pri-
mary antibody overnight at 4°C and then incu-
bated with secondary antibody (1:800 in blocking
buffer) for 1 hour at room temperature (RT).
Detailed information of the antibodies used is
provided in Supplementary Table 1.

Transmission electron microscopy (TEM)

Cells were fixed with 4% glutaraldehyde and post-
tixed with 1% OsQO, in 0.1 mol/L cacodylate buffer
containing 0.1% CaCl, at 4°C for 2 hours. Samples
were stained with 1% Millipore-filtered uranyl
acetate, dehydrated in increasing concentrations
of ethanol and infiltrated and embedded in epoxy
resin. Ultrathin sections were cut and stained with
uranyl acetate and lead citrate. Electron photomi-
crographs were obtained using a transmission
electron microscope (JEM-1230, JEOL) [20].

Flow cytometric analysis of mitochondrial
volume and MMP

Cells stained with 100 nM
Tetramethylrhodamine ethyl ester (TMRE)
(Invitrogen) and 150 nM MitoTracker Green
(MTG) (Invitrogen) for 45 minutes at 37°C. Cells
treated with 100 uM FCCP (Abcam) were used as
a negative control. Stained cells were detached
with TrypLE™ Express Enzyme (Thermo Fisher
Scientific) and analyzed on a FACS BD Accuri™

were

C6 flow cytometer (BD Biosciences). The data
analysis was performed using Accuri™ C6
Software (BD Biosciences) [17,19,21].

ATP generation assay

The Luminescent ATP Detection Assay Kit (Abcam)
was used to investigate intracellular ATP production.
Cells were cultured in a Corning® 96-well flat, clear
bottom, white wall plate (Life Sciences), and ATP
measurements were performed according to the
manufacturer’s protocol when the cells had reached
90% confluence. The kit irreversibly inactivates
ATP-degrading enzymes (ATPases) during the lysis
step and measures the luminescence signal corre-
sponding to the endogenous levels of ATP. Three
replicates were measured for each sample.
Luminescence intensity was monitored using the
Victor®  XLight Multimode Plate  Reader
(PerkinElmer). To normalize the value with the cell
number, cells grown on the same 96-well plates were
incubated with Janus Green cell normalization stain
according to the manufacturer’s instructions
(Abcam). OD 595 nm was measured using the
Labsystems Multiskan® Bichromatic plate reader
(Titertek Instruments, USA).

Intracellular ROS production

Intracellular ROS production was measured by flow
cytometry using dual staining of 30 uM 2’7, -
dichlorodihydrofluorescein  diacetate  (DCFDA)
(Abcam) and 150 nM MitoTracker Deep Red
(MTDR) (Invitrogen), which enabled us to assess
the ROS level related to the mitochondrial volume.
Stained cells were detached with TrypLE™ Express
Enzyme and neutralized with media containing 10%
FBS. The cells were immediately analyzed on a FACS
BD Accuri™ C6 flow cytometer. The data analysis was
performed using Accuri® C6 Software (BD
Biosciences). The gating strategies are given in
Figure S1.

Flow cytometric measurement of mitochondrial
transcription factor A (TFAM) and MRC complex
I levels

Cells were detached with TrypLE™ Express
Enzyme, pelleted and fixed in 1.6% (v/v) PFA at



RT for 10 minutes before permeabilization with
ice-cold 90% methanol. The cells were blocked
using a buffer containing 0.3 M glycine, 5% goat
serum and 1% bovine serum albumin (BSA) in 1x
PBS. For TFAM expression, cells were stained
separately with TFAM and TOMM20 conjugated
to Alexa Fluor® 488. For MRC complex I staining,
primary antibody anti-NDUFB10 was added, fol-
lowed by secondary antibody incubation. The cells
were immediately analyzed on a FACS BD Accuri™
C6 flow cytometer.

