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Abstract

Mitochondria are unique organelles that have their own genome (mtDNA) and per-

form various pivotal functions within a cell. Recently, evidence has highlighted the

role of mitochondria in the process of stem cell differentiation, including differentia-

tion of neural stem cells (NSCs). Here we studied the importance of mtDNA function

in the early differentiation process of NSCs in two cell culture models: the CGR8-NS

cell line that was derived from embryonic stem cells by a lineage selection technique,

and primary NSCs that were isolated from embryonic day 14 mouse fetal forebrain.

We detected a dramatic increase in mtDNA content upon NSC differentiation to

adapt their mtDNA levels to their differentiated state, which was not accompanied

by changes in mitochondrial transcription factor A expression. As chemical mtDNA

depletion by ethidium bromide failed to generate living ρ� cell lines from both NSC

types, we used inhibition of mtDNA polymerase-γ by 20-30-dideoxycytidine to reduce

mtDNA replication and subsequently cellular mtDNA content. Inhibition of mtDNA

replication upon NSC differentiation reduced neurogenesis but not gliogenesis. The

mtDNA depletion did not change energy production/consumption or cellular reactive

oxygen species (ROS) content in the NSC model used. In conclusion, mtDNA replica-

tion is essential for neurogenesis but not gliogenesis in fetal NSCs through as yet

unknown mechanisms, which, however, are largely independent of energy/ROS

metabolism.
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1 | INTRODUCTION

Mitochondria are essential membrane-bound cell organelles that play

a pivotal role in many cellular processes including fatty acid oxidation,

ion homeostasis, Fe-S cluster formation, oxygen sensing, apoptosis,

and biosynthesis of essential molecules such as pyrimidine and heme

(Figge et al., 2012, McBride et al., 2006, Nesti et al., 2007,

Scarpulla, 2008b). They have their own genome, the mitochondrial

DNA (mtDNA), which resides in the mitochondrial matrix together

with mitochondrial ribosomes, transfer RNAs (tRNAs), and a highly
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concentrated mixture of enzymes, required for mitochondrial function

such as the tricarboxylic acid cycle and β-oxidation (Attardi, 1985).

The mtDNA encodes only a small number of genes necessary for the

molecular architecture and biological function of the organelle.

Because of this limitation, mitochondria are considered as semi-

autonomous in a sense that they mainly rely on the expression of

nuclear encoded genes important for their biological function

(Bereiter-Hahn & Voth, 1994; Figge et al., 2012; Saccone et al., 2000).

For example, the vast majority of the proteins of five oxidative phos-

phorylation complexes in the inner membrane of mitochondria are

encoded by the nuclear genome, although complexes I, III, IV, and V

have at least one subunit encoded by mtDNA (Anderson et al., 1981).

The role of mitochondria was recently highlighted in the process

of stem cell differentiation (Chen et al., 2008; Cho et al., 2006; Chung

et al., 2007; Wanet et al., 2015). It has been reported that upon spon-

taneous differentiation of human embryonic stem cells (ESCs), the

mitochondrial biogenesis was upregulated and the mitochondrial mor-

phology resembled the characteristics of mature cells, which included

higher mtDNA copy number and increased ATP production (Cho

et al., 2006; Kristiansen et al., 2022). As a consequence, more reactive

oxygen species (ROS) were produced, which led to the expression of

various antioxidant enzymes such as Cu/Zn-dependent superoxide

dismutase, glutathione peroxidase, and catalase. Lonergan and co-

workers showed similar results in monkey stromal stem cell lines indi-

cating that the higher ATP level per cell could serve as a signal for the

loss of stemness and hence a marker for differentiation (Lonergan

et al., 2006). Hence, mitochondrial biogenesis largely contributed to

ATP production, which is necessary for the differentiation. This high-

lights the importance of mitochondria playing a crucial role in the reg-

ulation of energy metabolism during differentiation in response to

higher energy demand of the cells (Chen et al., 2008; Cho

et al., 2006).

In mammals, the master regulator of mitochondrial biogenesis is

peroxisome proliferator-activated receptor γ co-activator α (PGC1α).

It is well-known that nuclear respiratory factor 1 (NRF-1) is an impor-

tant target for the mitochondrial biogenesis and its expression is

induced by PGC1α. The induction of NRF-1 and NRF-2 leads to the

increased expression of mitochondrial transcription factor A (TFAM),

which is a direct regulator of mtDNA transcription and replication

(Wu et al., 1999). Both NRF-1 and NRF-2 have been related to the

transcriptional control of mitochondrial biogenesis-associated genes,

particularly acting on the mtDNA transcription machinery including

TFAM, mitochondrial transcription factor 1 and 2 as well as mtRNA

polymerase. It was shown that NRF-1 alone or together with NRF-2

can act on the expression of nuclear genes that encode subunits for

the respiratory chain complexes (Kelly & Scarpulla, 2004;

Scarpulla, 2002a; Scarpulla, 2002b; Scarpulla, 2008a). Moreover,

these proteins are involved in the expression of components neces-

sary for the mitochondrial protein import and assembly apparatus.

Cho and colleagues studied mitochondrial biogenesis during

spontaneous differentiation of ESCs into the three germ layers (Cho

et al., 2006), making it difficult to describe metabolic changes for a

specific germ layer or even cell type. A number of studies were also

conducted towards a defined, lineage-specific differentiation where

the changes in metabolism and mitochondrial function were

described. Chen et al. showed that upon osteogenic differentiation of

mesenchymal stem cells (MSCs), the mRNA expression of PGC1α

mRNA was increased followed by the increase in mitochondrial mass

and oxygen consumption (Chen et al., 2008). Similar results were

obtained during adipogenic differentiation of human MSCs (Zhang

et al., 2013). Regarding neuronal differentiation, it has been demon-

strated that PGC1α effects are developmental stage-dependent with

the strongest effects in the intermediate stage of early neural progeni-

tors when compared with neural stem cells (NSCs) and advanced neu-

roprogenitors as derived from induced pluripotent stem cells (iPSCs)

(Augustyniak et al., 2019). Furthermore, the authors showed increased

mtDNA copy numbers and mRNA levels of glia-specific as well as

neuron-specific markers after PGC1α induction (Cho et al., 2006).

There are convincing data that both lineages depend on proper

PGC1α levels (Souder et al., 2023; Zehnder et al., 2021). Potentially,

various PGC1α isoforms are needed for either neuronal or glial fate

decision of NSCs (Lozoya et al., 2021; Souder et al., 2023) and PGC1α

could be involved specifically during early differentiation (Soares

et al., 2024).

However, the regulation of mitochondrial biogenesis in NSCs dur-

ing their differentiation process into neural lineages (neurons and glia)

remains largely elusive. Despite progress during recent years regard-

ing the involvement of factors in mitochondrial biogenesis, it is still

not clear whether and how mtDNA itself is involved in NSC differenti-

ation. We therefore aimed to investigate mitochondrial biogenesis

during differentiation of NSCs, thereby concentrating on the role of

mtDNA in this process. We have used a loss of function model, which

was achieved by mtDNA depletion, to decipher mtDNA involvement

during differentiation of multipotent primary NSCs as well as in glia-

specific NSCs.

