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Abstract

Oxidative DNA damage induces changes in the neuronal cell cycle and acti-
vates a DNA damage response (DDR) to promote repair, but these processes
may be altered under a chronic oxidative environment, leading to the accumu-
lation of unrepaired DNA damage and continued activation of a DDR. Failure
to repair DNA damage can lead to apoptosis or senescence, which is character-
ized by a permanent cell cycle arrest. Increased oxidative stress and accumula-
tion of oxidative DNA damage are features of brain ageing and
neurodegeneration, but the effects of persistent DNA damage in neurons are
not well characterized. We developed a model of persistent oxidative DNA
damage in immortalized post-mitotic neurons in vitro by exposing them to a
sublethal concentration of hydrogen peroxide following a ‘double stress’ proto-
col and performed a detailed characterization of the neuronal transcriptome
using microarray analysis. Persistent DNA damage significantly altered the
expression of genes involved in cell cycle regulation, DDR and repair mecha-
nisms, and mitochondrial function, suggesting an active DDR response to rep-
lication stress and alterations in mitochondrial electron transport chain.
Quantitative polymerase chain reaction (QPCR) and functional validation
experiments confirmed hyperactivation of mitochondrial Complex I in
response to persistent DNA damage. These changes in response to persistent

Abbreviations: AU, arbitrary units; bFGF, basic fibroblast growth factor; BSA, bovine serum albumin; cRNA, complimentary RNA; DDR, DNA
damage response; DE, differentially expressed; DMEM, Dulbecco’s modified Eagle’s medium; DMF, dimethyl formamide; DSBs, double-strand
breaks; ds-cDNA, double-stranded cDNA; DSL, double-stressed LUHMES; FC, fold change; GCOS, Gene Chip Operating System; GDNF, glial-derived
neurotrophic factor; H,0,, hydrogen peroxide; HDR, homology directed repair; IMPaLA, Integrated Molecular Pathway Level Analysis; iNeurons,
directly reprogrammed patient-derived neurons; IVT, In Vitro Transcription; LUHMES, Lund Human Mesencephalic cell line; MCI, mild cognitive
impairment; Mdivi-1, mitochondrial-division inhibitor 1; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NHEJ, non-homologous
end-joining; OGD, oxygen glucose deprivation; PD, Parkinson’s disease; PFA, paraformaldehyde; PLO, poly-L-ornithine; RMA, Robust Multi-Array
Average; ROS, reactive oxygen species; RT, room temperature; SDS, sodium dodecyl sulphate; SEM, standard error of the mean; SSA, single strand
annealing; SSL, single-stressed LUHMES; TCA, tricarboxylic acid; Tet, tetracycline hydrochloride; UDCA, ursodeoxycholic acid.
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1 | INTRODUCTION

Neurons are long-lived terminally differentiated cells that
are particularly vulnerable to oxidative stress due to their
high metabolic rate and limited antioxidant mechanisms
(Dringen et al.,, 1999, 2005). Reactive oxygen species
(ROS) are highly reactive molecules that can induce
DNA damage in different ways, including the formation
of double-strand breaks (DSBs), one of the most lethal
forms of DNA damage (Sharma et al., 2016). Increased
levels of oxidative stress and oxidative DNA damage have
been described in the ageing brain and are hallmarks of
neurodegeneration (Al-Mashhadi et al., 2015, Lu
et al., 2004). Oxidative DNA damage is present in patients
with mild cognitive impairment (MCI) and early
Alzheimer’s disease (AD), as well as in Parkinson’s dis-
ease (PD) and amyotrophic lateral sclerosis (ALS)
(Bradley-Whitman et al., 2014; Ferrante et al., 1997; Isobe
et al., 2010; Murata et al., 2008; Shanbhag et al., 2019;
Simpson et al., 2015).

To repair and prevent the effects of oxidative stress-
induced DNA damage, neurons have evolved a DNA
damage response (DDR) that is closely linked to cell cycle
regulatory mechanisms. Despite the post-mitotic nature
of neurons, cell cycle re-entry is a requirement for a DDR
to be initiated in response to neuronal DNA damage
under normal conditions (Kruman et al., 2004; Schwartz
et al., 2007; Tomashevski et al., 2010). Persistent accumu-
lation of oxidative DNA damage in neurodegenerative
pathologies has also been shown to induce sustained acti-
vation of DDR signalling, which could initially be acti-
vated in order to promote repair, but that could become
faulty or detrimental with chronicity (Barrio-Alonso
et al., 2018; Kim et al., 2020; Silva et al., 2014; Simpson
et al., 2015).

Persistent oxidative DNA damage can lead to aberrant
cell cycle progression, genome instability, altered tran-
scription and defective protein synthesis, but the involve-
ment of these mechanisms in neurodegeneration has not
been fully described. A persistent DDR is linked to oxida-
tive damage in neurons from patients with cognitive
impairment but with little or no AD-type pathology
(Simpson et al., 2015); moreover, gene expression analy-
sis of isolated neurons from these cases suggested that a

oxidative DNA damage may lead to further oxidative stress, contributing to

neuronal dysfunction and ultimately neurodegeneration.

cell cycle re-entry, DNA damage response, mitochondrial Complex I, oxidative stress, post-

persistent DDR significantly changes the neuronal trans-
criptomic profile (Simpson et al., 2016). If the DNA dam-
age is not completely repaired, resulting in a persistent
DDR, it could also result in a senescent-like phenotype in
neurons, a mechanism that was thought to only occur in
mitotic cells (Jurk et al., 2012; Simpson et al., 2015).
These data point to the involvement of persistent DNA
damage and a DDR in the early stages of neu-
rodegeneration, and a more detailed characterization is
needed to identify their impact on neuronal function.

Transcriptome profiling is widely used to investigate
gene expression patterns and allows the study of biologi-
cal processes at the messenger RNA level under specific
cellular conditions. Microarray has been successfully
used to study gene expression changes in cultured cells
and human tissue following already established and
reproducible protocols (Ajikumar et al, 2019; Fadul
et al., 2020; Ratcliffe et al., 2018; Simpson et al., 2011,
2016). To determine how persistent oxidative DNA dam-
age affects neurons and could potentially lead to neuro-
nal dysfunction, we developed an in vitro model of
persistent oxidative stress in immortalized post-mitotic
neurons and conducted transcriptomic profiling using
microarray technology to determine alterations of cell
pathways under this condition.

