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Abstract
Mutations in POLG, the gene encoding the catalytic subunit of the mitochondrial 
DNA (mtDNA) polymerase gamma (Pol-γ), lead to diseases driven by defective 
mtDNA maintenance. Despite being the most prevalent cause of mitochondrial 
disease, treatments for POLG-related disorders remain elusive. In this study, we 
used POLG patient-induced pluripotent stem cell (iPSC)-derived neural stem cells 
(iNSCs), one homozygous for the POLG mutation c.2243G>C and one compound 
heterozygous with c.2243G>C and c.1399G>A, and treated these iNSCs with eth-
idium bromide (EtBr) to study the rate of depletion and repopulation of mtDNA. 
In addition, we investigated the effect of deoxyribonucleoside (dNs) supplemen-
tation on mtDNA maintenance during EtBr treatment and post-treatment repop-
ulation in the same cells. EtBr-induced mtDNA depletion occurred at a similar 
rate in both patient and control iNSCs, however, restoration of mtDNA levels was 
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1   |   INTRODUCTION

The nuclear-encoded enzyme DNA polymerase γ (Pol-γ) 
replicates and repairs mitochondrial DNA (mtDNA) and 
is therefore essential for mtDNA copy number homeosta-
sis.1 Mutations in POLG, the gene encoding the catalytic 
subunit of Pol-γ, cause a decline in catalytic activity and 
mtDNA copy number depletion.2 POLG mutations are 
among the commonest causes of mitochondrial disease 
and are associated with a range of phenotypes.3 The au-
tosomal recessive catalytic subunit mutations W748S and 
A467T are founder mutation in multiple populations, 
with a high prevalence in the Scandinavian and Finnish 
populations, and are commonly associated with disease in 
either a compound heterozygous or homozygous state.4,5

The absence of robust models has impeded our under-
standing of disease pathogenesis and the development of 
treatments, which remain largely limited to symptomatic 
and supportive care.6 Our previous studies using human 
post-mortem brain tissue showed that POLG-related dis-
ease led to widespread damage in the brain with substan-
tia nigra dopaminergic neurons being the most affected.7,8 
However, post-mortem studies represent the terminal 
stages of disease and are not easily tractable. Further, 
animal models have often failed to recapitulate human 
neurological phenotypes.9 There is, thus, a clear need for 
robust models in the study of disease mechanisms and 
therapeutic development. Therefore, we chose to model 
POLG-related disease in induced pluripotent stem cells 
(iPSCs) that retain the potential to differentiate into any 
cell type and carry the patient's own genetic background.

The lack of effective treatments for mitochondrial dis-
ease has led to numerous studies focused on potential 

new therapies, including molecules with antioxidant 
properties,10–12 metabolites designed to boost mitochon-
drial oxidative phosphorylation function13,14 or molecules 
that protect mitochondrial inner membrane phospholip-
ids.15–17 As substrate availability in the form of deoxyri-
bonucleotide triphosphates (dNTPs) is vital to sustain 
mtDNA replication, administration of dNTPs or their pre-
cursors, deoxyribonucleosides (dNs), has been shown to 
increase mtDNA copy number in a range of different cell 
types in vitro.18–21 Supplementation of dNs has also been 
used therapeutically to increase mtDNA copy number in 
patients with mitochondrial thymidine kinase 2 (TK2) de-
ficiency, where they bypass the nucleotide generation de-
fect in these patients.22 Further, in vitro studies conducted 
in POLG patient primary cells have suggested that in-
creasing the dNTP pool could promote the improvement 
of mtDNA depletion.18,19

In this current study, we used reprogrammed iPSC-
derived neural stem cells (iNSCs) that were either 
homozygous for W748S (WS5A) or heterozygous for 
A467T/W748S (CP2A) and which we had previously 
shown recapitulated several molecular features found 
in post-mortem tissue studies, including loss of mtDNA 
copy number and MRC complex I.23 We investigated 
how these cells responded to chemically induced de-
pletion of their mtDNA by ethidium bromide (EtBr), 
a double-stranded DNA intercalating drug that effec-
tively depletes mtDNA copy number in proliferating 
cells,24 without affecting nuclear DNA at low concentra-
tion.25,26 Further, as this effect is reversible, cells are able 
to repopulate their mtDNA copy number after removal 
of EtBr.27 Previous studies in fibroblasts showed that 
POLG patient cells failed to repopulate their mtDNA 
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significantly delayed in iNSCs carrying the compound heterozygous POLG muta-
tions. In contrast, iNSC with the homozygous POLG mutation recovered their 
mtDNA at a rate similar to controls. When we treated cells with dNs, we found 
that this reduced EtBr-induced mtDNA depletion and significantly increased re-
population rates in both patient iNSCs. These observations are consistent with 
the hypothesis that mutations in POLG impair mtDNA repopulation also within 
intact neural lineage cells and suggest that those with compound heterozygous 
mutation have a more severe defect of mtDNA synthesis. Our findings further 
highlight the potential for dNs to improve mtDNA replication in the presence of 
POLG mutations, suggesting that this may offer a new therapeutic modality for 
mitochondrial diseases caused by disturbed mtDNA homeostasis.
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copy number after EtBr-induced mtDNA depletion.28 
Since fibroblasts typically fail to manifest the mitochon-
drial dysfunction associated with POLG disease,23 we 
applied a similar approach using POLG iNSCs to study 
what happens to mtDNA replication in neural lineage 
cells. We also asked whether increased dNTP availabil-
ity driven by dN supplementation could modulate the 
depletion or repopulation of mtDNA in the same neural 
lineage cell type.