2 | MATERIALS AND METHODS

2.1 | Animals

Wild-type C57BL/6/J mice were purchased from Charles River

(Sulzfeld, Germany) and maintained under a 12-hour/12-hour light/

dark cycle with constant temperature and humidity. Food and water

were available ad libitum. All animal protocols were reviewed and

approved by the Animal Welfare Committee at the Technische Uni-

versität Dresden and the Landesdirektion Sachsen, Dresden, Germany

(governmental authorities; no. 24-9168.24-1/2010-5).

2.2 | Isolation, expansion, and differentiation of
fetal forebrain-derived NSCs

Neural stem cells (NSCs) were isolated from embryonic day (E) 14.5

mouse embryos. The dissection was performed under a dis-

section microscope, and the meninges were carefully removed after
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cutting out the forebrain. Briefly, the forebrain-derived tissue was

isolated and digested in 0.05% trypsin solution, triturated, spun

down, and subsequently seeded onto poly-L-ornithine/fibronectin-

coated cell culture dishes. The cells were grown in EM-1 expansion

medium (Dulbecco's modified Eagle's medium [DMEM] high glu-

cose 65% [v/v], F-12 + GlutaMAX™ 32% [v/v], B27 supplement

2% [v/v], penicillin/streptomycin 1% [v/v]) supplemented with

10 ng/mL epidermal growth factor and 10 ng/mL fibroblast growth

factor-2. About 2 � 106 viable NSCs were plated in 25-cm2 cell cul-

ture flasks and incubated at 37�C in 5% CO2 and 95% air (21% O2).

At day 7, NSCs were cultured in differentiation medium for another

7 days. The differentiation medium was devoid of growth factors

and only supplemented with 10% (v/v) fetal calf serum. To achieve

mtDNA depletion, concentrations of 30 μM, 50 μM, or 100 μM of

20-30-dideoxycytidine (ddC) were used. ddC treatment was started

at day 5 after NSC preparation and seeding. After 2 days of ddC

treatment, expanding NSCs were analyzed or switched to differen-

tiation medium. Differentiated NSCs were analyzed at differentia-

tion day 7 (defined as 7 days after the start of the differentiation

process).

2.3 | Expansion and differentiation of
CGR8-NS cells

Conti and colleagues used the lineage selection technique to produce

homogeneous NSC cultures including the CGR8-NS cell line (Conti

et al., 2005; Li et al., 1998). It represents a pure and highly homoge-

neous NSC culture. CGR8-NS cells have the same characteristics as

radial glial cells and express both radial glia markers and neural precur-

sor markers such as Sox2 and Olig2, but they are negative for glial

fibrillary acidic protein (GFAP). CGR8-NS cells were expanded in 0.1%

gelatin coated flasks in NS basal medium which comprises Euromed-N

medium 100% (v/v) (similar to the composition of DMEM) supplemen-

ted with L-glutamine 1% (v/v), penicillin/streptomycin 1% (v/v) and

N-2 supplement 1% (v/v). Growth factors were added to the medium

before seeding the cells (fibroblast growth factor-2 10 ng/mL and epi-

dermal growth factor 10 ng/mL). Differentiation was performed in

poly-L-ornithine/laminin-coated flasks. The medium was supplemen-

ted with fetal calf serum 1% (v/v) devoid of both growth factors. The

composition of N-2 supplement differs from that of the original N-2

supplement by a higher content of insulin and bovine serum albumin

(BSA). 10� N-2 supplement is composed of 6.875 mL of DMEM: F12

(L-glutamine), 1 mL of insulin (25 mg/mL), 1 mL of apo-transferrin

(100 mg/mL), 1 mL BSA (75 mg/mL), 33 μL of progesterone (0.6 mg/

mL), 100 μL putrescine (160 mg/mL), and 10 μL of sodium selenite

(3 mM). To achieve mtDNA depletion, either 0.0625 to 0.5 μg/mL of

ethidium bromide or 80 μM or 100 μM of ddC were used when seed-

ing the cells (day 0). CGR8-NS cells were analyzed after expansion

(day 2) or switched to differentiation medium. The differentiation

state of CGR8-NS cells was additionally analyzed at

differentiation day 1 (i.e. 1 day after the start of the differentiation

process), but all further analyses were performed at differentia-

tion day 7.

2.4 | Gene expression analysis

RNA was isolated with the “RNeasy Mini Kit” (Qiagen, Hilden,

Germany) followed by treatment with RNase-free DNase according to

the manufacturer's instruction. DNA isolation was performed using a

“DNeasy Blood and Tissue Kit” (Qiagen). To quantify relative levels of

RNA and DNA, a quantitative real-time reverse transcription-

polymerase chain reaction (qRT-PCR) was performed both with the

Brilliant® III Ultra QRT-PCR Master Mix Kit (Agilent Technologies,

Santa Clara, CA, USA, for DNA) and SYBR® Green PCR kit

(QuantiTect® for cDNA, Qiagen) according to the manufacturers'

instructions. For qRT-PCR analyses, 1 μg RNA of each sample was

subjected to cDNA synthesis by using oligo(dT) primers (QuantiTect®,

Qiagen) and a reverse transcription kit in 20 μL of reaction volume,

according to the manufacturer's protocol (QuantiTect®, Qiagen).

DNA or cDNA (from RNA samples) was amplified using 0.4–

0.8 pmol/μL of both sense and antisense primer. The following cycle

protocol was used: PCR was performed in a 25-μL volume containing

10 ng/μL DNA or 1 μL cDNA or dH2O as control, 12.5 μL SYBR®

Green Master Mix, 0.75 μL ROX (reference dye used 1:1000), dH2O

and 2 μL primer mix (forward and reverse primer, 5–10 pmol/μL each)

under the following conditions: 95�C for 15 min, followed by

40 cycles of denaturation for 15 s at 94�C, annealing for 30 s at 54�C,

and extension for 30 s at 72�C. Further denaturation of PCR products

was performed for 1 min at 95�C followed by the final annealing of

the PCR products for 30 s at 55�C for the generation of the dissocia-

tion curves by slowly heating the samples for 30 s at 95�C and con-

stantly measuring the fluorescence.