Quantitative real-time PCR (qRT-PCR) analysis
for mtDNA copy number

DNA was extracted using a QIAGEN DNeasy
Blood and Tissue Kit (QIAGEN) according to the
manufacturer’s  protocol.  Quantification  of
mtDNA copy number was performed using qRT-
PCR. The ND1 gene fragment of the mitochon-
drial genome was amplified from all the indivi-
duals  using the primer NDI-F (5-
CCCTAAAACCCGCCACATCT-3’) and NDI-R
(5-GAGCGATGGTGAGAGCTAAGGT-3’). The
APP gene fragment of the nuclear genome was
amplified from all the individuals using the primer
APP-F  (5-TGTGTGCTCTCCCAGGTCTA-3)
and APP-R (5-CAGTTCTGGTCACTGG-3).
QRT-PCR was performed with an initial denatura-
tion step of 95°C for 20 sec, then 95°C denatura-
tion for 3 sec, followed by primer and probe
hybridization and DNA synthesis at 60°C for
30 sec; the last two steps were repeated for 40
cycles. The reaction was measured using the ABI
7500 Fast Real-Time PCR system (Applied
Biosystems, USA).

NADH metabolism measurement using liquid
chromatography-mass spectrometry (LC-MS)
analysis

Cells were washed with PBS and extracted by
addition of ice-cold 80% methanol followed by
incubation at 4°C for 20 min. Thereafter, the sam-
ples were detached by scraping before being stored
at —80°C overnight. The following day, the sam-
ples were thawed on a rotating wheel at 4°C and
subsequently centrifuged at 16,000 g at 4°C for
20 min. The supernatant was added to 1 volume
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of acetonitrile, and the samples were stored at
—80°C until analysis. The pellet was dried and
subsequently reconstituted in a lysis buffer
(20 mM Tris-HCl (pH 7.4), 150 mM NacCl, 2%
SDS, 1 mM EDTA) to allow the protein determi-
nation with BCA assay.

Separation of the metabolites was achieved with
a ZIC-pHILC column (150 x 4.6 mm, 5 pm;
Merck) in combination with the Dionex UltiMate
3000 (Thermo Fisher Scientific) liquid chromato-
graphy system. The column was kept at 30°C. The
mobile phase consisted of 10 mM ammonium
acetate pH 6.8 (Buffer A) and acetonitrile (Buffer
B). The flow rate was kept at 400 puL/min, and the
gradient was set as follows: 0 min 20% Buffer B,
15 min to 20 min 60% Buffer B and 35 min 20%
Buffer B. Ionization was subsequently achieved by
heated electrospray ionization facilitated by the
HESI-II probe (Thermo Fisher Scientific) using
the positive ion polarity mode and a spray voltage
of 3.5 kV. The sheath gas flow rate was 48 units
with an auxiliary gas flow rate of 11 units and
a sweep gas flow rate of 2 units. The capillary
temperature was 256°C, and the auxiliary gas hea-
ter temperature was 413°C. The stacked-ring ion
guide (S-lens) radio frequency (RF) level was at 90
units. Mass spectra were recorded with the
Q Exactive mass spectrometer (Thermo Fisher
Scientific), and data analysis was performed with
the Thermo Xcalibur Qual Browser. Standard
curves generated for NAD" and NADH were
used as references for metabolite quantification.

Western blotting

The protein was extracted using 1X RIPA extrac-
tion buffer (Thermo Fisher Scientific) supplemen-
ted with protease inhibitor cocktail (Thermo
Fisher Scientific) and phosphatase inhibitor cock-
tail (Thermo Fisher Scientific). The protein con-
centration was measured using a Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific). The
cell protein was loaded into NuPAGE™ 4-12% Bis-
Tris Protein Gels (Invitrogen) and resolved in the
PVDF membrane (BioRad) using the Trans-Blot®
Turbo™ transfer system (BioRad). The membranes
were blocked with 5% nonfat dry milk or 5% BSA
in TBST for 1 hour at RT. Membranes were then
incubated overnight at 4°C with primary
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antibodies. After washing with TBST three times,
the membranes were incubated with donkey anti-
mouse antibody or swine anti-rabbit antibody con-
jugated to horseradish peroxidase secondary for
1 hour at RT. The Super Signal West Pico
Chemiluminescent Substrate Kit (Thermo Fisher
Scientific) was used, and the membranes were
visualized using ChemiDoc imaging systems
(BioRad). Further details of the used antibodies
are provided in Supplementary Table 1.

Statistical analyses

All data are expressed as mean * standard error of
the mean (SEM) for the number of samples
(n > 3). Detailed information of the biological
and technical replicates is provided in
Supplemental Table 2. Statistical analyses were
performed using GraphPad Prism 8.0.2 software
(GraphPad Software) using the Mann-Whitney
U test. Significance is denoted for P values of less
than 0.05.