2   |   MATERIALS AND METHODS

2.1  |  Derivation of iPSCs

Patient and control fibroblasts were reprogrammed into 
iPSCs as previously described.23 Fibroblasts were collected 
from two patients with different POLG mutations, ho-
mozygous c.2243G>C, p.W748S/W748S (WS5A) and com-
pound heterozygous c.1399G>A/c.2243G>C, p.A467T/
W748S (CP2A). Detroit 551 (ATCC® CCL 110™, human 
fetal female, control 1) and AG05836 (RRID:CVCL_2B58, 
44 years old female, control 2), were used as the disease-
free controls. All cells were collected with written in-
formed consent from patients. Ethical approval for the 
project was granted by The Norwegian Research Ethics 
Committee (2012/919).

2.2  |  Cell culture and neural induction

Cell culture and neural induction of iPSCs were con-
ducted as described previously.23 Tests for mycoplasma 
contamination were routinely conducted using a my-
coplasma detection assay (Lonza, cat no. LT07-218). 
Multiple clones were used for both control and patient 
iNSC lines: two clones from Detroit 551 control, one 
clone from AG05836 control, three different WS5A pa-
tient iNSC clones, and two different clones from CP2A 
patient iNSCs.

2.3  |  Flow cytometry

Cells were fixed with 1.6% PFA and permeabilized with 
ice-cold 90% methanol. Characterization of iNSCs was 
conducted using antibodies against neural progeni-
tor markers PAX6 (Novus Biologicals, cat. no. NBP2-
34705APC, 1:50) and Nestin (R&D Systems, cat. no. 
IC1259P, 1:200). All samples were analyzed on a BD 
Accuri™ C6 flow cytometer with 10 000 or more events 
were recorded per sample. Accuri™ C6 software was 
used for data analysis.

2.4  |  Depletion of mtDNA by EtBr

All iNSCs lines were seeded into Geltrex-coated 24-well 
plates in NSC medium containing 0.1 mg/mL Sodium 
Pyruvate (SP) (Sigma, cat no. S8636) and 0.05 mg/mL uri-
dine (Sigma, cat. no. U3003) at a density of approximately 
100 000 cells per well and the day was recorded as day-1 
(D-1). On day 0 (D0), DNA was extracted from one well of 
each plate using the QIAGEN DNeasy Blood and Tissue 
Kit (QIAGEN, cat. no. 69504) in accordance with the 
manufacturers protocol. The medium was then changed 
into an NSC medium containing 50 ng/mL EtBr and sup-
plemented with 0.1 mg/mL SP and 0.05 mg/mL uridine. 
The cells were kept in a medium with EtBr for 7 days, 
with a medium change every 2 days. After 7 days, the EtBr 
medium was removed, the cells were washed with 2 mL 
DPBS without Calcium and Magnesium (DPBS−/−), and 
NSC medium supplemented with only SP and uridine 
was added. The cells were kept in this medium for 14 days 
(until D21), with changes of medium every 2 days. DNA 
was extracted from one well of each plate every day from 
D0 to D21 using QIAamp DNA Mini Kit (Qiange, cat. no. 
51304) and stored at −20°C. For each cell line/clone, un-
treated control plates were studied in parallel, and DNA 
was extracted every 4 days (D0, D4, D8, D12, D16, and 
D20).

2.5  |  Treatment of iNSC with dNs

Cells were seeded in NSC medium containing 
0.1 mg/mL SP and 0.05 mg/mL uridine on Geltrex-
coated 24-well plates at a density of approximately 
100.000 cells per well (D1). The cells were treated 
with NSC medium containing 50 ng/mL EtBr, 50 μM 
2′-deoxyadenosine (Sigma-Aldrich, cat. no. D8668), 
50 μM 2′-deoxythymidine (Sigma-Aldrich, cat. no. 
T1895), 50 μM 2′-deoxycytidine (Sigma-Aldrich, cat. no. 
D0776), 50 μM 2′-deoxyguanosine (Sigma-Aldrich, cat. 
no. D0901) and 5 μM EHNA (Sigma-Aldrich, cat. no. 
E114), supplemented with 0.1 mg/mL SP and 0.05 mg/
mL uridine. Further, the iNSCs were kept in medium 
with EtBr for 7 days, with a change of medium every 
2 days. After 7 days, the EtBr medium was removed and 
the cells were washed with DPBS−/− before the ad-
dition of NSC medium supplemented with only dNs, 
EHNA, SP, and uridine. The cells were cultured in this 
medium for 14 days (until D21), with changes of me-
dium every 2 days. DNA was extracted from one well 
from each plate at D0, D3, D7, D11, D16, and D21 and 
stored at −20°C. For each cell line/clone, control plates 
only treated with dNs were studied in parallel, and DNA 
was extracted at the same time as for EtBr-treated plates.
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2.6  |  Immunocytochemistry

INSCs were cultured in six-well plates on Geltrex-coated 
coverslips and fixed by incubation with 4% (v/v) para-
formaldehyde (PFA, VWR, cat. no. 100503 917). Cells 
were then immersed in blocking buffer containing 1× 
PBS, 10% (v/v) normal goat serum (Sigma-Aldrich, cat. 
no. G9023), and 0.3% (v/v) Triton™ X-100 (Sigma-Aldrich, 
cat. no. X100-100 ML), incubated with primary antibody 
solution overnight at 4°C and stained with secondary an-
tibody solution (1:800 in blocking buffer) for 1 h at RT. 
INSCs were stained with rabbit Anti-PAX6 (Abcam, cat. 
no. ab5790, 1:100), mouse anti-Nestin (10c2) (Santa Cruz 
Biotechnology, cat. no. sc23927, 1:50) and rabbit anti-SOX2 
(Abcam, cat. no. ab97959, 1:100). The secondary antibod-
ies used were Alexa Flour® goat anti-rabbit 488 (Thermo 
Fisher Scientific, cat. no. A11008, 1:800) and Alexa Flour® 
goat anti-mouse 594 (Thermo Fisher Scientific, cat. no. 
A11005, 1:800). After secondary antibody incubation, the 
coverslips were mounted onto cover slides using Prolong 
Diamond Antifade Mountant with DAPI (Invitrogen, cat. 
no. P36962).