2 | MATERIALS AND METHODS
2.1 | LUHMES cell culture and oxidative
DNA damage model

The Lund Human Mesencephalic (LUHMES, ATCC®
CRL-2927™) cell line is a commercially available condi-
tionally immortalized cell line derived from the
tetracycline-controlled, v-myc-overexpressing human
mesencephalic cell line MESC2.10 (Lotharius, 2005;
Lotharius et al., 2002). Differentiation of LUHMES was
performed following the two-step protocol previously
established (Scholz et al., 2011) with some modifications.
Base culture medium consisted of advanced Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (Gibco), 1x
N2-Supplement  (ThermoFisher Scientific), 2-mM
L-glutamine (Lonza) and 1% penicillin/streptomycin
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(Lonza). Proliferation medium consisted of base medium
supplemented with 40 ng/ml recombinant basic fibro-
blast growth factor (bFGF) (Peprotech EC Ltd.); differen-
tiation medium consisted of base medium supplemented
with 2 ng/ml recombinant human glial-derived neuro-
trophic factor (GDNF) (Peprotech EC Ltd.) and 1 pg/ml
tetracycline hydrochloride (Tet) (Sigma-Aldrich). Prolif-
erating LUHMES were cultured in T75 coated flasks in
proliferation medium until cells reached 70%-80% con-
fluency, with a media change every 2 days. To start differ-
entiation, confluent proliferating LUHMES were cultured
in differentiation medium, and 2days after, pre-
differentiated LUHMES were trypsinized, replated on to
the appropriate coated plates at 2.5 x 10° cells/cm? and
cultured in differentiation medium for a further 3 days.
To confirm successful generation of post-mitotic
LUHMES, expression of morphological changes and
decline in the expression of proliferation markers was

assessed throughout the differentiation protocol, which
lasts a total of 5 days (Figure S1). All experiments were
performed on Day 6, at which point LUHMES were con-
sidered to be post-mitotic. Cell culture flasks, multiwell
plates and glass coverslips used for LUHMES -culture
were coated at 37°C for >3 h with 50 pg/ml poly-L-
ornithine (PLO) hydrobromide and 1 pg/ml fibronectin
from human plasma (both from Sigma-Aldrich, St Louis,
MO, USA) in distilled water (dH,O).

2.2 | Induction of oxidative DNA damage
in post-mitotic LUHMES and cell viability
assessment

To induce oxidative DNA damage, differentiated
LUHMES were incubated either once (single-stressed
LUHMES [SSL]) or twice (double-stressed LUHMES

Post-mitotic
LUHMES

Control

“Double
stress”
Time: 6

hours after
first stress

50 uM H,0,

Transcriptome
analysis

DSL

FIGURE 1

| T L L

Control

A

SSL

Double-stress protocol followed to induce persistent oxidative DNA damage in human neurons in vitro. Differentiated

LUHMES (sixth day of differentiation) were stressed with 50-uM H,0,. Six hours after the first stress, cells were exposed to a second 50-uM
H,0, challenge (DSL), whereas only the vehicle was added to control and single-stressed LUHMES (SSL). Changes in the transcriptome of
control, SSL and DSL were assessed 96 h after exposure to the second 50-uM H,O, stress
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[DSL]) with 50-uM hydrogen peroxide (H,0,); the second
50-pM H,0, stress was added to the culture medium 6 h
after the first one. Vehicle only (dH,0) was added to con-
trol LUHMES, and cells were then cultured for a further
96 h with one media change at 48 h (Figure 1). The con-
centration of 50-uM H,0, was selected based on prelimi-
nary experiments that assessed cell viability of post-
mitotic LUHMES exposed to increasing concentrations of
H,0, (Figure S2).

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny
Itetrazolium bromide) reduction assay was used to assess
H,0, toxicity on SSL and DSL 24, 48, 72 and 96 h after
exposure to the first 50-uM H,0, stress. For this, 50 pl per
well of 5mg/ml MTT solution (Sigma-Aldrich) were
added at each time point assessed to control LUHMES,
SSL and DSL cultured in 24-well plates. To promote the
formation of formazan crystals, cells were incubated with
the MTT solution at 37°C for 3 h after which formazan
crystals were solubilized by adding 550 pl per well of
SDS/DMF solution (20% sodium dodecyl sulphate/50%
dimethyl formamide, pH 4.7). Plates were incubated at
room temperature (RT) for 30 min on a plate shaker to
homogenize the samples. Three aliquots of 200 pl per well
were transferred to a 96-well plate for to be read at 595 nm
in a PHERAStar microplate reader (BMG Labtech). A
medium-only control was used to account for background
signal; its absorbance value (arbitrary units [AU]) was sub-
tracted from the AU values of control LUHMES, SSL and
DSL samples. Cell viability was expressed as percentage
cell viability relative to control.

2.3 | Detection of YH2AX foci in stressed
LUHMES

yH2AX foci formation was assessed at 6, 24, 48, 72 and
96 h after H,0, treatment in control LUHMES, SSL and
DSL. For this, stressed post-mitotic LUHMES cultured in
96-well plates were fixed with 4% paraformaldehyde
(PFA) for 10 min, permeabilized in 0.3% Triton-X100 for
3 min and blocked in 3% bovine serum albumin (BSA)
for 30 min. For yH2AX foci detection, cells were incu-
bated with a monoclonal anti-yH2AX (Ser139) antibody
(1:1000, Merck Millipore) for 1 h at RT, followed by incu-
bation with a goat anti-mouse fluorescent secondary anti-
body (Alexa Fluor 568, 1:1000, ThermoFisher Scientific)
for 1 h. Nuclei were stained with Hoechst 33342 (5 pg/ml
bisbenzimide in phosphate buffered saline [PBS]). For
imaging, 20 fields per well were imaged at 40x with the
Opera Phenix high content imaging system (Perkin
Elmer). Images were analysed using Harmony software,
and the percentage of YH2AX positive nuclei per well
and number of yH2AX foci per cell were determined.