Results

Mitochondrial reprogramming during the
conversion of iPSCs into NSCs

We used iPSCs generated from two patient cell
lines carrying founder POLG mutations, one car-
rying homozygous for c.2243 G > C, p.W748S
(WS5A), and one compound heterozygous
c1399 G > A/c2243 G > C, p.A467T/W748S
(CP2A). Two normal human cell lines, Detroit
551 and AGO05836B, were used for disease-free
controls.

In order to compare mitochondrial reprogram-
ming in the early neural induction phase, we dif-
ferentiated NSCs from both control and patient
iPSCs using a dual SMAD protocol (Figure 1A)
as previously described [17]. Both sets of iPSCs
exhibited typical ESC-like colony morphology
with a sharp cell border (Figure 1B, a). TEM of
mitochondria revealed a round mitochondrial
organelle structure with a double membrane and
organized cristae (Figure 1B, b) in iPSCs.
Immunofluorescence staining of iPSCs showed
positive expressions of key pluripotent markers
SOX2, OCT4 and NANOG (Figure S2). The iPSC-

derived NSCs showed a clear neural progenitor
appearance in the bright field microscopy
(Figure 1B, c¢) and an elongated mitochondrial
structure under TEM  (Figure 1B, d).
Immunofluorescence staining of NSCs showed
positive expressions of key neural progenitor mar-
ker NESTIN (red) (Figure 1B, e) and SOX2 (green)
(Figure 1B, f).

Next, we investigated mitochondrial remodeling
during neural conversion. To do this, we measured
the mitochondrial volume, MMP, ATP produc-
tion, ROS production, TFAM, mtDNA copy num-
ber, MRC complex I level and NAD" metabolism
and compared cells carrying POLG mutations to
control cells that had undergone the same repro-
gramming (Figure 1A). We used flow cytometry to
investigate MMP and mitochondrial volume by
costaining live cells with TMRE to measure MMP
and MTG to assess the mitochondrial volume. To
correcc MMP for mitochondrial volume, we
divided the median fluorescence intensity of
TMRE with that for MTG to obtain MMP per
mitochondrial volume. This ratio gives a measure
of MMP independent of mitochondrial volume,
which we call specific MMP. During neural induc-
tion, both control and patient cells showed
a significant increase in the mitochondrial volume
measured by MTG (Figure 1D) and total MMP
measured by TMRE (Figure 1C). No significant
change in specific MMP was seen (Figure 1E),
and this was the same in both control and patient
cells. We then measured ATP production per cell
using a live-cell luminescence assay. Both control
and the WS5A patient cells showed no changes in
ATP production, whereas CP2A cells showed
a decreased ATP level during neural induction
(Figure 1F). We also investigated intracellular
ROS production by double staining live cells with
DCFDA and MTDR. To correct the ROS levels for
mitochondrial volume, we divided total ROS by
a measurement of MTDR to give specific ROS
independent of the mitochondrial volume. We
found that both the control and patient groups
showed similar changes with a decreased specific
ROS production in NSCs when compared to their
parental iPSCs (Figure 1G).

Next, we investigated the mtDNA copy number.
This was done in two ways, indirectly using flow
cytometry to assess the expression of TFAM,
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Figure 1. Mitochondrial reprogramming during the conversion of iPSCs into NSCs.

A. Schematic diagram of the reprogramming of iPSCs into NSCs. B. Representative phase-contrast images (a) and TEM images (b) of
iPSCs and representative phase-contrast images (c) and TEM images (d) of differentiated NSCs and confocal images of immunostain-
ing for NSCs with NESTIN (red, e) and SOX2 (green, f). The scale bar is 200 nm or 50 um. C-E. Flow cytometric analysis of total MMP
measured by TMRE (C), mitochondrial volume measured by MTG (D) and specific MMP level calculated by total TMRE/MTG (E) during
neural induction. F. Measurement of intracellular ATP production using a live cell luminescence assay during neural induction. G.
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Flow cytometric measurements of specific intracellular ROS calculated by total ROS/MTDR using double staining of DCFDA and MTDR
during neural induction. H. Flow cytometric analysis of TOMM20 protein expression during neural induction. I. Flow cytometric
analysis of TFAM protein expression at the specific TFAM level calculated by total TFAM/TOMM20 during neural induction. J. Relative
mtDNA copy number was analyzed by gRT-PCR using mitochondrial gene ND1 and nuclear gene APP and calculated by ND1/APP
during neural induction. K. Flow cytometric analysis of MRC complex | subunit NDUFB10 protein expression at the specific level
calculated by total NDUFB10/TOMM20 during neural induction. .L-N. LC-MS-based metabolomics for quantitative measurements of
NAD* (L), NADH (M) and NAD*/NADH ratio (N) during neural induction. The Y-axis in C-N represents the fold change in NSCs over