2.7  |  MtDNA copy number 
quantification by qPCR

Total DNA was extracted using a QIAGEN DNeasy Blood 
and Tissue Kit (QIAGEN, cat. no. 69504) according to 
the manufacturer's protocol, and the concentration 
of each sample was quantified by spectrophotometry 
(NanoVue Plus™, Biochrom). Quantification by qPCR 
was conducted by amplification of the mitochondrial 
gene ND1 and nuclear single copy gene APP. The se-
quencing of the primers and probes were: ND1 forward 
primer 5′-CCCTA​AAA​CCC​GCC​ACATCT-3′ (location 
L3485-3504), ND1 reverse primer 5′-GAGCG​ATG​GTG​
AGA​GCT​AAGGT-3′ (location H3553-3532), ND1 probe 
5′-6FAM-CCATC​ACC​CTC​TAC​ATC​ACCGCCC-3′ 
(TaqMan-MGB, Location L3506-3529), APP forward 
primer 5′-TGTGT​GCT​CTC​CCA​GGTCTA-3′, APP re-
verse primer 5′-CAGTT​CTG​GTC​ACTGG-3′, APP 
probe 5′-VIC-CCCTG​AAC​TGC​AGA​TCA​CCA​ATG​
TGGTAG-3′ (TaqMan-MGB). A master mix containing 
1X of 2X TaqMan™ Fast Advanced Master Mix (ABI, 
cat. no.: 4444964), 10 μM ND1 forward primer, 10 μM 
ND1 reverse primer, 5 μM ND1 probe (TaqMan-MGB), 
10 μM APP forward primer, 10 μM APP reverse primer 
and 5 μM APP probe (TaqMan-MGB) was prepared in 
MilliQ. A 10 ng/μL DNA template was added to each 
well of a 96-well plate containing the master mix. MilliQ 
was used as a negative control and DNA from the com-
mercial fibroblast line Detroit 551 (ATCC® CCL 110™) 

was used as internal control. Plates were centrifuged 
at 400 g for 1 min before RT-qPCR was run using the 
Applied Biosystems™ 7500 Fast Real Time PCR system 
with the following program: 20-s initial denaturation 
at 95°C, 3-s denaturation at 95°C and 30-s primer and 
probe hybridization and DNA synthesis at 60°C. The 
last two steps were repeated for 40 cycles. Analysis of Ct-
values was done in Microsoft Excel and used to calculate 
estimated expressions.

2.8  |  RNA sequencing

RNA was extracted at D0, D7, and D21 using the RNeasy 
extraction kit (QIAGEN, cat no. 74104) according to the 
manufacturer's protocol, and the concentration of each 
sample was measured by spectrophotometry (NanoVue 
Plus™, Biochrom).

Library preparation (BGISEQ-500RS High-throughput 
sequencing kit, PE50, V3.0, MGI Tech Co, Ltd, Shenzhen, 
China), hybridization, and sequencing were performed at 
BGI (Shenzhen, China) in accordance with their standard 
procedure. Sequencing was done at BGI using BGISEQ-500 
and the sequencing data was filtered using the SOAPnuke 
(v1.5.2) software. Mapping of the processed FASTQ files 
to the human traiNSCriptome and genome was performed 
using HISAT2 (v2.0.4). The genome version was GRCh38, 
with annotations from Bowtie2 (v2.2.5). Gene expression 
levels were calculated by RSEM (v1.2.12) software.

For RNA sequencing analysis, the set of differentially 
expressed genes (DEGs) identified from pairwise compar-
isons was identified using Deseq2 (v1.4.5) package (BGI, 
Wuhan, China). The number of reads per kilobase per 
million reads (RPKM) method was used to calculate the 
modification levels of unique genes. Significantly DEGs 
were defined as ones with at least 0.3 FPKM level of ex-
pression in at least one of the conditions and a q-value 
less than .05 by the Bonferroni test. KEGG (https://www.
kegg.jp/) enrichment analysis of annotated DEGs was per-
formed by Phyper (https://en.wikip​edia.org/wiki/Hyper​
geome​tric_distr​ibution) based on Hypergeometric test.

2.9  |  Statistical analysis

Statistical analyses were carried out utilizing IBM SPSS 
Statistics 27 (SPSS Inc., Chicago, USA). Data distribution 
was evaluated via the Shapiro–Wilk test, which indicated 
that the data were not normally distributed. As a result, 
comparisons were made using the Mann–Whitney U test. 
Differences were deemed statistically significant at the fol-
lowing levels: *p < .05; **p < .01; ***p < .001; ****p < .0001. 
GraphPad Prism 8 (GraphPad Software, USA) was 
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employed for data visualization, and results are displayed 
as mean ± standard deviation (SD) for sample sizes of 
three or more (n ≥ 3).