The following primer sets were designed using Primer3 and

BLAST (National Center of Biology Information, NCBI) and were pur-

chased lyophilized and salt-free from Operon (Cologne, Germany;

http://www.operon.com/default.aspx): Nd1 sense: CCT TGT TCC

CAG AGG TTC AA, Nd1 antisense: CAA TGT TAG GGC CTT TTC GT;

Pop5 sense: GTT CAC TTG GGG GAC TCT GA, Pop5 antisense: AGC

GTG CCC TGT CAA TCT; Pgc1a sense: CAA CCG CAG TCG CAA CAT

GCT, Pgc1a antisense: TGG GGA ACC CTT GGG GTC ATT TG; Hmbs

sense: TCA TTG CTA TGT CCA CCA CG, Hmbs antisense: GAG TGA

ACG ACC AGG TCC A. Primers not specified by manufacturer were

from Qiagen Science: Cat QuantiTect®Primer Assay Mm_Cat_1_SG

Cat. No. QT01058106; Tfam QuantiTect®Primer Assay

Mm_Tfam_1_SG Cat. No. QT00154413; Sod2 QuantiTect®Primer

Assay Mm_Sod_2_1_SG Cat. No. QT00161707; Pop5 QuantiTect®Pri-

mer Assay Mm_Pop5_va.1_SG Cat. No. QT01548428.

The formula (2(Ct [housekeeping gene] – Ct [target gene])) of the compara-

tive threshold cycle (ΔΔCt method) described by Livak and Schmitt-

gen was used to quantify relative RNA/DNA levels (Livak &

Schmittgen, 2001). To estimate the relative copy number of the

mtDNA by qRT-PCR, the Ct value of Nd1 was related to Pop5.

2.5 | Immunocytochemistry

NSCs were washed once with phosphate-buffered saline (PBS), fixed

with Accustain for 45 s and then incubated in blocking solution,
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containing 0.2% Triton and 3% donkey serum in PBS (1 h, room tem-

perature). Primary antibody incubation was carried out in blocking

solution at 4�C, overnight, whereas secondary antibody incubation

was carried out at room temperature for 1 h. The following primary

antibodies were used: mouse anti-β-III-tubulin 1:1000 (Covance, Prin-

ceton, NJ, USA), chicken anti-GFAP 1:1000 (Abcam, Cambridge, UK),

rabbit anti-Nestin 1:500 (Abcam). The cell nuclei were counterstained

with Hoechst 33342 (0.75 μL/mL Hoechst 33342 in PBS) for 1 min.

Mitochondria were visualized by incubating the cells in culture

media containing the fluorescent probe MitoTracker® Green FM (final

concentration of 75 nM), which stains mitochondria independently of

their membrane potential. The incubation was carried out at 37�C for

45 min. Later, the cell nuclei were counterstained with Hoechst

33342 (0.75 μL/mL Hoechst 33342 in PBS) for 1 min. Cells were then

washed with PBS and further incubated with the same medium. The

stained cells were analyzed by fluorescence microscopy (DM IRE2)

and images were acquired using FW4000 (both from Leica, Wetzlar,

Germany). Total cell numbers and positive cells were quantified using

ImageJ (NIH, Bethesda, MD, USA). A total of 1,000 to 2,500 Hoechst

33342+ cells per coverslip were counted and controlled for morphol-

ogy. At least three coverslips were counted per condition.

2.6 | Isolation of mitochondria and Western
blotting

NSCs and their differentiated derivatives were harvested using Accu-

tase® (PAA Laboratories, Cölbe, Germany) treatment. Mitochondria

were isolated from the cells by using Mitochondria Isolation Kit for

Cultured Cells with Homogenizer (MitoSciences/Invitrogen, Darm-

stadt, Germany) following the protocol of the manufacturer. The mito-

chondrial suspension was shock frozen in liquid nitrogen and stored at

�80�C. For immunoblot analysis, 15–20 μg of mitochondrial extracts

from undifferentiated and differentiated CGR8-NS cells were mixed

with 2.5 μL of sample buffer. The final volume was adjusted to

12.5 μL with H2O. Upon denaturation of the protein by incubating

the sample mixture at 95�C for 5 min, the samples were immediately

put on ice and centrifuged briefly before loading the gel lanes. The

NuPage® 12% Bis–Tris gels (1.0 mm � 10 wells) were washed with

water and placed in an electrophoresis chamber filled with NuPage®

1� MOPS running buffer. After loading of the samples, the gel elec-

trophoresis ran constantly at 125 V for up to 90 min. Then the pro-

teins were transferred onto a nitrocellulose membrane according to

the manufacturer's protocol. The membrane was blocked afterwards

for 1 h with 5% dried milk containing PBST (1 mL Tween 20% in 1 L

PBS) to prevent non-specific background binding of primary and/or

secondary antibodies to the membrane. The membrane was incubated

with primary antibodies against goat anti-mtTfa (herein called Tfam),

1:200, Santa Cruz Biotechnology (Dallas, TX, USA); rabbit anti-α-tubu-

lin, 1:1000, Abcam; mouse anti-CoxIV, 1:1000, Abcam in PBST over-

night at 4�C. After three washing steps the membrane was incubated

with secondary antibodies diluted 1:2000 in 1% dried milk containing

PBST for 1 h at room temperature (with horseradish peroxidase-

conjugated donkey anti-goat, anti-rabbit and anti-mouse antibodies;

Dianova Hamburg, Germany). The detection of the membrane was

performed after the final washing steps by Bioimager LAS3000.

2.7 | Native nucleotide measurement

NSCs were harvested from poly-L-ornithine/fibronectin- and poly-L-

ornithine/laminin-coated T-25 fLasks respectively and suspended in

300 μL of PBS. The samples were further mixed with 300 μL perchlo-

ric acid (1 mol/L) to abolish any enzymatic activity. Thereafter, 300 μL

K3PO4 (1 mol/L) was added to neutralize the perchloric acid. The sam-

ples were centrifuged at 13,000 rpm at 4�C for 10 min to remove the

salts. The supernatant was carefully pipetted into a new Eppendorf

tube and immediately frozen in liquid nitrogen and then stored at

�80�C for later high-performance liquid chromatography (HPLC) mea-

surements. For derivatization, 51 μL of citrate–phosphate buffer was

added to the samples. The reaction started by the addition of 5 μL

chloracetaldehyde. After incubation for 40 min at 80�C, the samples

were cooled down to 4�C for 20 min to stop the reaction. Derivatiza-

tion is performed to convert ATP and ADP into their 1,N6-etheno-

derivatives, denoted as ε-ATP, ε-ADP. The samples were assayed by

reverse-phase separation in HPLC using Waters® Alliance 2695 and

XTerra® MS C18 column. The etheno-labeled substances, such as the

ε-ATP and ε-ADP, were detected by a fluorescence detector with an

excitation wavelength of 280 nm and an emission wavelength of

410 nm.

2.8 | Measurement of cellular ROS content

The cellular content of ROS was measured using dihydroethidium

(DHE) and CellROX® green (both Thermo Fisher Scientific, Bremen,

Germany) staining in proliferating and differentiated cells using stan-

dard protocols as published for DHE (Peterson et al., 2011) or pro-

vided by the manufacturer (CellROX®; www.thermofisher.com).

Microscopic images were captured using an FW4000 microscope

(Leica) and quantification of fluorescence signal was done using Ima-

geJ (NIH) and normalized to control condition for each experiment.