their iPSCs.

which binds mtDNA in molar quantities, and
directly using qRT-PCR. We performed flow cyto-
metric quantification using antibodies against
TFAM and mitochondrial import receptor subunit
TOM20 (TOMM20) to correct for mitochondrial
volume. This showed a similar decrease in
TOMM20 expression during neural conversion in
both control and patient cells (Figure 1H). Specific
TFAM levels, i.e. after correction with TOMM20,
were similar in control NSCs and control iPSCs;
however, both patient cell lines showed
a significantly decreased level of specific TFAM
expression during the neural induction
(Figure 1I). These results were confirmed by qRT-
PCR. We found that the control group showed no
change of in mtDNA copy number (ND1/APP)
after NSC induction (Figure 1J), while both patient
cell lines showed decreased mtDNA copy number
in their NSCs compared to the individual iPSCs
(Figure 1J).

In our earlier postmortem studies, we showed
that MRC complex I was lost in POLG-affected
frontal and cerebellar neurons [15], and we con-
firmed these findings in iPSC-derived NSCs [17].
We therefore checked how complex I changed
during neural induction. To quantify the complex
I level, we used flow cytometry and an antibody
against NDUFBI10, the same antibody used in the
previous study [17]. Double staining with
TOMM20 allowed us to correlate the MRC com-
plex I level with the mitochondrial volume. We
found that specific complex I level, measured by
NDFUB10/TOMM?20, increased in control NSCs
compared to the control iPSCs from which they
were derived (Figure 1K). In contrast, we found
that the level of NDFUB10/TOMM20 decreased in
both patient groups, significantly in CP2A cells but
only a trend in WS5A cells (Figure 1K).

Next, we assessed NAD" metabolism using LC-
MS. This showed increased levels of total NAD™
(Figure 1L) and NADH (Figure 1M) in both

control and patient NSCs compared with their
iPSCs. When calculating the NAD*/NADH ratio,
we found a similar trend in the control and both
patient groups (Figure 1N); however, the increase
in two patient lines was much less than that seen
in the control cells (Figure 1N).

These results indicate that during the conver-
sion from iPSCs to NSCs, the mitochondrial
volume, MMP and ROS production react similarly
in both POLG patient and control cells. However,
changes in ATP production (especially in CP2A
patient group), mtDNA copy number, MRC com-
plex I and NAD" metabolism differ in patient and
control groups, suggesting that a defect in mito-
chondrial remodeling does occur during neural
induction of cells carrying POLG mutations.
Interestingly, this appears more severe in the com-
pound heterozygous cells.

Mitochondrial reprogramming during the
conversion of NSCs into DA neurons

Previously, we reported that POLG patient-specific
DA neurons generated from iPSC manifested the
same phenotype found in patient postmortem
samples, namely, loss of complex I and depletion
of mtDNA [19]. Therefore, we investigated mito-
chondrial remodeling during conversion of NSCs
into DA neurons (Figure 2A) using the same pro-
tocol as described previously [19]. The differen-
tiated DA neurons showed a clear neuronal
morphology with neurites and complex networks
in bright field microscopy (Figure 2B, a) and an
elongated mitochondrial structure under TEM
(Figure 2B, c¢). We confirmed the expression of
specific DA neural lineage markers with immunos-
taining and found that the DA neurons stained
positively for tyrosine hydroxylase (TH) (red)
(Figure 2B, b) and dopamine transporter (DAT)
(green) (Figure 2B, d).
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Figure 2. Mitochondrial reprogramming during the conversion of NSCs into DA neurons.