3   |   RESULTS

3.1  |  EtBr treatment causes significant 
depletion of mtDNA in control and patient 
iNSCs

We differentiated iPSCs reprogrammed from human skin 
fibroblasts into iNSCs as previously described.23 Five days 
after neural induction, iPSCs reached a neural epithelial 
stage and were subsequently lifted into neural spheres in 
suspension culture. Further, the spheres were dropped 
into monolayer iNSCs (Figure  1A). Validation of neural 
lineage by immunostaining showed that iNSCs expressed 
specific neural progenitor markers PAX6 and Nestin 
(Figure 1B,C) with >97% of the cells displaying positive 
staining for both (Figure 1C).

To investigate the effect of forced mtDNA depletion, we 
treated control and patient iNSCs with EtBr (Figure 1D) 
for 7 days with untreated iNSC of each run in parallel. 
Following EtBr removal, cells were cultured for an addi-
tional 14 days (D21) in the absence of EtBr (Figure 1E). 
DNA was extracted from EtBr-treated cells every day (D0–
D21) and every 3–4 days from untreated iNSCs. During 
the 7 days of EtBr treatment, a decrease in growth rate 
and cell viability was observed for all cell lines, however, 
no change in morphology was detected for either controls 
or patient iNSCs from D0 to D21 (Figure S1).

Both control lines showed a marked depletion of 
mtDNA, occurring as early as after 24 h (D1) (Figure  2A, 
Table  S2). After 7 days of treatment, mtDNA levels had 
dropped to between 80% and 90% of starting levels, 
while mtDNA in untreated controls remained steady 
(Figure 2A,B, Table S2). EtBr-treated POLG iNSCs showed 
78% (WS5A) and 85% (CP2A) mtDNA depletion after 7 days 
(Figure 2C,D, Table S2), while untreated patient iNSCs cul-
tured in parallel showed no significant change (Figure 2D, 
Table S2). Following the removal of EtBr, both control lines 
were able to repopulate their mtDNA back to pre-treatment 
levels (Figure 2E, Table S3). Interestingly, the rate of repop-
ulation for mutated WS5A iNSCs was similar to controls, 
and mtDNA levels in both increased to levels that exceeded 
initial (D0) amounts following release from depletion. 
This initial overshoot was followed by correction to pre-
treatment levels (Figure 2F,G, Table S2 and S3). The com-
pound heterozygous CP2A iNSCs did not, however, recover 
their mtDNA content: the amount of mtDNA stabilized at 
approximately 78% compared to D0 (Figure 2F,G, Table S2 
and S3) and showed no initial overshoot.

3.2  |  POLG patient iNSCs show increased 
numbers of differentially expressed genes 
after EtBr treatment

To explore the reasons behind the differential response in 
patient lines, we investigated changes in gene expression 
during and after EtBr treatment. We performed RNA se-
quencing from samples extracted at three different time 
points: before treatment (D0), after 7 days of EtBr treat-
ment (D7), and 14 days after stopping treatment (D21). 
Additionally, RNA sequencing of untreated parallels was 
performed.

When comparing EtBr-treated and -untreated iNSCs, 
numerous significant DEGs were found at D7 in all 
lines (Figure  3A,B). However, while both patient lines 
(Figure  3B) showed increased numbers of DEGs com-
pared to controls (Figures  3A and S3A–D), the number 
of upregulated (3644) and downregulated genes (3076) 
was much higher in WS5A than in both CP2A (up: 2630, 
down: 2465) and controls (Control 1—up: 140, down: 344; 
Control 2—up: 301, down: 246).

After 14 days without EtBr, D21, very few DEGs re-
mained in either control line compared to untreated par-
allels (Figure 3A): in control 1, only 3 genes were found to 
be upregulated and 4 genes downregulated compared to 
untreated iNSCs, and in control 2, 17 genes were upreg-
ulated, and 5 genes downregulated. In contrast, a much 
larger number of DEGs remained in both WS5A and CP2A 
iNSCs compared to their untreated parallels (Figures 3B 
and S3E–H): in WS5A, 541 upregulated genes and 687 
downregulated genes, and in CP2A 165 genes were up-
regulated and 86 genes downregulated. This indicates that 
EtBr treatment of both controls had almost completely re-
covered after 14 days while the POLG patient iNSCs still 
showed clear signs of dysregulated gene expression.

3.3  |  Dysregulation of metabolic 
pathways in POLG patient iNSCs

In order to investigate the potential mechanisms under-
lying the gene expression differences seen in patient cell 
lines following recovery from EtBr treatment, we used 
KEGG pathway classification analysis. Combining the 
DEGs between EtBr-treated and -untreated iNSCs from 
post-treatment time points (D7 and D21, Figure S2), we 
found that dysregulated genes were distributed mainly in 
autophagy/mitophagy (control 1: 72/73; control 2: 109/108; 
WS5A: 1420/1467; CP2A: 1066/1088) and metabolic path-
ways (control 1: 32; control 2: 55; WS5A: 610; CP2A: 432) 
(Figure  3C,a–d). Further KEGG pathway enrichment of 
metabolic pathways DEGs showed that genes related to 
purine and pyrimidine nucleotide metabolism appeared 
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differentially expressed in all cell lines (Figure  3D,a–d): 
after 1 week of EtBr treatment (D7), alterations in nu-
cleotide metabolism-related genes were present in both 
controls and patient lines. Two weeks after treatment, 
however, only one gene remained differentially expressed 
in control 1 and none in control 2, while multiple DEGs 
were still present in both patient lines, particularly in 
WS5A (Table S1).