2.9 | Cell counting and statistics

Cell counting was performed manually by the same investigator, who

was blinded for the corresponding condition. For analysis of Mito-

Tracker intensity per cell, at least 50 cells per condition were manually

surrounded using the autofluorescence of the cell bodies. An area

without cells was used for background subtraction. All statistical ana-

lyses were performed using SPSS statistical software for Windows

version 21. In some experiments data were normalized to control

samples as described in the text. Normal distribution of data was con-

firmed by Kolmogorov–Smirnov testing. Differences between mean

values of two groups were analyzed by Student's two-sided t-test.
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When more than two groups were compared, statistical analysis was

performed using one-way or two-way analysis of variance, followed

by Bonferroni adjusted post-hoc t-test to compute the statistical dif-

ference between the groups. All data are presented as means ± stan-

dard error of the mean; p values of <.05 were considered significant.

3 | RESULTS

3.1 | Mitochondrial distribution upon
differentiation of NSCs

To investigate mitochondrial function during gliogenesis in NSCs, we

initially used the CGR8-NS cell line generated by Conti and colleagues

by using a lineage selection technique to produce homogeneous and

pure NSC cultures (Conti et al., 2005; Li et al., 1998). CGR8-NS cells

have characteristics similar to those of radial glial cells, but they differ-

entiated solely into GFAP+ astroglial cells. Consistently, we could not

detect any signal for the neuron marker β-tubulin III after differentia-

tion. The advantage of this cell line is its homogeneity and easy avail-

ability for biochemical analysis. In addition, we used primary fetal NSCs

directly isolated from mouse forebrain tissue with glial and neural dif-

ferentiation capacity (Geschwind et al., 2001). CGR8-NS cells and NSCs

were stained with MitoTracker green dye, which accumulates in the

matrix of metabolically active mitochondria (Figure 1). Proliferating

CGR8-NS cells showed a clustered perinuclear arrangement of mito-

chondria, whereas a scattered cytoplasmic distribution was observed in

their glial progeny (Figure 1a). Similar morphological changes were

observed in primary NSCs upon neuroglial differentiation (Figure 1b).

3.2 | Mitochondrial biogenesis upon
differentiation of NSCs

The mtDNA copy number varies among different cell types and tis-

sues (Mao & Holt, 2009) and is directly related to mitochondrial

F IGURE 1 Mitochondrial
morphology upon differentiation
of neural stem cells (NSCs).
MitoTracker green staining of
CGR8-NS cells (a) and primary
NSCs (b) in proliferation and
neural differentiation.
Proliferating cells show
mitochondrial distribution around

the nucleus, whereas their
differentiated derivatives show
more evenly distributed
mitochondria throughout the
cytoplasm. Nuclei were
counterstained with Hoechst
33342 and are shown in blue. The
bottom left insets display high
magnification of the marked
areas. Scale bar, 20 μm. Scale bar
within magnified images, 10 μm.
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function; i.e. cells with higher energy demand have higher mtDNA

copy numbers. To determine mtDNA copy number, the mitochon-

drial gene encoding for one of the subunits of complex I, namely

NADH dehydrogenase 1 (Nd1), was amplified and its content was

normalized to the content of the nuclear encoded gene encoding

for nuclear processing of precursor 5 (Pop5, a subunit of RNase

MRP). Nd1 is located in the minor arc of the mitochondrial genome,

an area which is known to be unaffected by specific mtDNA dele-

tion as occurring in the major arc (Belmonte et al., 2016; Chen

et al., 2011). The relative expression of the Nd1 gene is therefore a

suitable and common measure of the relative copy number of

mtDNA (Augustyniak et al., 2017; Dickinson et al., 2013; Dolle

et al., 2016). In differentiated cells a nearly, five- to seven-fold

increase was observed in mtDNA copy number compared with pro-

liferating cells in both NSC types (Figure 2a, c). To explore mito-

chondrial biogenesis, mRNA expression levels of two major

regulators associated with mitochondrial biogenesis, Pgc1α and

Tfam, were examined in both NSC types: higher expression levels

F IGURE 2 Mitochondrial biogenesis upon differentiation of neural stem cell (NSC) types. (a, c) Relative mtDNA level (mtDNA encoded Nd1
normalized to Pop5 as a nuclear encoded gene) of CGR8-NS cells (a) and primary NSCs (c). mtDNA copy number was measured in proliferating
cells (2 days after splitting for CGR8-NS cells, 7 days after isolation for primary NSCs) and in cells differentiated for 7 days using quantitative RT-
PCR. (b, d) mRNA expression levels of the mitochondrial biogenesis-associated genes Pgc1α and Tfam in proliferating and differentiated CGR8-NS
cells (b) and primary NSCs (d). Housekeeping gene Hmbs was used as reference. (e–g) Western blot analysis of mitochondrial transcription factor
A (TFAM) expression in mitochondrial fraction of proliferating and differentiated CGR8-NS cells. TFAM protein was first normalized to COX IV as
a commonly used mitochondrial loading control (f) showing a decrease in TFAM protein level. By using α-Tubulin (50 kDa) as a loading control
independent of mitochondrial protein expression, TFAM expression was unchanged and COX IV protein expression was increased upon
differentiation (g). The values represent means ± SEM from at least three to six independent experiments. * denotes p < .05, ** denotes p < .01

(two-sided unpaired t-test).
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of Pgc1α were observed in differentiated cells compared with pro-

liferating cells, but expression levels of Tfam were similar in both

conditions (Figure 2b, d).

We next performed Western blot analysis to confirm that there is

no change of TFAM expression upon neural differentiation of NSCs

(Figure 2e–g). Normalization of TFAM protein levels to the estab-

lished mitochondrial loading control COX IV (Yu et al., 2007) showed

a decrease of TFAM protein level (Figure 2e, f). As COX IV seemed to

be upregulated upon differentiation, we additionally used α-tubulin as

a loading control that binds to mitochondrial membranes during isola-

tion of mitochondria (Bernier-Valentin et al., 1983; Liang et al., 2006;

Yang et al., 2018), thus being independent of mitochondrial protein

expression. Normalization to α-tubulin revealed that TFAM expression

was unchanged, whereas COX IV protein expression was increased

upon differentiation (Figure 2g). The upregulation of COX IV expres-

sion upon differentiation further confirmed that neural differentiation

involves activation of mitochondrial function, in this case aerobic

energy metabolism.

F IGURE 3 Legend on next page.
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3.3 | Depletion of mtDNA by ethidium bromide
results in early NSC death

The observed increase in mitochondrial biomass upon neural differen-

tiation of NSCs prompted us to investigate the effects of mtDNA on

differentiation capacity of NSCs. We tried to generate CGR8-NS cells

lacking mtDNA (ρ� cells) using long-term treatment with ethidium bro-

mide (EthBr) at a concentration range from 0.0625 to 0.5 μg/mL,

which is known to work in human cells and mouse fibroblasts

(Hayashi et al., 1990; King & Attardi, 1996). Unfortunately, no viable

mouse ρ� NSCs could be generated using this approach because of

early cell death. This is in accordance with the studies by Fike and col-

leagues for murine adult NSCs (Fike et al., 2009) and described in

Hashiguchi and Zhang-Akiyama (2009). Possibly, long-term treatment

with EthBr exhibits a higher cytotoxicity in NSCs compared with other

somatic cells such as fibroblasts (King & Attardi, 1996).