A. Schematic diagram of the reprogramming of NSCs into DA neurons. B. Representative phase-contrast images (a) and TEM images
(c) of the differentiated DA neurons and confocal images of immunostaining for DA neuronal markersTH (red, b) and DAT (green, d).
The scale bar is 200 nm or 50 um. C-E. Flow cytometric analysis of MMP at the total level measured by TMRE (C), mitochondrial
volume measured by MTG (D) and specific MMP level calculated by total TMRE/MTG (E) during neural differentiation. F.
Measurement of intracellular ATP production using a live cell luminescence assay during neural differentiation. G. Flow cytometric
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measurements of specific intracellular ROS calculated by total ROS/MTDR using double staining of DCFDA and MTDR during neural
differentiation. T H. Flow cytometric analysis of TOMM20 protein expression during neural differentiation. I. Flow cytometric analysis
of TFAM protein expression at the specific TFAM level calculated by total TFAM/TOMM20 during neural differentiation. J. Relative
mtDNA copy number analyzed by qRT-PCR and calculated by ND1/APP during neural differentiation. K. Flow cytometric analysis of
MRC complex | subunit NDUFB10 protein expression at the specific level calculated by total NDUFB10/TOMM20 during neural
differentiation. The Y-axis in C-K represents the fold change in DA neurons over their NSCs.

Using the TMRE/MTG double staining technique
described above, we found that total MMP measured
by TMRE was significantly lower in control DA
neurons than their parental NSCs, while changes in
the two patient lines did not reach significance
(Figure 2C). The mitochondrial volume appeared
to decrease in the control and CP2A groups, while
no significant difference was detected in the WS5A
lines (Figure 2D). When we measured the specific
MMP level (total TMRE/MTG), we saw that control
and patient cells reacted differently: specific MMP
rose in control lines, while in the two patient groups,
the level declined. This was significant in CP2A but
not WS5A (Figure 2E). Direct measurement of inter-
cellular ATP production per cell confirmed these
findings: ATP production increased significantly in
control cells but declined significantly in both WS5A
and CP2A during transition from NSCs to DA neu-
rons (Figure 2F). ROS levels in both control and
patient cells showed an increase after neuron differ-
entiation from NSCs, although this did not reach
significance in the two patient groups (Figure 2G).

We then assessed changes in mtDNA during DA
neuron differentiation from NSCs using the same
techniques described above. We found an increase
in the specific TFAM protein level (TFAM/
TOMM20) in all cell lines, but this was significant
only in the control group, not in the two patient
groups (Figure 2I). We detected decreased levels of
TOMM20 expression in all groups (Figure 2H). The
rise in mtDNA copy number was confirmed by
qRT-PCR in control cells, but levels appeared simi-
lar in neurons and NSCs in patient WS5A and
CP2A groups (Figure 2J).

To quantify the amount of MRC complex I, we
used flow cytometry for staining of NDUFB10 and
TOMM20. Levels of MRC complex I increased as
cells transitioned from NSCs to DA neurons in both
control and patient lines although the fold change
appeared less in the patient groups (Figure 2K).

These findings show that POLG mutations do
negatively influence mitochondrial reprogramming
during neuronal differentiation with changes affecting

MMP, ATP production, ROS, mtDNA replication
and amount of MRC complex I during the transition
from NSCs into DA neurons.

Mitochondrial reprogramming during the
conversion of NSCs into glial astrocytes

Previously, we demonstrated that POLG astrocytes
exhibited mitochondrial dysfunction, including
energy failure and mtDNA alteration [18]. Using
the protocol described previously [18] and the
same approaches as described above, we investi-
gated mitochondrial reprogramming during the
conversion of NSCs into glial astrocytes
(Figure 3A). We confirmed that astrocytes showed
the  appropriate  star-shaped  appearance
(Figure 3B, a) in the bright field microscopy and
an enlongated mitochondrial structure under TEM
(Figure 3B, b) after one month’s differentiation
from NSCs. The differentiated astrocytes expressed
the astrocyte lineage markers glial fibrillary acidic
protein (GFAP) (red) (Figure 3B, c¢) and S100 beta
(green) (Figure 3B, d).