Selecting the DEGs under the purine and pyrimidine 
nucleotide metabolism pathways, we then compared the 
gene expression profiles of the patients. All four DEGs, 
deoxythymidylate kinase (DTYMK), ribonucleoside di-
phosphate reductase (RRM1) (Figures  3E,a,b and S4), 
DNA polymerase delta 1 (POLD1), and DNA polymerase 
epsilon subunit 3 (POLE3) (Figure  S4, Table  S1) were 
significantly downregulated in EtBr-treated CP2A iNSCs 
at D21 compared to untreated iNSCs. In contrast, both 
upregulated and downregulated genes were found in 
EtBr-treated WS5A iNSCs at D21, including ribonucle-
otide reductase regulatory TP53 inducible subunit M2B 
(RRM2B), Inosine Monophosphate Dehydrogenase 2 
(IMPDH2), Cytidine/Uridine Monophosphate Kinase 
1 (CMPK1), Adenylate kinase 2 (AK2) and 4 (AK4) and 
NME/NM23 Nucleoside Diphosphate Kinase 4 (NME4) 
(Figure S4). However, several of these genes showed sig-
nificantly higher expression in WS5A compared to both 
controls and CP2A and, interestingly, this increased ex-
pression was present prior to EtBr treatment (Figure S4). 
When we investigated expression levels of multiple 
genes important for nucleotide metabolism (Figure 4B), 
we found that many were either upregulated in WS5A 
or downregulated in CP2A at D0 compared to controls 
(Figure 4A, Table S4).

3.4  |  dN supplementation significantly 
increases mtDNA copy number in iNSCs 
with POLG mutations after EtBr-induced 
mtDNA copy number depletion

Given the specific dysregulation of genes involved in nu-
cleotide metabolism, we asked whether supplementation 
with dNTP precursors, dNs, would counter the effects of 

EtBr and potentially increase mtDNA copy number, par-
ticularly in CP2A. In order to assess if dNs both increased 
mtDNA copy number protected and against depletion, 
we co-treated iNSCs with EtBr and deoxyadenosine (dA), 
deoxythymidine (dT), deoxyguanosine (dG) and deoxycy-
tidine (dC) (Figure 4C) and continued dN treatment for 
14 days after EtBr treatment was stopped (D21).

The addition of dNs during EtBr treatment not only 
significantly increased the rate of mtDNA repopulation 
following EtBr removal, doing so in all cell lines, but par-
ticularly POLG patient iNSCs, it also protected against 
depletion (Figure 4D,E, Table S5). In CP2A iNSCs, which 
previously failed to repopulate completely their mtDNA 
copy number after EtBr removal, there was a 4-fold in-
crease of mtDNA after dN treatment compared to D0 
(Figure  4D, Table  S5). A similar increase was seen in 
WS5A (5-fold compared to D0), while control iNSCs also 
displayed a 2-fold increase following EtBr removal in the 
presence of dNs (Figure  4D, Table  S5). The addition of 
dNs together with EtBr treatment significantly reduced 
mtDNA depletion in WS5A from 79% to 30% (D7), and ap-
peared to counteract the effect of EtBr in controls for the 
first 4 days of treatment, with minor depletion being seen 
only after D4 (Figure 4D,E, Table S5). In CP2A, depletion 
was reduced from 83% to 73% (D7), however, this did not 
reach significance (Figure 4E, Table S5).

Given our earlier observation that POLG iNSCs reit-
erate the mtDNA depletion found in post-mortem neu-
rons from patients,23 we wanted to investigate whether 
dN supplementation could also increase mtDNA copy 
number in EtBr untreated POLG iNSCs. Following 
21 days dNs treatment, all iNSC lines showed increased 
mtDNA copy number, which appeared as early as D4 
after start of treatment (Figure 4F, Table S6). However, 
while mtDNA levels in controls and CP2A patient iNSCs 
seemed to stabilize from D12, WS5A mtDNA continued 
to increase throughout treatment (Figure 4F, Table S6). 
Lastly, we compared all treatment conditions including 
EtBr-iNSCs, EtBr-dN-iNSCs, and dN-iNSCs (Figure 4G–
I, Table S6). In all dN-treated cell lines, mtDNA content 
seemed to stabilize at a similar time point, regardless of 
EtBr treatment, but at a level higher than iNSCs treated 
only with EtBr.

F I G U R E  1   Generation of iNSCs and overview of EtBr treatment setup. (A) Upper panel: Morphology of cells at different stages of iNSC 
differentiation, from the neural induction of iPSCs through an intermediate neural epithelial stage and into suspension culture neural 
spheres before dissociation into monolayer iNSCs. Lower panel: Immunostaining for specific stages during neural induction, including Oct4 
positive iPSCs (green), Nestin (red) and PAX6 (green) expressing neural epithelium, and neural spheres and monolayer iNSCs expressing 
PAX6 (green). Scale bar: 100 μm. (B) Immunofluorescent staining of iNSCs displaying positive expression of neural progenitor markers 
PAX6 and Nestin. Nuclei were counterstained with DAPI. Scale bar: 100 μm. (C) Flow cytometric analysis of iNSCs showing >97% positive 
marker expression for both single and co-staining of PAX6 and Nestin. (D) EtBr molecular structure. (E) Graphical overview of EtBr 
treatment in NSCs from cell seeding (D-1), introduction of EtBr to the growth medium (D0), stop of treatment (D7) and recovery period 
(D7–D21). Created with BioRe​nder.com.
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4   |   DISCUSSION

In this study, we used the paradigm of forced mtDNA de-
pletion with EtBr to study mtDNA homeostasis in stem 
cells of neural lineage carrying founder POLG mutations, 
one homozygous for W748S and one compound heterozy-
gous with W748S/A467T. We found that while mtDNA 
depletion occurred at similar rates, in both patient and 
control iNSCs, mtDNA repopulation showed a significant 
difference between cells with different POLG genotypes: 
compound heterozygous iNSCs showed a distinct delay 
in repopulation and a failure to recover mtDNA to pre-
treatment levels. RNA-seq studies identified preexisting 
differences in the expression of genes involved in nucle-
otide metabolism that potentially explained the greater 
ability of homozygous cells to withstand EtBr-induced 
depletion. Supplementation with dNs improved not only 
mtDNA repopulation, by promoting higher levels than 
pre-treatment, it also protected cells against depletion 
during EtBr exposure.