24 | CellROX assay

Oxidative stress levels were investigated at 24, 48, 72 and
96 h after H,0, treatment in control LUHMES, SSL and
DSL. For this, stressed post-mitotic LUHMES cultured in
96-well plates were incubated with 5-pM CellROX™
Green Reagent (ThermoFisher Scientific) for 30 min at
37°C. LUHMES were then washed and fixed with 4%
PFA for 10 min, permeabilized in 0.3% Triton-X100 for
3 min and blocked in 3% BSA for 30 min. Nuclei were
stained with 5 pg/ml Hoechst 33342 and imaged at 40x
with the Opera Phenix high content imaging system.
Images were analysed using Harmony software, and the
intensity of fluorescence was measured.

2.5 | Transcriptome analysis of stressed
post-mitotic LUHMES

Microarray analysis was performed on control LUHMES,
SSL and DSL to investigate changes in their trans-
criptome. For this, 96 h after the second 50-uM H,O,
stress, control LUHMES, SSL and DSL cultured in
12-well plates were harvested in Trizol Reagent
(ThermoFisher Scientific), and purified RNA was
obtained with the Direct-zol RNA MiniPrep extraction
protocol (Zymo Research). To assess RNA concentration
and integrity, RNA samples were run in an Agilent RNA
6000 Nano Chip (Agilent Technologies INC) (RIN num-
bers in Table S1).

The 3’ IVT Pico Reagent kit (ThermoFisher Scientific)
was used to process RNA samples for hybridization to
GeneChip Human Genome U133 Plus 2.0 Arrays
(ThermoFisher Scientific). Briefly, 10 pg of RNA/sample
were used for double-stranded (ds)-cDNA synthesis,
followed by In Vitro Transcription (IVT) to produce com-
plimentary RNA (cRNA). Second-cycle ds-cDNA synthe-
sized from cRNA was fragmented and labelled with
biotinylated DNA Labelling Reagent and hybridized to
the microarray chips, together with hybridization con-
trols (bioB, bioC, bioD and cre) and Oligo B2, for 16 h at
45°C and 60 rpm. Microarray chips were washed and sta-
ined in the Fluidics Station 400 and the Gene Chip Oper-
ating System (GCOS) and scanned in the GC3000 7G
scanner.

2.6 | Validation of microarray data by
quantitative real-time polymerase chain
reaction

To validate the microarray findings, a number of candi-
date genes were selected for quantitative polymerase
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chain reaction (qPCR) detection and quantification.
Extracts collected in Trizol from 96-h control LUHMES,
SSL and DSL were used for RNA extraction with the
Direct-zol RNA MiniPrep, and Zymo-Spin IIC Columns
(Zymo Research) RNA extracts (RIN numbers supplied
in Table S1) were processed with gScript cDNA Super-
mix (Quanta Biosciences) for cDNA synthesis. For
gPCR  amplification, PrimeTime qPCR  assays
(Integrated DNA Technologies) were used (Assay IDs:
ATR - Hs.PT.56a.39957055; CLSPN - Hs.PT.58.765177;

CDC27 - Hs.PT.58.205347, CCNB1 - Hs.
PT.56a.39564933; NDUFS3 -  Hs.PT.58.24945159;
NDUFV3 - Hs.PT.58.24769161; ACTB - Hs.

PT.39a.22214847; GAPDH - Hs.PT.39a.22214836). Sam-
ples for qPCR experiments had a final volume of 10 pl
per sample and contained 60 ng of cDNA, 500 nM of
primers, 250 nM of probe and 2x Brilliant III qPCR
Master Mix (Agilent Technologies) and were amplified
following a two-step thermal profile (10 min at 95°C,
then 40 cycles of 30 s at 95°C, 60 s at 60°C and 60 s at
72°C) in a Bio-Rad C1000 Thermal Cycler (Bio-Rad).
Expression levels of target genes were normalized to
B-actin and GAPDH using the AACt calculation.

2.7 | Functional validation: Complex I
assay and detection of proliferation
markers in stressed post-mitotic LUHMES

Protein lysates from control LUHMES, SSL and DSL
were collected at the 96-h time point and processed
using the Complex I Enzyme Activity Microplate Assay
Kit (Abcam), following the manufacturer’s instructions.
For this, 50 pl of protein sample (3.5-4.5 pg/pl) were
incubated with 150 pl of incubation buffer for 3 h at RT
in a multiwell plate, after which 200 pl per well of
assay solution were added. Absorbance was detected at
450 nm in a PHERAStar microplate reader every 30 s
for 32 min. To obtain the value of oxidized NAD+ per
min, absorbance values (range, mOD/min) were used to
calculate the slope using the MARS Data Analysis Soft-
ware (BMG Labtech), which was then divided by the
extinction coefficient (&) of the dye (¢ = 25.9) present in
the assay solution to convert mOD to mM oxidized
NAD+/min. Results were reported as mM oxidized
NAD+/min/pg protein, and data were normalized to
controls.

Expression of proliferation markers Ki67 and MCM2
for functional validation experiments was assessed by
immunocytochemistry. Control LUHMES, SSL and DSL
cultured on glass coverslips in 24-well plates were fixed
with 4% PFA at the 96-h time point. Detection of Ki67

WILEYLl 3

and Mcm?2 was performed by incubating cells with a
mouse monoclonal anti-Ki67 antibody (1:50, Leica Mic-
rosystems) or a rabbit-polyclonal anti-MCM2 antibody
(1:50, Proteintech), together with chicken polyclonal
anti-p-III-tubulin (1:1000, Merck Millipore). Cells were
then incubated with a goat anti-chicken fluorescent
antibody (Alexa Fluor 488, 1:1000) and either a donkey
anti-mouse (Alexa Fluor 568, 1:1000) or a donkey anti-
rabbit fluorescent antibody (Alexa Fluor 568, 1:1000);
nuclei were stained with Hoechst 33342. Proliferating
LUHMES were included as positive controls for Ki67
and Mcm?2 expression. Cells were imaged with a Nikon
ECLIPSE Ni microscope (Nikon Instruments) at 40x
magnification.