3.4 | Effects of inhibition of mtDNA replication by
ddC in NSCs

As outlined above, there are two key factors that directly regulate the

mtDNA replication, namely TFAM and the mtDNA polymerase-γ

(POLG) (Clayton, 1982; Clayton, 1992). As no changes were observed

in TFAM expression level upon differentiation, we next focused on

the role of POLG by inhibiting its activity using ddC. NSCs were trea-

ted with ddC during proliferation and differentiation starting from the

first day (CGR8-NS) or starting on day 5 after NSC preparation (pri-

mary fetal NSCs) until the end of the differentiation period (Figures 3

and 4). After 9 days of treatment with ddC, the mtDNA amount was

decreased leaving only a residual amount of mtDNA (Figures 3b

and 4b).

To address changes of the mitochondrial mass, we next analyzed

MitoTracker during proliferation and differentiation in presence and

absence of ddC (Figure 3c, d). Quantification of the MitoTracker signal

per cell revealed a dramatic increase of MitoTracker in differentiated

NSCs compared with proliferating NSCs, which is in concordance with

their increase in mtDNA (Figure 3d). Interestingly, ddC treatment fur-

ther increases the MitoTracker signal in differentiated cells but has no

effects in proliferating cells.

The reduction of mtDNA replication, and hence of mtDNA con-

tent, during proliferation neither affected the total number of cells nor

induced the formation of condensed cell nuclei (Figures S1 and S2),

implicating no effects of mtDNA reduction on NSC proliferation.

However, total cell counts per image revealed that ddC treatment

accelerates glial fate determination of CGR8-NS, which either differ-

entiate into astrocytes or die (Figures S1 and S3) (Conti et al., 2005).

In contrast, total cell counts per image revealed no changes in primary

NSCs (Figure S4). Consistently, immunoreaction analysis revealed nei-

ther a change in the morphology nor a change in the number of Nes-

tin+ NSCs upon ddC treatment (Figures S1 and S2). This is in line with

previous reports showing that stem cells depend on glycolysis instead

of oxidative phosphorylation for their energy supply (Braunschweig

et al., 2022; Iwata & Vanderhaeghen, 2021). Consistently, intracellular

ATP levels and ATP:ADP ratios were not affected by ddC treatment

during proliferation (Figure 5a,b) and the remaining mtDNA content

seems therefore to be sufficient to maintain NSC proliferation

(Khacho et al., 2017; Van Den Ameele & Brand, 2019).

3.5 | Effects of inhibition of mtDNA replication on
NSC differentiation

To investigate whether depletion of the mtDNA level interferes with

glial differentiation capacity, CGR8-NS cells were stained for the glial

cell marker GFAP during proliferation as well as after differentiation

(1 and 7 days after initiation of differentiation; Figure 3e–g). As

known from previous studies (Conti et al., 2005; Li et al., 1998),

CGR8-NS cells did not express GFAP during proliferation, but

switched to GFAP+ glial cells in large numbers after differentiation

F IGURE 3 Influence of mtDNA depletion on glial differentiation capacity of the CGR8-NS cells. (a) Schematic representation of 20-30-
dideoxycytidine (ddC) treatment paradigm. (b) Effects of ddC treatment on mtDNA copy numbers measured in proliferating cells (after 2 days)
and cells differentiated for 7 days using quantitative RT-PCR under control and ddC treatment condition. Two-way ANOVA with post-hoc t-test
and Bonferroni adjustment with developmental stage (proliferation/differentiation) and ddC treatment as fixed factors revealed that
developmental stage and treatment have a significant interaction effect on mtDNA levels (p = .039, F-value = 3.6) and significant differences
among developmental stage (p = .042, F-value = 3.0) and treatments (p = .002, F-value = 7.7). (c) MitoTracker immunoreactivity in proliferating
and differentiated CGR8-NS cells after treatment with 80 μM or 100 μM ddC or no treatment. Scale bar, 20 μm. (d) Quantification of summed
MitoTracker intensity per cell in proliferating and differentiated CGR8-NS cells after treatment with 80 or 100 μM ddC or no treatment. Two-
way ANOVA with post-hoc t-test and Bonferroni adjustment with developmental stage (proliferation/differentiation) and ddC treatment as fixed
factors revealed that developmental stage and treatment have a significant interaction effect (p = .008, F-value = 6.8) as well as significant
differences among treatments (p = .015, F-value = 5.6) and developmental stage (p < .001, F-value = 129.5). (e, f) CGR8-NS cells at

differentiation days 1 and 7 upon ddC treatment showing strong immunoreactivity against GFAP. Nuclear staining is shown in blue (Hoechst
33342). Scale bar, 20 μm. (g) Quantification of GFAP+ cells (percentage of total cell number) at differentiation day 1 and day 7 under control and
treatment condition. Two-way ANOVA with post-hoc t-test and Bonferroni adjustment with developmental stage (proliferation/differentiation)
and ddC treatment as fixed factors revealed that developmental stage and treatment have no significant interaction effect on GFAP+ cell counts
(p = .062, F-value = 3.3) and no significant differences among treatments (p = .066, F-value = 3.2), but significant differences between
developmental stage (p < .001, F-value = 190.6). Data are presented as means ± SEM of at least three independent experiments. Bonferroni
adjusted two-sided post-hoc t-test p-values with * denoting p < .05, ** denoting p < .01 and *** denoting p < .001.
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F IGURE 4 Effects of mtDNA depletion on primary forebrain derived neural stem cells (NSCs). (a) Schematic representation of 20-30-
dideoxycytidine (ddC) treatment paradigm. (b) Effects of ddC treatment on the mtDNA copy number in E14 forebrain-derived NSCs. Two-way
ANOVA with post-hoc t-test and Bonferroni adjustment with developmental stage (proliferation/differentiation) and ddC treatment as fixed
factors revealed that developmental stage and treatment have a significant interaction effect on mtDNA levels (p = .002, F-value = 7.2) and
significant differences among developmental stage (p < .001, F-value = 19.8) and treatments (p = .001, F-value = 8.1). (c) Immunoreactivity
against GFAP (astroglia) and β-Tubulin III (neurons) after 7 days of differentiation under control and ddC (100 μM) treatment condition. ddC
treatment led to less β-Tubulin III+ cells whose neurites appear shorter while GFAP expression was not affected. The nuclei were counterstained
with Hoechst 33342. Scale bar, 20 μm. (d) Quantification of GFAP+ cells at differentiation day 7 under control and treatment conditions. One-
way ANOVA revealed no significant changes in the number of GFAP+ cells upon treatment (p = .670; F = 0.53). (e) Quantification of β-Tubulin
III+ neurons at differentiation day 7 under control and treatment conditions. One-way ANOVA revealed significant differences in the number of
β-III-Tubulin+ cells upon treatment (p = .001; F = 17.15). Data are presented as means ± SEM of at least three independent experiments.
Bonferroni adjusted two-sided post-hoc t-test p-values with * denoting p < .05, ** denoting p < .01, and *** denoting p < .001.
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(Figure 3G, Figure S1a). Interestingly, the number of GFAP+ astroglial

cells after differentiation were not affected by mtDNA depletion

(Figure 3g). Of note, most of the CGR8-NS cells were lost through ini-

tiation of differentiation, but no condensed nuclei could be observed

7 days after differentiation, which indicates an absence of apoptotic

processes due to ddC treatment. The data show that these cells did

not lose their ability to differentiate into glia even though the mtDNA

level was decreased by �97%.