POLG-related diseases are among the most common 
genetically determined mitochondrial disorders and while 
the manifestations vary, involvement of the central ner-
vous system, particularly with devastating epilepsy,3 is 
very common. We chose, therefore, to investigate mtDNA 
response to chemically enforced depletion in cells of neu-
ral origin that we have shown express the same molecular 
changes present in neurons taken post-mortem.23 Further, 
since our clinical studies identified clear differences in 
survival based on POLG genotype, with compound het-
erozygotes having a worse prognosis than those with ho-
mozygous POLG mutations,3 we wanted to compare the 
response in neural stem cells containing relevant geno-
types. The W748S and A467T are founder mutations that 
occur in multiple populations, and we used cells that were 
homozygous for the commonest, W748S (WS5A), and 
compound heterozygous for W748S/A467T (CP2A), a fre-
quently found combination.

EtBr is a well-known DNA intercalating agent often 
used in molecular biology, particularly in visualizing DNA 
in agarose gel electrophoresis. While it can bind to all types 
of DNA, including both mtDNA and nuclear DNA (nDNA), 
it has been used experimentally to preferentially affect 
mtDNA when applied at low concentrations. This selective 

impact arises not because of EtBr's inability to permeate 
the nuclear membrane of intact cells, but due to a com-
bination of several factors. Firstly, the double-membrane 
structure of the mitochondria allows EtBr to accumulate 
in higher concentrations within the mitochondrial matrix 
compared to the cell cytoplasm due to the highly negative 
mitochondrial membrane potential. This causes the rela-
tive concentration of EtBr to be higher in the mitochon-
dria than in the nucleus. Secondly, mitochondria lack the 
advanced DNA repair mechanisms found in the nucleus. 
Hence, any damage to the mtDNA caused by EtBr interca-
lation is less likely to be effectively repaired, leading to a 
preferential loss or depletion of mtDNA over time under 
low-concentration EtBr treatment. Finally, the nuclear 
envelope does offer some degree of protection to nDNA. 
The nuclear envelope is a double membrane structure that 
separates the nucleus from the cytoplasm and regulates 
the passage of molecules in and out of the nucleus. While 
EtBr can enter the nucleus, the nuclear envelope may re-
duce the rate at which it does so, contributing to the rela-
tive preservation of nDNA under low-concentration EtBr 
treatment. However, it is important to note that at higher 
concentrations, EtBr can and does cause significant dam-
age to nuclear DNA.29–31 Therefore, care must be taken to 
ensure that experimental conditions using EtBr to selec-
tively affect mtDNA are carefully controlled.

In our study, the EtBr efficiently depleted cells of 
mtDNA at a low concentration of 50 ng/mL and the rate 
and extent were similar in all cells irrespective of genotype. 
Repopulation of mtDNA began around Day 12, both in pa-
tients and controls, and there was a consistent overshoot 
in the control lines that was also present in WS5A cells 
(Figure 2F). Indeed, controls and WS5A achieved pretreat-
ment levels of mtDNA usually by day 15 and levels in ex-
cess of this for the remainder of the study period (5–6 days). 
This did not happen in CP2A cells. MtDNA did begin to 
increase on Day 12, but repopulation failed to reach pre-
treatment levels even by Day 21. Based on previous studies, 
we knew that both WS5A and CP2A cells had a lower than 
normal starting level of mtDNA and complex I and that 
this was most severe in CP2A.23 These initial experiments 
confirmed, therefore, that there are indeed molecular phe-
notypic differences induced by POLG genotype, but they 
provided no causal mechanistic explanation.

F I G U R E  2   EtBr-induced mtDNA depletion and post-treatment recovery in POLG iNSCs. (A, B) MtDNA copy number depletion in 
control iNSCs during EtBr treatment over a 7-day period (A) and comparison of EtBr-treated and -untreated control iNSCs during the same 
period (B). (C, D) MtDNA copy number depletion in WS5A and CP2A patient iNSCs compared to control during EtBr treatment (C) and 
comparison of EtBr-treated and -untreated patient iNSCs during the same period (D). (E, F) EtBr-induced mtDNA copy number depletion 
(D0–D7) and subsequent repopulation (D7–D21) in control iNSCs (E) and in patient iNSCs compared to control (F). (G) MtDNA copy 
number in EtBr-treated control and patient iNSCs during treatment and recovery stages compared to their corresponding untreated iNSCs. 
Data are presented as mean ± SD for the number of samples n ≥ 3. All p-values are summarized in Table S2.
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To explore the differential response seen in patient 
lines, we used RNA-seq to investigate changes in gene 
expression during and after EtBr treatment. While some 
findings were expected, e.g., dysregulation of autophagy/
mitophagy, analysis of EtBr-treated iNSCs showed a clear 
differential response between POLG patients and con-
trols, and especially between patient lines, of genes in-
volved in purine and pyrimidine nucleotide metabolism, 
several of which were already known causes of mtDNA 
depletion syndromes such as DTYMK32 and RRM2B.33 
We found that all DEGs, including DTYMK, was signifi-
cantly downregulated in CP2A EtBr-treated iNSCs at 
D21 while in WS5A, both up- and downregulated genes 
related to nucleotide synthesis were found. Further, sev-
eral of these genes had significantly higher expression 
in both EtBr-treated and -untreated WS5A iNSCs when 
compared to controls and CP2A: put another way, the 
increased expression of these genes was already present 
in WS5A iNSCs prior to treatment with EtBr. When we 
investigated expression levels of other genes important 
for nucleotide metabolism at D0, we found that many of 
these were either upregulated in WS5A or downregulated 
in CP2A compared to controls (Figure  4A). These find-
ings suggest that the relative balance of expressed genes 
in the pathways serving nucleotide synthesis can predict 
the differential response to mtDNA stress. On a clinical 
level, this implies that patient-specific regulation of nucle-
otide metabolism-related genes can impact that individu-
al's mtDNA replication rate and thereby the response to 
mtDNA depletion. This could, in part, also explain why 
some patients are more severely affected than others.