EJ N European Journal of Neuroscience FENS

2.8 | Statistical analysis

Data for the cell viability assays, detection of yH2AX
foci, CellROX assay, qPCR validation and Complex I
assay, were obtained from at least three biological
repeats per condition, with three technical repeats
each. The MTT data, the percentage of YH2AX positive
cells and the number of YyH2AX foci per cell were
analysed using a repeated measures two-way analysis
of variance (ANOVA) with multiple comparisons; the
gPCR data were analysed an ordinary one-way
ANOVA with multiple comparisons. All data are pres-
ented as mean =+ standard error of the mean (SEM),
and significance was set at p < 0.05. All statistical ana-
lyses were performed in Prism 7.0c (GraphPad
Software).

For the microarray, three replicates per condition
were included in the analysis. Quality control assess-
ment was done with Affymetrix Expression Console
1.4.1.46. Expression data were normalized using the
Robust Multi-Array Average (RMA) and analysed with
the Qlucore Omics Explorer software (Qlucore). A
principal component analysis (PCA) was used to
visualize the three different conditions assessed
and to identify outliers. A two-group comparison
approach was used to detect differentially expressed
(DE) transcripts between SSL versus control LUHMES,
DSL versus control LUHMES and DSL versus SSL, set-
ting all three analyses at p <0.05 and a fold change
(FC) > 1.2. Identification of dysregulated pathways in
DSL and SSL was done by uploading the lists of DE
transcripts from the three comparisons to IMPaLA
(Integrated Molecular Pathway Level Analysis Version
9) (Cavill et al., 2011; Kamburov et al.,, 2011). The
resulting lists of dysregulated pathways are shown in
Tables S2-S4.
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Characterization of the double-stress model in post-mitotic LUHMES. (a) Cell viability of LUHMES was investigated using

the MTT reduction assay. Exposure of LUHMES to the first 50-uM H,0, stress caused a non-significant reduction in cell viability of 10%
(pre-stressed LUHMES after 6 h). A second dose of 50-uM H,0, impacted significantly LUHMES’ cell viability after 24 h; however, reduction
in cell viability was constant over time, with almost 80% of LUHMES being still viable after 96 h. (b) Measurement of oxidative stress
detected with the CellROX Green reagent showed increased oxidative stress 6 h after the first H,O, stress. In SSL, this was reduced to non-
significant levels comparable with control LUHMES after 24 h, but in DSL, oxidative stress was significantly higher after 48, 72 and 96 h
(two-way ANOVA with multiple comparisons; n = 6; data represent mean + SEM)

3 | RESULTS

3.1 | Exposure to a second dose of 50-uM
H,0, causes oxidative stress and persistent
DNA damage in immortalized post-mitotic
neurons in vitro

To investigate the effects of persistent DNA damage in
neurons, we used the LUHMES cell line, a genetically
modified human neuronal cell line that can be kept in
culture as neuronal precursor cells and differentiated into
post-mitotic neurons as previously described (Scholz
et al,, 2011). To induce oxidative DNA damage, post-

mitotic LUHMES were stressed with 50-uM H,O, follow-
ing a ‘single’ or ‘double stress’ protocol (Figure 1). To
assess the effect of administering a second stress on post-
mitotic LUHMES, cell viability was monitored for 96 h
using the MTT assay. LUHMES viability was assessed 6 h
after treatment with the first dose of 50-uM H,0,, which
had a non-significant effect on their viability (89.07% +
4.64%, p =0.1224). At this time point, post-mitotic
LUHMES were incubated for a second time with 50-pM
H,0, to generate the DSL; cell viability was then
analysed 24, 48, 72 and 96 h in SSL, DSL and control
LUHMES. A significant reduction of 29.04% (cell viability
of 70.96% + 8.39%, p <0.0001) in cell viability was
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detected in DSL when compared with control LUHMES
24 h after the second stress; this significant impact on
DSL viability persisted over time (48 h, 27.21% decrease
[cell viability of 72.79% + 7.12%]; 72 h, 26.08% decrease
[cell viability of 73.92% =+ 6.55%]; 96 h, 23.93% decrease
[cell viability of 76.07% + 1.81%]; all p <0.0001). Cell
viability was not significantly affected in SSL, which did
not receive the second H,0, stress, when compared with
control LUHMES at any of the time points assessed
(24 h, 92.56 +2.03, p =0.3522; 48h, 92.73 + 1.53,
p=0.3672; 72h, 90.18 +3.91, p=0.1769; 96h,
91.32 £ 4.08, p = 0.2505) (Figure 2a). Exposure of post-
mitotic LUHMES to 50-pM H,0, caused an oxidative
environment in DSL (Figure 2b). Six hours after the first
stress, oxidative stress was significantly higher in stressed
post-mitotic = LUHMES compared with controls
(0.95 £+ 0.06, p = 0.0078), but it reached levels compara-
ble with control LUHMES after 24 h in SSL (24 h,
0.817 £ 0.038, p = 0.9588; 48 h, 0.886 + 0.063,
p=0.1988; 72h, 0.879 £0.095, p=0.0510; 96 h,
0.779 + 0.086, p = 0.9325). In contrast, a second expo-
sure to 50-uM H,0, caused a significant increase in oxi-
dative stress in DSL after 48 h (1.083 £ 0.062,
p =0.0007), 72h (1.034 & 0.131, p = 0.0004) and 96 h
(0.975 4+ 0.062, p = 0.0443).

To determine whether DNA damage had occurred
in SSL and DSL, yH2AX foci formation was tracked
over 96h (Figure 3). yH2AX+ LUHMES were

(a)

(b)

No. yH2AX foci/cell

detectable 6 h after the first dose of 50-uM H,O, in a
significantly higher percentage compared with control
LUHMES (56.71% + 7.06%; p < 0.0001); the mean num-
ber of foci per cell at this point was 48.5 + 7.338
(p < 0.0001). Twenty-four hours after exposure to a sec-
ond 50-uM H,O0, stress, 32.71% + 1.12% (p < 0.0001) of
DSL and 18.86% + 2.82% (p = 0.0097) of the SSL were
positive for yH2AX, and the mean number of foci per
cel was of 32+£5 (p< 0.0001) and 2+0.1
(p = 0.9605), respectively. Although the mean percent-
age of yYH2AX+ cells in the DSL model decreased over
time, it remained significantly higher than controls
(48h, 32.11% +2.67%, p < 0.0001; 72h, 31.73% +
5.18%, p < 0.0001; 96 h, 19.20% + 2.24%, p < 0.0001).
The number of foci per cell was also significantly
higher in DSL (48 h, 23 + 2, p = 0.9946; 72 h, 26 + 7,
p =0.9813; 96 h, 17 + 2, p = 0.9946), which confirmed
that a small yet significant percentage of yYyH2AX+
LUHMES were still detectable in DSL even 96 h after
the second H,0, dose. The same did not occur with
SSL, where the percentage of yYH2AX+4+ LUHMES
decreased significantly after 48 h and were similar to
control LUHMES after 72 and 96 h (48 h, 14.86 + 2.33,
p= 0.0101; 72h, 643+0.90, p=0.6607; 96h,
8.08 + 0.72, p = 0.4644); the number of foci per cell
also decreased to non-significant levels after 96 h in