We next analyzed the effects of mtDNA depletion on the neural

differentiation capacity of primary NSCs that allowed us to investigate

glial and neuronal specifications in the same culture (Figure 4a). Treat-

ment with ddC significantly reduced the mtDNA level in differentiated

derivatives down to the levels of undifferentiated NSCs (Figure 4b).

After differentiation, no significant changes were observed in the

number of GFAP+ cells when comparing ddC treatment conditions to

control condition (Figure 4c, d). After 7 days of differentiation,

F IGURE 5 Effects of mtDNA depletion on energy metabolism of primary isolated neural stem cells (NSCs) during differentiation.
(a) Intracellular ATP level in proliferation and differentiation under control and 20-30-dideoxycytidine (ddC) treatment conditions. Two-way
ANOVA with post-hoc t-test and Bonferroni adjustment with developmental stage (proliferation/differentiation) and ddC treatment as fixed
factors revealed that developmental stage and treatment have no significant interaction effect on ATP levels (p = .283, F-value = 1.3) and no
significant differences among treatments (p = .823, F-value = 0.1), but significant differences between developmental stages (p = .001,
F-value = 23.7). (b) ATP:ADP ratio under proliferation and differentiation condition in control and ddC treatment condition. Two-way ANOVA
with post-hoc t-test and Bonferroni adjustment with developmental stage (proliferation/differentiation) and ddC treatment as fixed factors
revealed that developmental stage and treatment have no significant interaction effect on ATP:ADP ratio (p = .583, F-value = 0.33) and no
significant differences among treatments (p = .746, F-value = 0.11), but significant differences between developmental stages (p = .003,

F-value = 18.34). (c, d) Effects of ddC treatment on cellular ROS as measured by dihydroethidium (DHE) (c) and CellROX® staining (d). DHE and
CellROX® fluorescence was measured in proliferating (2 days) and differentiated (7 days) cells under control and ddC treatment conditions. Two-
way ANOVA with post-hoc t-test and Bonferroni adjustment with developmental stage (proliferation/differentiation) and ddC treatment as fixed
factors revealed for DHE staining that developmental stage and treatment have no significant interaction effect on DHE fluorescence intensity
(p = .708, F-value = 0.5) and no significant differences among developmental stage (p = .087, F-value = 3.2) and treatments (p = .253,
F-value = 1.5), and for CellROX® staining that developmental stage and treatment have no significant interaction effect (p = .078, F-value = 2.6)
but significant differences among developmental stage (p = .012, F-value = 7.3) and treatments (p = .005, F-value = 5.6). Data are presented as
means ± SEM of at least three independent experiments. Bonferroni adjusted two-sided post hoc t-test p-values with * denoting p < .05, and
** denoting p < .01.
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however, immunocytochemical analysis revealed morphological

changes with shorter neurites and markedly reduced numbers of

β-tubulin III+ neurons in ddC-treated cultures in comparison to control

conditions (Figure 4c, d). Of note, ddC treatment did not influence cell

survival during proliferation and differentiation (Figure S2c).

To check whether these effects on mtDNA depletion are related

to changes in cellular energy state, HPLC-based analyses were per-

formed in NSCs and their differentiated derivatives that were treated

with the highest ddC concentration used (100 μM). Neither intracellu-

lar ATP levels nor ATP:ADP ratios were changed upon ddC treatment

when compared with control samples (Figure 5a,b). We next tested

the effects of ddC treatment on cellular ROS using DHE and Cell-

ROX® staining in proliferating and differentiated cells (Figure 5c,d).

Treatment with up to 100 μM ddC did not significantly change cellular

ROS levels of proliferating or differentiated cells as measured by

DHE, which is associated with hyperoxide ROS (Figure 5c). The Cell-

ROX® detection assay, which is more sensitive to various ROS,

revealed an increase in cellular ROS in the differentiated cell state

incubated with ddC concentrations of 50 μM and higher (Figure 5d).

In conclusion, ddC-induced mtDNA depletion resulted in a reduced

number of β-tubulin III+ cells in differentiated primary NSCs while nei-

ther affecting the amount of GFAP+ cells nor proliferation.

4 | DISCUSSION

The present study demonstrates the pivotal involvement of mtDNA

replication in the differentiation potential of NSCs into nerve cells,

but not glial cells. Inhibition of mtDNA replication by ddC leads to

reduction of cellular mtDNA content, which consequently impairs the

ability of NSCs to adapt their mtDNA levels to their differentiated

state. This specific mitochondrial defect efficiently blocks early neuro-

nal, but not glial, differentiation of NSCs. As ATP content and the

ATP:ADP ratio as a sensitive measure of cellular energy state

(Metallo & Vander Heiden, 2013; Yuan et al., 2013) as well as cellular

ROS content remain largely unchanged in ddC-treated cells, the

effects of mtDNA depletion on neurogenesis are most likely not medi-

ated by changes in cellular energy metabolism or ROS production.

Studies on mitochondrial morphology in both NSC types, such as

ESC-derived CGR8-NS cells and primary NSCs isolated from fetal

mouse (E14) forebrain, showed a differential mitochondrial pattern in

undifferentiated NSCs compared with their differentiated counter-

parts: a clustered perinuclear arrangement was characteristic for

NSCs, whereas a more dispersed and cytoplasmic distribution was

typical for differentiated cells, which is in accordance with previous

studies (Cho et al., 2006; Lonergan et al., 2006). Indeed, Lonergan and

colleagues suggested that mitochondrial properties, such as metabolic

activity or subcellular distribution, can be used as markers of stemness

or proliferative state (Lonergan et al., 2006) with a perinuclear

arrangement of mitochondria being characteristic for stem cells and a

more dispersed mitochondrial distribution being characteristic for dif-

ferentiated cells. The changes in mitochondrial distribution of NSCs

undergoing differentiation coincided with a significant increase in

mtDNA levels. These findings are in accordance with previous obser-

vations showing increased mitochondrial biomass and mtDNA copy

number upon differentiation of various stem and cancer cells including

NSCs (Cho et al., 2006; Dickinson et al., 2013; Facucho-Oliveira

et al., 2007; Lee et al., 2015; St John et al., 2005). Indeed, Augustyniak

and co-workers also showed an increase of mitochondrial biomass

and mtDNA cellular content during early differentiation of induced

pluripotent stem cell-derived NSCs (Augustyniak et al., 2017; August-

yniak et al., 2019). Taken together, these data point to a major role of

mitochondrial function, and particularly of mtDNA replication, in NSC

differentiation.