Using the flow cytometry approach with TMRE/
MTG costaining as described above, we found an
increased total MMP in the WS5A group, but no
changes in control and CP2A groups (Figure 3C)
during astrocyte differentiation. The mitochon-
drial volume measured by MTG decreased in all
cell lines but reached significance only in the con-
trol and CP2A cells not the WS5A group
(Figure 3D). However, when we measured specific
MMP (total TMRE/MTG), we saw that this
increased in both control and patient groups,
albeit less in patient cells than control
(Figure 3E). These results were confirmed by the
direct measurement of the intercellular ATP level,
which revealed a significant increase in astrocytes
compared to NSCs in all groups (Figure 3F). For
the ROS level, we found an increased level in the
control group, but no change in the two patient
lines (Figure 3G).
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Figure 3. Mitochondrial reprogramming during the conversion of NSCs into glial astrocytes.

A. Schematic diagram of reprogramming of NSCs into astrocytes. B. Representative phase-contrast images (a) and TEM images (b) of
the differentiated astrocytes and confocal images of immunostaining for astrocyte markers with GFAP (red, ) and S100 beta (green,
d). The scale bar is 200 nm or 50 um. C-E. Flow cytometric analysis of MMP at the total level measured by TMRE (C), mitochondrial
volume measured by MTG (D) and the specific MMP level calculated by total TMRE/MTG (E) during astrocyte differentiation. F.
Measurement of intracellular ATP production using a live cell luminescence assay during astrocyte differentiation. G. Flow cytometric
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measurements of specific intracellular ROS calculated by total ROS/MTDR using double staining of DCFDA and MTDR during
astrocyte differentiation. H. Flow cytometric analysis of TOMM20 protein expression during astrocyte differentiation. I. Flow
cytometric analysis of TFAM protein expression at the specific TFAM level calculated by total TFAM/TOMM20 during astrocyte
differentiation. J. Relative mtDNA copy number analyzed by qRT-PCR and calculated by ND1/APP during astrocyte differentiation. K.
Flow cytometric analysis of MRC complex | subunit NDUFB10 protein expression at the specific level calculated by total NDUFB10/
TOMM20 during astrocyte differentiation. L. LC-MS-based metabolomics for quantitative measurements of NAD*/NADH ratio during
astrocyte differentiation. The Y-axis in C-L represents the fold change in astrocytes over their NSCs.

We then analyzed mtDNA and found
a decreased specific TFAM protein level (TFAM/
TOMM20) in both control and patient samples,
which was significant except for the CP2A cells
(Figure 3I). We detected a decreased level of
TOMM20 expression in the CP2A group, but not
in the CTRL and WS5A groups (Figure 3H).
Quantification by qRT-PCR, however, revealed
a significant decrease in the mtDNA copy number
in both control and patient groups (Figure 3]).

The MRC complex I level measured using
NDUFB10 and TOMM20 staining showed no
changes in specific MRC complex I (NDUFB10/
TOMM20) in all the groups during the astrocyte
differentiation from NSCs (Figure 3K). Next, we
investigated NAD" metabolism by measuring the
ratio of NAD"/NADH levels using LC-MS and
found that the NAD*/NADH ratio fell signifi-
cantly in astrocytes compared to NSCs in both
control and patient groups (Figure 3L).

These findings reveal that POLG mutations appear
not to disturb mitochondrial reprogramming during
the conversion of NSCs into astrocytes compared to
controls.

Abnormal mitochondrial reprogramming via
downregulation of the SIRT3/AMPK signaling
pathway during neural induction in POLG cells

As shown above, mitochondrial reprogramming is
abnormal during neural induction from iPSCs to
NSCs and during DA neural differentiation in the
presence of POLG mutations. We, therefore, inves-
tigated potential molecular pathways involved.
Previous studies have shown that mitochondrial
and metabolic reprogramming was regulated by
Sirtuin 1 (SIRT1) and Sirtuin 3 (SIRT3) signaling
pathways and mediated through mTOR and AMP-
activated protein kinase (AMPK) signaling path-
ways [22-27]. Using Western blotting, we exam-
ined SIRT1, SIRT3, mTOR and AMPK during the