While mitochondria have their own pathway for dNTP 
salvage, they also rely on import of dNTPs from de novo 
synthesis in the cytosol. Therefore, dNTP availability is 
vital for maintaining mtDNA replication rate and fidel-
ity, especially in quiescent and post-mitotic cells where 
dNTP pools are reduced by diminished cytosolic syn-
thesis.34 Increasing the concentration of dNTPs through 
supplementation improves mtDNA replication also in 
cells with POLG mutations that decrease dNTP affinity.18 
Previous studies also show that the Y955C POLG muta-
tion has strongly impaired DNA synthesis activity that can 
be partly overcome at high dNTP concentrations.35 In our 
study, we found that treatment with dNs significantly im-
proved mtDNA copy number repopulation in EtBr-treated 

POLG WS5A and CP2A iNSCs. This is particularly inter-
esting in the case of the compound heterozygous CP2A 
line, which was unable to recover to pre-treatment 
mtDNA levels after EtBr treatment. Even in this cell line, 
however, supplementation with dNs during and after EtBr 
treatment gave a 4-fold increase in mtDNA compared to 
D0. Supplementation with dNs not only restored mtDNA 
content in CP2A following mtDNA depletion, but it also 
increased mtDNA to above pre-treatment levels in all 
iNSCs lines, including control lines. This supports the 
concept of dNTP concentration being rate limiting for 
mtDNA replication in cells affected by mitochondrial de-
pletion disorders,18,36,37 and one that might be overcome 
by supplementation of dNs to boost dNTP availability.

Our results show that it is possible to normalize 
mtDNA levels irrespective of POLG genotype, including 
in very affected cell lines (CP2A), and highlights how 
providing POLG with sufficient substrate (dNTP) influ-
ences how cells respond to the presence of a dysfunctional 
polymerase gamma. The gene expression differences we 
observed also suggest that nucleotide metabolism, like 
many other biological variables, has a reserve capac-
ity that is potentially manipulable. Indeed, the response 
seen in controls lines suggests that it should be possible 
to increase mtDNA levels by dNTP supplementation in 
many if not most instances. While we did not address the 
question of whether substrate excess leads to an increased 
error rate, this was investigated in an earlier study18 and 
their results suggest this is not the case. We believe, there-
fore, that dNTP supplementation is a potential therapy for 
POLG-related disease that should be investigated as soon 
as possible.

This study, in combination with the previously pub-
lished findings,38 has significantly advanced our under-
standing of the pathological mechanisms behind POLG 
mutations and the effect they have on mtDNA mainte-
nance, particularly in NSCs. The current research identi-
fied a notable difference in the ability to restore mtDNA 
levels in iPSC-derived NSCs carrying compound het-
erozygous POLG mutations, in comparison to both con-
trols and homozygous mutation carriers. This discovery 
aligns well with the previous study,38 which also high-
lighted a greater mitochondrial functional impairment 
in compound heterozygous NSCs compared to their ho-
mozygous counterparts. While both studies agree on the 

F I G U R E  3   Alterations in POLG iNSC gene expression during and after EtBr treatment. (A, B) Number of up- and downregulated 
genes in EtBr-treated vs -untreated iNSCs after 7 days EtBr treatment (D7) and after two weeks of recovery (D21) for control iNSCs (A) and 
patient iNSCs (B). (C) Top 5 differentially expressed pathways in EtBr-treated CTRL1 (a), CTRL2 (b), WS5A (c) and CP2A (d) iNSCs from 
KEGG Pathway Classification analysis. (D) KEGG Pathway Enrichment analysis showing the top 10 differentially expressed metabolic 
pathways between EtBr-treated and -untreated CTRL1 (a), CTRL2 (b), WS5A (c) and CP2A (d) iNSCs. (E) Gene expression of top nucleotide 
metabolism-related DEGs between EtBr-treated and -untreated CP2A iNSCs at D21, including (a) DTYMK (Deoxythymidylate kinase) and 
(b) RRM1 (Ribonucleotide reductase, alpha subunit). Data are presented as mean ± SD for the number of samples n ≥ 3. *p < .05.
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more severe impact of compound heterozygous POLG 
mutations in NSCs, it's intriguing to note the differences 
in manifestations across different cell types. The previ-
ously published findings,38 reported no observed func-
tional differences between compound heterozygous and 
homozygous mutations in fibroblasts, iPSCs, or astro-
cytes, emphasizing the vulnerability of NSCs in the con-
text of POLG mutations. In this study, the use of EtBr 
to induce mtDNA depletion, followed by studying re-
population rates in the current study, offers a functional 
perspective to support the earlier observations38 regard-
ing the disturbance of mtDNA copy number. Moreover, 
the current findings suggest a potential therapeutic ap-
proach, as dNs supplementation was found to mitigate 
the effects of EtBr-induced mtDNA depletion and im-
prove repopulation rates in both patient-derived NSCs. 
This therapeutic strategy might have broad implications, 
given the pervasive role of POLG in mitochondrial dis-
eases. In conclusion, the observations from the present 
study and our previous paper38 underline the complexity 
of the cellular response to POLG mutations, dependent 
not only on the type of mutation (homozygous or com-
pound heterozygous) but also the specific cell lineage. 
These discoveries pave the way for more targeted ther-
apeutic strategies. They also emphasize the importance 
of studying these mutations in a range of cell types, es-
pecially those most affected in POLG-related diseases, to 
provide a more comprehensive understanding of disease 
pathophysiology and develop more effective treatment 
approaches.