We therefore focused on the involvement of mtDNA and its rep-

lication in NSC differentiation properties. For this, we aimed to create

an NSC line completely devoid of mtDNA (ρ� NSCs) as demonstrated

in several other cells types (Desjardins et al., 1985; Desjardins

et al., 1986; King & Attardi, 1989; Morais et al., 1980). However, pre-

vious studies failed in creating mouse ρ� cell lines when the cells were

treated with EthBr (Hashiguchi & Zhang-Akiyama, 2009). In particular,

approaches to creating ρ� NSCs failed, because the NSCs died within

a short period of time after EthBr treatment (Fike et al., 2009). Consis-

tently, our trials to deplete mtDNA in the CGR8-NS cell line by using

EthBr were also unsuccessful. As an alternative approach, we have

targeted the POLG, which is—along with TFAM—a major factor that

directly controls mtDNA replication (Clayton, 1982; Clayton, 1992).

TFAM is a direct regulator of mtDNA replication and transcription as

well as of mitochondrial biogenesis (Ekstrand et al., 2004; Montoya

et al., 1997; Virbasius & Scarpulla, 1994; Wu et al., 1999). However,

we did not observe any changes in TFAM expression on either the

mRNA or the protein level. This is in contrast to reports in embryonic

and adult hippocampal NSCs with TFAM as a relevant regulator of

mtDNA copy number and mitochondrial biogenesis

(Beckervordersandforth, 2017; Beckervordersandforth et al., 2017;

Uittenbogaard et al., 2018). In agreement with other stem and cancer

cell types (Lee et al., 2015), TFAM seems not to be the major factor in

mtDNA replication during gliogenesis and, most likely, not during early

neurogenesis in fetal NSCs (Dickinson et al., 2013). Nevertheless,

TFAM seems to be essential for survival and differentiation of NSCs

as TFAM depletion leads to cell cycle arrest as well as impaired neuro-

nal differentiation and maturation (Kuroda et al., 2021; Qi

et al., 2022). Surprisingly, Kuroda and colleagues found a severe

reduction not only of neuronal but also of glial differentiation. How-

ever, they also showed a dramatic reduction of BrdU+ cells showing a

general reduction of cell division, which is needed for neuron as well

as astrocyte production. In contrast, the specific POLG inhibitor ddC

(Chen et al., 1991; Wang et al., 1997) reduced mtDNA copy number

during proliferation in the CGR8-NS cell line and completely blocked

the upregulation of mtDNA during the differentiation process in both

NSC types without major morphological changes or increased cell

death. Obviously, the regulation of mtDNA replication is highly spe-

cific for the various stem cell types, including various NSC subtypes,

and might additionally depend on the experimental conditions.

Inhibition of mtDNA replication did not influence cell survival or

stem cell morphology of both NSC types in our experimental
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conditions, but selectively reduced neurogenesis without affecting

gliogenesis from NSCs even after treatment with low concentrations

of ddC (30 μM). Despite it having been shown that ddC is able to

cause neuron-specific damage (Dalakas et al., 2001; Liu et al., 2014),

in our conditions, the ddC treatment did not influence cell survival or

stem cell morphology of both NSC types, which suggests a specific

suppression of neuronal fate determination rather than neuron-

specific cell death. On the other hand, gliogenesis was neither affected

in CGR8-NS cells nor in primary NSCs, which is in line with data from

Chen and colleagues who used iPSCs from patients with Polg muta-

tions (Chen et al., 2022). In accordance, astrocytes are reported to be

generally more dependent on glycolysis instead of mitochondrial

metabolism, additionally explaining the unaffected gliogenesis

(reviewed in Belanger et al., 2011, Bonvento & Bolanos, 2021). A

recent study using patient-derived iPSCs bearing a Polg mutation for

3D brain organoid could show further that POLG not only specifically

reduces neurogenesis, but also shifts the specific neuronal differentia-

tion from dopaminergic neurons to GABAergic and glutaminergic neu-

rons (Chen et al., 2024). Patient-derived iPSCs bearing a Polg mutation

themselves and astrocytes cultivated from them seem to be not as

much affected by the mutation as the derived NSCs (Hong

et al., 2023; Liang et al., 2020). Moreover, β-tubulin III+ neurons

showed clear morphological changes with shorter neurite formation in

comparison to neurons grown in control conditions, indicating a more

immature neuronal differentiation state. The phenomenon of shorter

neurites was also described by Verma and colleagues who investi-

gated neurons derived from iPSCs harboring Polg mutations (Verma

et al., 2023). Wang and co-workers observed similar effects on neural

differentiation of primary NSCs by another approach to impair

mtDNA function. They produced mtDNA damage by knocking out the

enzyme 8-oxoguanine DNA glycosylase as an essential enzyme for

mtDNA repair (Wang et al., 2011). The authors claim that the activa-

tion of astrogenesis-promoting Sirt1 by oxidative stress is responsible

for this shift in NSC differentiation fate. Beckervordersandforth and

co-workers also reported that in vivo genetic ablation of TFAM

inhibits adult hippocampal neurogenesis (Beckervordersandforth

et al., 2017). Contributing to this, mtDNA depletion achieved by

TFAM knock-down massively decreased neuronal differentiation

(Kuroda et al., 2021; Qi et al., 2022). However, gliogenesis was also

affected by TFAM knock-down whereas the POLG-induced mtDNA

depletion solely affected neurogenesis but not gliogenesis.

It is well known that the increase in mtDNA content and mito-

chondrial biomass upon the differentiation process of stem cells into

their differentiated derivatives—as observed in our fetal NSC model—

is associated with a switch from anaerobic energy production to oxi-

dative phosphorylation (Agathocleous et al., 2012; Homem

et al., 2014; Wanet et al., 2015; Xavier et al., 2016; Zheng

et al., 2016). Unexpectedly, mtDNA depletion by ddC did not alter

intracellular ATP levels and ATP:ADP ratios, reflecting cellular energy

metabolism in NSCs after 7 days of differentiation (9 days of treat-

ment). However, similar data were obtained for human iPSCs: short-

term mtDNA depletion (5 days) did not affect ATP production, and

only long-term (10 days) led to a reduction of ATP (Qi et al., 2022).