conversion of iPSCs into NSCs. We found that
SIRT3 expression was reduced in both WS5A
and CP2A NSCs compared with their parental
iPSCs, whereas the level in control cells was simi-
lar during this transition (Figure 4A). To investi-
gate the SIRT1 signaling pathway, we measured
the ratio of phosphorylated SIRT1 (p-SIRT1)
(Ser47)/SIRT1 and found no changes in either
control or patient groups (Figure 4A). We then
investigated the mTOR signaling pathway by mea-
suring the ratio of p-mTOR/mTOR and the
AMPK signaling pathway by measuring the ratio
of p-AMPK (T183 + T172)/AMPK. We detected
an increased ratio of p-AMPK (T183 + T172)/
AMPK in control during differentiation, which
was unchanged in two patient groups
(Figure 4B). For the mTOR signaling pathway,
we found similar levels of the p-mTOR/mTOR
ratio in both control and patient cells (Figure 4B).

Our data suggest that POLG mutations induce
abnormal mitochondrial reprogramming via
downregulation of the SIRT3/AMPK signaling
pathway during neural induction.

Discussion

In this study, we investigated the mitochondrial
remodeling that occurs during the transition from
iPSCs to NSCs and neural and glial astrocyte dif-
ferentiation from NSCs in normal cells and cells
with POLG mutations. Our study reveals, for the
first time, that POLG mutations disturb mitochon-
drial remodeling both during neural induction (i.e.
conversion from iPSCs to NSCs) and during DA
neural differentiation (conversion from NSCs to
DA neurons). Interestingly, we did not detect any
differences in mitochondrial parameters during
the differentiation of NSCs into astrocytes.
Mechanistically, we found that downregulation of
the SIRT3 and AMPK signaling pathway during
the neural induction in POLG cells may contribute
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Figure 4. Abnormal mitochondrial reprogramming via downregulation of the SIRT3/AMPK signaling pathway during neural induc-
tion in POLG cells.

A. Representative images and quantitative measurements of Western blotting for SIRT3, p-SIRT1, SIRT1 and GAPDH. B.
Representative images and quantitative measurements of Western blotting for p-AMPK (T183+ T172), AMPK, p-mTOR, mTOR and
GAPDH. The Y-axis in A-B represents the fold change of the value for NSCs over their iPSCs. C. Summary of the mitochondrial
remodeling during the neural induction and neural/astrocyte differentiation phases in both normal condition and POLG cells.
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to the disturbed remodeling and thus to the patho-
genesis of POLG-related diseases.

We show that when normal iPSCs exit pluripo-
tency into the early neuron progenitor stage, mito-
chondrial metabolism remodeling does occur. The
total MMP and mitochondrial volume increase,
but the MMP per mitochondrial volume, i.e.
TRME/MTG, remains unchanged as does ATP
production. The mtDNA copy number also
remains stable, but MRC complex I and NAD"
metabolism increase. These data indicate that
respiration and MRC complex I activity remain
relatively low in iPSCs compared with their differ-
entiated derivatives as reported previously [28]. In
addition, we also find that the ROS level
declines from iPSCs to NSCs. Stem cells are gen-
erally considered to be glycolytic, and while they
are indeed capable of using OXPHOS, they require
glycolysis to maintain stemness [29-32]. In agree-
ment with the other stem cells, NSCs appear less
reliant on OXPHOS for ATP production than
nondividing neurons and remain predominately
glycolytic [33]; this limits ROS production and
oxidative damage [34].

When we compared remodeling in POLG cells
exiting pluripotency with controls, we saw similar
changes in the MMP, mitochondrial volume, ATP
production and ROS, but mtDNA replication,
MRC complex I and NAD" metabolism failed to
remodel normally. Our previous studies in both
postmortem samples [15] and neural progenitors
[17] defined complex I deficiency, mtDNA deple-
tion and abnormal NAD" homeostasis as the pri-
mary consequences of POLG mutations. The
evidence in the current study suggests that quan-
titative mtDNA depletion and respiratory chain
deficiency occur at a very early neural induction
stage that most likely contributes to the accumu-
lated neuronal loss in patients. Importantly, these
studies further demonstrate the fundamental role
of mitochondrial function during brain develop-
ment and neurogenesis.