Animal models have been invaluable tools for en-
hancing our comprehension of diseases, including 
POLG-related disorders, and evaluating potential treat-
ments.39 Despite this, they often fall short in accurately 
replicating human disease phenotypes due to inherent 
species-specific differences in physiology, genetics, and 

immune responses. Although animal models, particu-
larly rodent models, have been utilized to study POLG 
diseases, the manifestations of these diseases in ani-
mals often differ from their human counterparts, which 
can limit the translational potential of these studies. 
Nonetheless, preclinical animal models offer distinct 
advantages over in vitro cell culture studies. They allow 
for the study of diseases and interventions in the context 
of a whole organism, incorporating complex physiologi-
cal and pathophysiological processes that cannot be rec-
reated in cell cultures. This is particularly valuable in 
studying diseases like POLG disorders that impact mul-
tiple organ systems and have systemic effects. Animal 
models also provide more practical conditions for test-
ing safety and efficacy of potential therapies in a clinical 
setting. They allow researchers to assess pharmacokinet-
ics and pharmacodynamics, side effects, and long-term 
impacts of treatments, which are critical for advancing 
new therapies from the lab to the clinic. However, con-
sidering the limitations of animal models in accurately 
reflecting human disease phenotypes, it is important to 
interpret results from these studies with caution and use 
complementary research methods, such as human cell 
culture studies, organoids, patient-derived iPSCs, and 
computational models. These tools can help provide ad-
ditional insights and validation, and together with ani-
mal models, they can strengthen our understanding of 
POLG diseases and expedite the development of effec-
tive therapies.

In summary, while acknowledging the limitations of 
animal models, they continue to serve as valuable tools 
in biomedical research, including POLG disease studies. 
Through an integrated research approach that combines 
animal models with other experimental models, we can 
continue to advance our understanding of complex dis-
eases and develop safer and more effective therapies.

F I G U R E  4   Supplementation with dNs improves mtDNA copy number repopulation in EtBr-treated POLG iNSCs. (A) Comparison 
of the gene expression of major nucleotide metabolism-related genes in all untreated (D0) iNSC lines. DCTD: Deoxycytidylate deaminase, 
ENT1: Equilibrative nucleoside transporter 1, DGUOK: Deoxyguanosine kinase, TK2: Thymidine kinase 2. p-Values are shown in Table S4. 
(B) Schematic overview of the main pathways for import and salvage of dNTPs in mitochondria (a) and cytosolic de novo dNTP synthesis 
(b). Major enzymes are depicted in blue. Abbreviations with bracketed encoding genes: ADA: Adenosine deaminase (ADA), dAdo: 
Deoxyadenosine, CAD: Carbamoyl-phosphate synthetase 2 (CAD), dCTD: Deoxycytidylate deaminase (DCTD), dCyt: Deoxycytidine, 
dCK: Deoxycytidine kinase (DCK), DHODH: Dihydroorotate dehydrogenase (DHODH), EHNA: erythro-9-(2-hydroxy-3-nonyl) adenine, 
ENT1: Equilibrative nucleoside transporter 1 (ENT1), dGuo: Deoxyguanosine, dGK: Deoxyguanosine kinase (DGUOK), NDPK: Nucleotide 
diphosphate kinase, PPAT: Phosphoribosyl pyrophosphate (PRPP) amidotransferase (PPAT), RNR: Ribonucleotide reductase (RRM1; 
alpha subunit, RRM2/2B: beta subunit isoforms) dThd: Thymidine, TK1: Thymidine kinase 1 (TK1), TK2: Thymidine kinase 2 (TK2), TS: 
Thymidylate synthase (TYMS), UMPS: Uridine monophosphate synthase (UMPS). Figure created with BioRe​nder.com. (C) Molecular 
structures of deoxyribonucleosides thymidine, adenosine, guanosine and cytidine. (D) MtDNA copy number changes in control (CTRL), 
WS5A and CP2A iNSCs during co-treatment of EtBr and dNs (D0-D7) and dNs only (D7-D21). (E) Comparison of mtDNA content in EtBr-
treated iNSCs and iNSCs co-treated with EtBr and dNs. (F) MtDNA copy number increase in iNSCs treated only with dNs over a period 
of 3 weeks. (G–I) Comparison of mtDNA copy number in iNSCs treated with EtBr, dNs, and co-treated with EtBr and dNs, in CTRL (G), 
WS5A (H) and CP2A (I) patient iNSCs. Data are presented as mean ± SD for the number of samples n ≥ 3. All p-values for Figure 4D–I are 
summarized in Tables S5 and S6.
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