Moreover, severe changes in energy metabolism as well as ROS pro-

duction have been shown in iPSC-derived NSCs bearing a Polg muta-

tion that were passaged several times (Hong et al., 2023; Liang

et al., 2020). This probably reflects a very long-term mtDNA deple-

tion, which further demonstrates that the duration of POLG-mediated

mtDNA depletion plays an important role for its consequences on

energy and ROS metabolism. The reasons for this lack of short-term

mtDNA depletion effects remain enigmatic but might include the sta-

bility of mitochondrial enzyme complexes of the oxidative phosphory-

lation system during the rather short experimental time period and/or

their re-arrangement in super-complexes as observed in other stem

cell systems upon differentiation (Hofmann et al., 2012). As ddC treat-

ment is not reported to affect mtDNA transcription (Kuthethur

et al., 2022), increased expression of the remaining mtDNA might also

be involved in compensating the effects of mtDNA depletion in our

cell lines. Alternatively, our approach to target the mtDNA using

POLG inhibition may lead to less energy consumption, as in the case

of previously used methods largely inducing mtDNA damage and sub-

sequently energy-dependent DNA repair mechanisms. However,

alterations of cellular energy metabolism, at least ATP metabolism, are

not responsible for the effects of mtDNA depletion on early NSC

differentiation.

Another possible mechanism mediating the actions of mtDNA

depletion on NSC differentiation might involve mitochondrial generation

of ROS, which have recently been found to regulate NSC proliferation,

lineage commitment, and differentiation (Beckervordersandforth, 2017;

Forsberg et al., 2013; Kahroba et al., 2020; Khacho et al., 2016; McBride

et al., 2006; Oswald et al., 2018). In our experimental setup, mtDNA

depletion provoked an increase in cellular ROS content only at high con-

centrations of ddC when measured by the CellROX technique, but not

via DHE measurement. This difference is potentially caused by the speci-

ficity of DHE for hyperoxide ROS (Chen et al., 2009). As even lower con-

centrations of ddC reduce neurogenesis, it is highly unlikely that the

effects of mtDNA depletion on neurogenesis in primary NSCs are medi-

ated through changes in cellular redox state. Despite their mtDNA deple-

tion being achieved by TFAM knock-down, Qi and colleagues observed

something similar: while short-term (5 days) mtDNA depletion did not

change ATP production, a long-term mtDNA depletion massively

reduced ATP production most likely caused by destroyed mitochondria

(Qi et al., 2022). In contrast, this did not reflect their redox state, as both

long-term and short-term cultivated cells showed dramatically reduced

ROS levels when analyzed by CellROX as well as by MitoSox (Kuroda

et al., 2021, Qi et al., 2022). However, an increase of ROS levels (ana-

lyzed by DCFDA) has been shown for iPSC-derived NSCs bearing a Polg

mutation and passaged several times showing further differences of

TFAM- or POLG-mediated mtDNA depletion (Liang et al., 2020). Grow-

ing evidence indicates that mitochondria are an integral part of multiple

cell signaling cascades with Ca2+ signaling, various GTPases, kinases, and

phosphatases being involved in bi-directional communication between

the mitochondrion and other cell components including the nucleus

(McBride et al., 2006). Future studies are needed to determine the spe-

cific cascade of this mitochondrion–cytoplasm–nucleus communication

regulating cell fate decisions in NSCs.
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In ancillary analyses, we observed not only an increase of the

mitochondrial biomass upon differentiation of NSCs but also by inhi-

bition mtDNA replication using ddC in differentiated NSCs. This

increase in biomass might reflect the interplay between reduced

mtDNA replication and mitochondrial morphology and dynamics

(Chen et al., 2010; Silva Ramos et al., 2019; Viscomi & Zeviani, 2017).

Interestingly, it was shown in the 1990s that mitochondria contain

about 50–100 copies of mtDNA that enable them to divide without

further mtDNA replication until one to five copies of mtDNA remain

(Kuroiwa et al., 1994). In human cells the number of mtDNA copies that

are organized in nucleoids reaches several hundreds and multiple copies

of mtDNA can be allocated in a single mitochondrion (Kukat

et al., 2011; Legros et al., 2004; Satoh & Kuroiwa, 1991). However, the

connection of mtDNA copy number per mitochondrion with mitochon-

drial biomass is still very poorly understood, potentially because of high

mitochondrial dynamics. Physiologically, mitochondria are elongated in

NSCs, fragmented in NPCs, and again elongated in neurons (reviewed

in Coelho et al. (2022). Indeed, mitochondrial fusion is not only linked

to mtDNA replication, but also directs NSCs to self-replication instead

of neuroglial differentiation, presumably by modifying ROS signaling

(Iwata et al., 2020; Khacho et al., 2016). Contributing to this, mitochon-

drial fusion and fission appear to be generally important for stem cell

fate and neuronal maturation, as well as neuronal survival (Fang

et al., 2016; Jahani-Asl et al., 2011; Kochan et al., 2024). The research

groups investigated various neuronal stem cell types by knocking-down

or overexpressing mitofusin (MFN/Mfn) genes. A reduction of MFN

prevented the fusion of mitochondria, which subsequently impaired

neuronal differentiation and maturation, whereas, vice versa, overex-

pression of MFN2 led to increased neurogenesis and survival. How-

ever, while the mechanism of fusion and fission of mitochondria

affecting neurogenesis fits very well with our model, MFN/Mfn genes

are coded chromosomally and therefore are not directly affected by

mtDNA depletion. Not much is known about the effects of POLG or

mtDNA depletion on fusion/fission of mitochondria. That POLG can

affect fusion/fission of mitochondria has been shown in zebrafish or

smooth muscle cells, but—to the best of our knowledge—not yet in

NSCs (Branas Casas et al., 2024; Silva Ramos et al., 2019; Zhu

et al., 2023). Unfortunately, our data about mitochondrial biomass are

limited to CGR8-NS cells, as it was impossible to distinguish the Mito-

Tracker signal between individual cells in primary NSCs due to their

strong arborization and overlapping of the cells. Nevertheless, our data

show that future studies are warranted to investigate the interplay

between mtDNA content and the mitochondrial fusion–fission balance

as a factor involved in neurogenesis in fetal NSCs.

Although, it is in principle possible that ddC might provoke as yet

unknown cellular effects that inhibit neurogenesis, ddC is reported to

be highly specific for inhibiting mitochondrial POLG activity through

its phosphorylated metabolite ddC-triphosphate (ddCTP) in mamma-

lian cells (Wang et al., 1997). This view is supported by the fact that

effects of ddC are only observed in cells that are undergoing mtDNA

replication. Although actions of POLG independent from mtDNA rep-

lication have not yet been described, such actions with mtDNA deple-

tion being only a bystander effect might putatively also explain the

observed effects. Dissecting the molecular mechanisms underlying

the effects of POLG inhibition on neurogenesis, however, clearly

needs further investigations. The other known effect of ddC, namely

the therapeutically used action on reverse transcriptase activity to

treat retroviral infection (Clayton, 1982), does not play a role in our

cell system.

In conclusion, mtDNA replication is essential for early neurogen-

esis events, but not for gliogenesis, in fetal NSCs. Although the under-

lying mechanisms are still unclear, they are most likely not mediated

through alterations in cellular energy metabolism or ROS production.

It will be interesting to dissect the cellular signaling pathways and/or

metabolic circuits that are enabled by mtDNA-dependent mitochon-

drial activity in early neurogenic differentiation of NSCs.
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