SSL (48h, 2+0.27, p= 09804; 72h, 3+047,
p = 0.8228; 96 h, 2 £ 0.21, p = 0.9984).
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FIGURE 3

Detection of YH2AX foci formation in the double-stress model in post-mitotic LUHMES. (a) Quantification of YH2AX

positive cells over time indicated that 20% of the quantified nuclei were positive YH2AX in the DSL after 96 h (one-way ANOVA with
multiple comparisons; n = 3; data represent mean + SEM). (b) Quantification of the number of YH2AX foci per cell also indicated a
significantly higher number in DSL, compared with SSL and control LUHMES, although this number of foci per cell decreased with time.
(c) Detection of yH2AX foci by immunocytochemistry confirmed that one dose of 50-uM H,0, caused DSBs formation that were detected 1 h
after stress (pre-stressed LUHMES) and resolved after 24 h (SSL), whereas a second 50-pM H,0, induced DSBs formation that were detected

even after 96 h (DSL). Scale bar represents 10 pm
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3.2 | Persistent oxidative DNA damage
induces gene expression changes in ATR-
dependent DDR and APC/C cell cycle
regulatory complex pathways as well as in
mitochondrial function

Microarray gene expression analysis was used to assess
the transcriptomic changes in SSL and DSL 96 h after the
second dose of H,0,. PCA showed a clear segregation
between control, SSL and DSL, with the three replicates
for each condition grouping together (Figure 4a). Chal-
lenging LUHMES with H,O, caused a significant change
in their transcriptome (Figure 4b); moreover, a second
H,0, stress induced a different gene expression pattern
in DSL to the one observed in SSL when compared with
control LUHMES (Figure 4c,d). The two-group compari-
son analyses revealed 1285 DE transcripts in DSL com-
pared with control LUHMES (695, up-regulated;
590, down-regulated) and 1607 DE transcripts when
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compared with SSL (649, up-regulated; 958 down-regu-
lated). Comparison of SSL against control LUHMES rev-
ealed a total of 450 DE transcripts, with 276 being up-
regulated and 174 being down-regulated.

The lists of dysregulated transcripts were transferred
to IMPaLA to conduct enrichment analysis of the three
sets of data. Analysis of DSL transcriptome compared
with control LUHMES suggested significant changes in
cell cycle signalling, DDR and repair and mitochondrial
function (Tables 1 and S2). Dysregulation of cell cycle
mechanisms was mainly linked to the anaphase promot-
ing (APC/C) cell cycle regulatory complex (Pathways:
APC/C:Cdc20 mediated degradation of mitotic proteins,
Activation of APC/C and APC/C:Cdc20 mediated degra-
dation of mitotic proteins, APC/C:Cdc20 mediated degra-
dation of Cyclin B, Regulation of APC/C activators
between G1/S and early anaphase), and DDR and repair
pathways pointed at ATR-dependent DDR (Pathways:
Homology directed repair [HDR] through homologous

|
[ : |
= |

SSL

Gene expression analysis of 96-h SSL and DSL. (a) Principal component analysis of microarray data showing a clear

separation between control LUHMES (blue), SSL (yellow) and DSL (pink) using a multigroup analysis. Two-way comparisons were also

performed to identify changes in gene expression in DSL. Heatmaps showing up-regulated (green) and down-regulated (red) gene expression
(FC > 1.2, p > 0.05) in the SSL versus control LUHMES (b), DSL versus control LUHMES (c) and DSL versus SSL (d)
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TABLE 1 IMPaLA pathway analysis of the total number of differentially expressed transcripts in DSL compared with control LUHMES:

Top dysregulated pathways

Pathway name Pathway source Overlapping genes p-value

Gene expression Reactome 103 3.81E-05

Generic transcription pathway Reactome 59 3.86E-06

HDR through homologous recombination Reactome 15 0.000343
or single strand annealing (SSA)

Homology directed repair Reactome 15 0.00055

SUMO E3 ligases SUMOylate target proteins Reactome 13 0.00115

DNA double-strand break repair Reactome 16 0.00123

Signalling by TGF-beta family members Reactome 11 0.00172

Antigen processing: Ubiquitination and Reactome 21 0.00212
proteosome degradation

Neural crest differentiation Wikipathways 11 0.00233

E-cadherin signalling in the nascent adherens PID 6 0.00319
junction

HDR through single strand annealing Reactome 6 0.00383
(SSA)

Hippo signalling pathway—multiple species— KEGG 5 0.00421
Homo sapiens (human)

Cardiac progenitor differentiation Wikipathways 7 0.00478

Toxicity of botulinum toxin type A (BoNT/A) Reactome 2 0.00492

Teniposide action pathway SMPDB 2 0.00492

Teniposide metabolism pathway SMPDB 2 0.00492

Post-translational regulation of adherens PID 7 0.00511
junction stability and disassembly

Regulation of TP53 activity Reactome 14 0.00621

APC/C:Cdc20 mediated degradation of Reactome 5 0.00769
mitotic proteins

VEGF and VEGFR signalling network PID 3 0.00778

L1CAM interactions Reactome 10 0.00793

p53 signalling pathway—H. sapiens KEGG 8 0.00851
(human)

Syndecan-4-mediated signalling events PID 5 0.00876

Activation of APC/C and APC/C:Cdc20 Reactome 0.00876
mediated degradation of mitotic
proteins