Neurons are energy-demanding cells. During
neural differentiation, mitochondrial maturation
occurs and the energy metabolism shifts from gly-
colysis to primarily mitochondrial metabolism
[28,35-37]. Differentiation of NSCs involves the
activation of aerobic metabolism, which is depen-
dent on mitochondrial function [38-40]. Here, we

show that a coordinated activation of mitochon-
drial metabolism with a robust increase in various
mitochondrial functions and respiration capacity
occurs during the DA neuron differentiation and
maturation. We show that while the mitochondrial
volume and total TMRE fall, MMP per mitochon-
drial unit (TMRE/MTG) and ATP production rise,
reflecting the greater energy efficiency that comes
with switching from glycolysis to OXPHOS. The
increased mtDNA and MRC complex I expression
supports the increase in MRC dependence as does
the increased ROS production. Our findings are
similar to the other studies. Both in vivo and
in vitro studies and single-cell transcriptomic stu-
dies have demonstrated a metabolic shift from
glycolysis to OXPHOS during neurogenesis
[41-44].

Our study has important implications for neural
development in patients with defects affecting
mtDNA homeostasis. We show that mtDNA
depletion induced by POLG mutations suppresses
normal mitochondrial maturation during neuronal
differentiation. These findings confirm our pre-
vious in vivo and in vitro studies [13,15,16,22].
Since the presence of NSCs in the adult brain
implies that continuous replenishment of neurons
is a normal property, our study raises the possibi-
lity that disturbed mitochondrial remodeling may
disrupt this process. A previous report demon-
strated a novel link between mtDNA damage and
differentiation fate of NSCs [30]. We speculate,
therefore, that the neurodegeneration seen in
POLG patients may reflect the combination of
neuronal loss due to energy deficiency [15] and
mtDNA damage in the resident NSC population
hampering differentiation and replenishment of
neurons.

From our earlier studies, we know that astro-
cytes are affected by the presence of POLG muta-
tions [15]. Our previous study also show that they
change and become toxic for neurons. However,
our study did not show that the presence of POLG
mutations affected mitochondrial remodeling dur-
ing the conversation of NSCs into glial astrocytes,
suggesting that this is a specific event accompany-
ing neural differentiation. This may potentially be
due to the fact that astrocytes remain heavily
dependent on glycolytic metabolism for their

energy supply.



SIRT3 is a nuclear NAD"-dependent histone
deacetylase that regulates mitochondrial oxidative
stress and bioenergetics [45-48]. SIRT3 also inhi-
bits mitochondria-mediated apoptosis, associated
with activation of the AMPK pathway [49]. In
addition, SIRT3 has been shown to be involved
in metabolic reprogramming [50]. Previous studies
have found that SIRT3 can regulate mitochondrial
protein networks and control different programs
such as ROS homeostasis, TCA cycling, mitochon-
drial respiratory complexes, mtDNA and mito-
chondrial translation [46]. Loss of SIRT3 is
highly associated with neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease and amyotrophic lateral
sclerosis [45]. SIRT3 can also play an important
role in stabilizing ROS levels and stimulating mito-
chondrial biosynthesis by regulating the AMPK
signaling pathway, ultimately increasing mito-
chondrial turnover and cell regeneration [49].
Moreover, AMPK-deficient cells reduced SIRT3
activity and activation of AMPK, via SIRT3, lim-
ited oxidative stress and improved mtDNA integ-
rity and mitochondrial function [49]. Here, we
show that the SIRT3 and AMPK pathways are
selectively downregulated in POLG cells during
differentiation from iPSCs into NSCs, thereby sup-
pressing mtDNA replication, MRC complex I and
NAD" metabolism in POLG cells. Earlier studies
showed that activation of SIRT3 and AMPK path-
ways was able to stimulate mitochondrial biogen-
esis to increase mitochondrial turnover [49] and
preserve mtDNA integrity and mitochondrial
function [51]. Similar to those studies, our study
shows that activation of the SIRT3 and AMPK
pathways can improve mitochondrial biogenesis.
The potential contribution of the SIRT3/AMPK
signaling pathway to the abnormal mitochondrial
remodeling during the early neural induction
phase suggests that targeting these pathways may
provide a potential clinical treatment for POLG-
related diseases.

In summary, our study suggests that POLG
mutations lead to an abnormal remodeling of
mitochondrial and NAD" metabolism in early
neural fate via inhibition of the SIRT3/AMPK
signaling pathway. This remodeling has major
implications for later neuronal development and
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may play a role in the loss of neurons that is seen
in patients with POLG disease.
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