Neovascularization processes Wikipathways 4 0.00924

Antagonism of activin by follistatin Reactome 2 0.00958

Toxicity of botulinum toxin type D (BoNT/D) Reactome 2 0.00958

Toxicity of botulinum toxin type F (BoNT/F) Reactome 2 0.00958

Neurophilin interactions with VEGF and Reactome 2 0.00958
VEGFR

E-cadherin signalling in keratinocytes PID 4 0.00967

Transcriptional misregulation in cancer— KEGG 14 0.0114

H. sapiens (human)

(Continues)
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TABLE 1 (Continued)

Pathway name Pathway source Overlapping genes p-value

APC/C:Cdc20 mediated degradation of Reactome 4 0.0114
Cyclin B

Mycophenolic acid pathway_pharmacokinetics/ PharmGKB 3 0.0115
pharmacodynamics

ATR signalling pathway PID 5 0.0118

Regulation of APC/C activators between Reactome 5 0.0119
G1/S and early anaphase

Circadian clock Reactome 5 0.0128

Cell cycle checkpoints Reactome 18 0.0129

The citric acid (TCA) cycle and respiratory Reactome 6 0.0133

electron transport

Signalling pathways regulating pluripotency of KEGG 12 0.0133
stem cells—H. sapiens (human)

TABLE 2 Transcripts involved in DDR and repair pathways that are dysregulated in DSL

DDR and repair
Gene symbol Gene title p-value Up/down-regulated Fold change
Pathways: ATR signalling
RPAI Replication protein Al 0.0210 Down 0.7533
TIPIN TIMELESS interacting protein 0.0073 Down 0.7827
ATR ATR serine/threonine kinase 0.0169 Up 1.2074
CLSPN Claspin 0.0055 Up 1.2351
PPP2R2B Protein phosphatase 2, regulatory subunit B, beta 0.0157 Up 1.4043

Pathways: Homology directed repair (HDR) and HDR through homologous recombination or single strand annealing (SSA), Homology
directed repair, DNA double-strand break repair and HDR though single strand annealing

HIST1H2BM Histone cluster 1, H2bm 0.0407 Down 0.5931

TOP3A Topoisomerase (DNA) III alpha 0.0380 Down 0.7254

ERCC1I Excision repair cross-complementation group 1 0.0152 Down 0.7454

RPA1 Replication protein Al 0.0210 Down 0.7533

TIPIN TIMELESS interacting protein 0.0073 Down 0.7827

RPS27A Ribosomal protein S27a 0.0088 Down 0.7917

RNF4 Ring finger protein 4 0.0269 Down 0.7985

RHNO1 RAD9-HUS1-RADI interacting nuclear orphan 1 0.0241 Down 0.8024

RAD52 RAD52 homologue, DNA repair protein 0.0247 Down 0.8164

HIST1H4C Histone cluster 1, H4c 0.0316 Down 0.8201

ATR ATR serine/threonine kinase 0.0169 Up 1.2074

HIST1H4A Histone cluster 1, H4a 0.0308 Up 1.2286

CLSPN Claspin 0.0055 Up 1.2351

RIF1 Replication timing regulatory factor 1 0.0346 Up 1.2396

SPIDR Scaffolding protein involved in DNA repair 0.0456 Up 1.3261

RADS51B RADS51 paralog B 0.0338 Up 1.4945
recombination or single strand annealing [SSA], Homol- identified changes in mitochondrial function, specifically
ogy directed repair, DNA double-strand break repair, in the respiratory electron transport chain pathway.

HDR through SSA and ATR signalling pathway); we also ~ There was no overlap between dysregulated pathways
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identified in DSL with the dysregulated pathways identi-
fied in SSL when compared with control LUHMES
(Table S3); however, when looking at the comparison
between DSL versus SSL, cell cycle regulatory pathways
(Pathways: Cell cycle, APC/C:Cdc20 mediated degrada-
tion of Securin, Cell cycle_mitotic), as well as DDR
(Pathways: DNA damage response, Activation of ATR in
response to replication stress) and mitochondrial electron
transport chain were also significantly altered (Pathways:
The citric acid [TCA] cycle and respiratory electron trans-
port) (Table S4). The transcripts involved in the dys-
regulated pathways identified by IMPaLA in the DSL
model are listed in Tables 2 and 3. qPCR validation of
these results was conducted in independent DSL, SSL
and control LUHMES by assessing the levels of the top
most DE transcripts or the transcripts that encode for
main proteins in these pathways (Tables 2 and 3, tran-
scripts highlighted in bold type). NDUFV3 and NDUFS3
both encode for mitochondrial Complex I proteins and
were chosen for validation of altered mitochondrial func-
tion in DSL; altered DDR and cell cycle changes in neu-
rons in response to DNA damage have been reported
previously (Kruman et al, 2004; Tomashevski
et al., 2010), but we focused our analysis on the role of

ATR and APC/C®%? in the DSL model and chose ATR,
CLSPN, CCNBI and CDC27 to validate these changes.

3.3 | qPCR and functional validation
confirmed mitochondrial Complex I
hyperactivation in immortalized post-
mitotic neurons exposed to persistent
oxidative DNA damage

Microarray results suggested dysregulated expression of
transcripts linked to mitochondrial Complex I, ATR-
dependent DDR and APC/C:Cdc20 complex. To confirm
these results, we analysed their expression levels by gPCR
in independent control LUHMES, SSL and DSL. Assess-
ment of NDUFS3 (array: FC = 0.779, p = 0.036) expres-
sion identified a significant decrease in the levels of this
transcript in both SSL (p < 0.01) and DSL (p < 0.05)
(Figure 5a), which validated the microarray data in DSL
but suggested down-regulation in SSL that was not
detected by the microarray. Changes in NDUFV3 (array:
FC = 0.753, p = 0.005) expression in DSL did not reach
significance but showed the same directional change that
was observed in the microarray and confirmed down-

TABLE 3 Transcripts involved in cell cycle regulatory pathways and mitochondrial function that are dysregulated in DSL

Cell cycle regulation

Pathways: APC/C:Cdc20 mediated degradation of mitotic proteins, APC/C:Cdc20 mediated degradation of mitotic proteins,
APC/C:Cdc20 mediated degradation of Cyclin B and Regulation of APC/C activators between G1/S and early anaphase

Gene symbol Gene title p-value Up/down-regulated Fold change

ANAPCI10 Anaphase promoting complex subunit 10 0.0283 Down 0.7097

RPS27A Ribosomal protein S27a 0.0088 Down 0.7917

CCNB1 Cyclin Bl 0.0404 Down 0.8273

CcDC27 Cell division cycle 27 0.0420 Down 0.8285

MAD2LI MAD?2 mitotic arrest deficient-like 1 (yeast) 0.0315 Up 1.3502

Mitochondrial function

Pathways: The citric acid (TCA) cycle and respiratory electron transport

Gene p- Up/down- Fold

symbol Gene title value regulated change

NDUFV3 NADH dehydrogenase (ubiquinone) flavoprotein 3, 10 kDa 0.0053 Down 0.7535

NDUFS3 NADH dehydrogenase (ubiquinone) Fe-S protein 3, 30 kDa (NADH-coenzyme 0.0363 Down 0.7793
Q reductase)/protein tyrosine phosphatase, mitochondrial 1

UQCRQ Ubiquinol-cytochrome c reductase Complex III subunit VII 0.0428  Down 0.8054

IDH3G Isocitrate dehydrogenase 3 (NAD+) gamma 0.0486  Down 0.8129

NNT Nicotinamide nucleotide transhydrogenase 0.0187  Down 0.8269

ADHFE1  Alcohol dehydrogenase, iron containing 1 0.0255 Up 1.2210

COQI0B Coenzyme Q10B 0.0432 Up 1.3381
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regulation of this transcript (Figure 5b). To investigate
whether altered expression of NDUFV3 and NDUFS3 had
an effect on mitochondrial Complex I activity in DSL, we
measured NADH oxidation to NAD+, a mechanism
dependent on Complex I activity. Functional assessment
revealed a significant increase of 2.75 £ 0.24 fold in Com-
plex I activity in DSL (p = 0.002) compared with control
LUHMES, whereas there was no significant change in
Complex I activity of SSL (1.24 + 0.44 fold, p = 0.6829)
(Figure 5c).

Dysregulation of APC/C complex genes CCNBI
(array: FC =0.827, p =0.040) and CDC27 (array:
FC = 0.828, p = 0.041) was not significant in DSL when
measured by qPCR (CDC27, p =0.3900; CCNBI,
p = 0.4329) (Figure 6a,b). qPCR analysis of CLSPN levels
(array: FC = 1.23, p = 0.005) showed a trend towards
increased expression, although this did not reach signifi-
cance (SSL, p = 0.4329; DSL, p = 0.9912) (Figure 6c¢),
whereas ATR (array: FC = 1.207, p = 0.016) in DSL
showed a directional change towards up-regulation as
seen in the microarray, which did not reach significance
(p = 0.1547) (Figure 5d). On the other hand, ATR expres-
sion was significantly up-regulated in SSL (p = 0.0175)
(Figure 5d). We investigated cell cycle re-entry in SSL
and DSL to assess whether this was related to the identifi-
cation of cell cycle pathways dysregulation at the
trascriptomic level; however, expression of cell prolifera-
tion markers Ki67 and MCM2 were absent in DSL when
assessed by immunocytochemistry (Figure 5e).

4 | DISCUSSION

Oxidative DNA damage occurs in the ageing brain and is
a feature of neurodegeneration (Bogdanov et al., 2000;

Murata et al., 2008; Silva et al, 2014; Simpson
et al., 2015). Unrepaired persistent DNA damage and
altered DDR could promote neuronal dysfunction and
lead to neuronal death in these pathologies (Adamec
et al., 1999; Bender et al., 2006; Jacobsen et al., 2004;
Kraytsberg et al., 2006; Mullaart et al., 1990). Here, we
report an in vitro model of persistent oxidative DNA
damage in the LUHMES cell line and investigate their
transcriptomic signature. We show that persistent oxida-
tive DNA damage causes gene expression and cell path-
way changes relevant to cell cycle regulation, DDR and
mitochondrial Complex I function. Moreover, our study
confirms hyperactivation of mitochondrial Complex I,
which could be partly contributing to the sustained DNA
damage and DDR that is observed in our model and in
neurons in neurodegenerative pathologies.

Although ROS have a physiological role in neurons in
signal transduction, their accumulation is detrimental
and causes damage to proteins, lipids and nucleic acids.
We investigated the impact of oxidative DNA damage in
the transcriptome of post-mitotic LUHMES. Exposure to
a single dose of a sublethal concentration of H,O, pro-
moted an oxidative environment and caused oxidative
DNA damage in the form of DSBs that were detected
through yH2AX foci formation very early after treatment.
vH2AX is widely used as a marker of DSBs, as the num-
ber of phosphorylated H2AX molecules correlates with
the quantity of DNA damage (Paull et al., 2000; Rogakou
et al., 1998). Phosphorylation of histone H2AX at Serine-
139 is an essential step of the DDR cascade, stimulating
recruitment of ATM to the site of the damage, which is
then followed by either activation of repair mechanisms
or induction of cell death (Kinner et al., 2008; Rogakou
et al., 1998). In post-mitotic LUHMES, increased oxida-
tive stress and yH2AX foci were still visible in the nuclei
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FIGURE 5
validation of NDUFS3 confirmed down-regulation in 96-h DSL as detected in the microarray; qPCR validation also revealed down-regulation of

qPCR and functional validation of mitochondrial Complex I differentially expressed transcripts in 96-h DSL. (a) gPCR

NDUFS3 in SSL, but this was not detected in the microarray. (b) NDUFV3 down-regulation detected in the microarray only reached significance
in SSL but showed the same directional change in DSL. (c) Mitochondrial Complex I function was assessed in 96-h control LUHMES, SSL and
DSL by measuring NADH-dependent Complex I activity. A significant hyperactivity in Complex I was seen in DSL, reflected in a significant
increase in oxidized NAD+/min/pg (one-way ANOVA with multiple comparisons; n = 3; data represent means + SEM)
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FIGURE 6 qPCR validation of ATR-dependent DDR and cell cycle dysregulated transcripts in 96-h DSL and expression of proliferation

markers. (a-d) Dysregulated transcripts involved in ATR-dependent DDR signalling were measured by qPCR. CDC27 and CCNBI were

significantly down-regulated in the microarray data. The same directional change was found with qPCR for CCNBI (a, b), although this did

not reach significance. Microarray analysis showed up-regulation of CLSPN and ATR transcripts, and this was not confirmed by qPCR

validation (c, d) (one-way ANOVA with multiple comparisons; n = 4; data represent means = SEM). (e) No indication of cell cycle

reactivation was seen in DSL. Expression of proliferation markers Ki67 (red) and MCM2 (red) colocalized with the nucleus (blue) in
proliferating LUHMES but not in differentiated control LUHMES, DSL or SSL (B-III-tubulin is shown in green). Scale bar represents 20 pm

6 h after the first H,0, dose, but these were fully repaired
after 24 h without causing a significant reduction in the
percentage of viable cells, suggesting that most damage
was repaired rather than inducing cell death. By exposing
LUHMES to a second dose of H,0, before previously
induced DNA damage was completely repaired, we cau-
sed persistent formation of DSBs that were detectable for
up to 96 h; at this stage, even though a tendency for
increased oxidative stress was detected, it was not statisti-
cally significant. Apart from the formation of yYH2AX foci,
the identification of significant p53 signalling-associated
transcripts in our microarray study also correlates with
the activation of repair and cell death mechanisms in the
DSL model. More detailed quantification confirmed a sig-
nificantly higher number of yH2AX foci/neuron in DSL
after 96 h; however, it did not reveal an increase of these
foci over time. This suggests that although the second
exposure to H,O, causes a persistent formation of DSBs,
there is no evidence of oxidative stress having an effect
on DSBs repair capacity in our model and our approach
does not allow determination of whether the foci that
were detected 96 h after treatment were unresolved foci
from the first stress or whether they were a new conse-
quence of the second H,0, dose. In the context of our
model, formation of yYH2AX foci was directly related to
the oxidative stress that post-mitotic LUHMES were
exposed to. However, it is important to note that DSBs
formation in neurons also occurs at physiological levels,
as a result of network activity (Suberbielle et al., 2013).
Interestingly, baseline levels of DSBs formation were
altered in a transgenic mouse model of AD and hyperac-
tivity in networks involved in memory and learning pro-
moted severe and prolonged DSBs, suggesting that
aberrant neural activity can also contribute towards accu-
mulation of DNA damage in neurodegeneration
(Suberbielle et al., 2013).

Acute and persistent oxidative DNA damage have dif-
fering effects on the gene expression profile of post-
mitotic LUHMES. While dysregulation of pathways
linked to cellular responses to stress, senescence, tumour
necrosis factor (TNF)-signalling pathway and cellular
responses to hypoxia were observed in SSL 96 h after
stress (Table S4), pathways suggesting altered cell cycle
signalling, ATR-dependent DDR and mitochondrial

function were a feature of DSL at the same time point.
Our data from SSL is comparable with previous reports
on transcriptomic changes in rat hippocampal neurons
exposed to oxygen glucose deprivation (OGD), suggesting
that acute exposure of LUHMES to H,0, resembles the
response seen in acute ischaemic injury (Shi et al., 2017).
In contrast, changes seen in DSL, together with the per-
sistent presence of DNA damage foci, point towards gene
expression changes caused by genomic instability, a
chronically active DDR and mitochondrial dysfunction
that characterize age-related neuronal decline (Fakouri
et al., 2019).

Dysregulation of NDUFS3 and NDUFV3 transcripts,
which encode for mitochondrial Complex I subunits
NADH dehydrogenase (ubiquinone) Fe-S protein 3 and
NADH dehydrogenase (ubiquinone) flavoprotein
3, respectively, occurred in the persistent DNA damage
model. As part of the mitochondrial electron transport
chain, Complex I uses oxidative phosphorylation to gen-
erate ATP from electrons generated through glycolysis,
fatty acid oxidation and the tricarboxylic acid (TCA) cycle
(Sazanov, 2015). Altered expression of Complex 1 tran-
scripts suggested impaired activity in the DSL model, but
functional assessment revealed hyperactivity of
Complex I, contrary to what was expected. Complex I
hyperactivity could precede Complex I deficiency
reported in neurodegenerative disorders, such as PD
(Gatt et al., 2016; Keeney et al., 2006); however, its role in
disease is still not understood, and further studies are
required to identify whether it could be a therapeutic tar-
get. Complex I dysfunction in our model could be linked
to a compensatory mechanism occurring in different
ways. The hyperactivity detected could be a response to
down-regulation of Complex I transcripts in an attempt
to maintain neuronal energy levels, eventually causing
ROS formation and contributing to oxidative stress.
Whether Complex I hyperactivation would be enough to
sustain energy levels in DSL and for how long this mech-
anism could persist is not known. On the other hand,
Complex I is the main site of ROS generation and is pre-
sent in lower levels in the mitochondria compared with
other complexes (Schigger & Pfeiffer, 2001), making it
more vulnerable to oxidative stress. In this scenario and
as a result of this particular vulnerability, Complex I
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function could have been affected by exposure to H,O,,
causing hyperactivity and resulting in down-regulation of
Complex I transcripts to counteract this aberrant activity.

Microarray analysis also identified dysregulation of
DDR and repair and cell cycle regulatory pathways that
are associated with ATR signalling and the APC/C com-
plex. The DDR and cell cycle are closely interlinked.
However, these mechanisms are executed differently in
post-mitotic neurons compared with cycling cells. Differ-
entiated neurons normally rest in GO phase; when
exposed to genotoxic stress, DNA damage induces cell
cycle re-activation as part of the DDR and DNA repair
mechanisms (Kruman et al., 2004; Schwartz et al., 2007;
Tomashevski et al., 2010). DSBs caused by oxidative
stress, for example, mainly promote activation of the
ATM pathway in neurons (Alvira et al., 2007; Kruman
et al., 2004; Otsuka et al., 2004); as part of this response,
neurons exit GO and initiate G1 phase of their cell cycle,
at which point the non-homologous end-joining (NHEJ)
repair machinery is recruited (Schwartz et al., 2007).
Phosphorylation of H2AX is mainly conducted by ATM
(Burma et al., 2001), which would suggest that detection
of yH2AX in our model is mainly linked to activation of
ATM-dependent DDR in response to H,0,; however, we
did not identify transcriptomic changes linked to this
pathway in the microarray analysis. It is possible that the
ATM-dependent DDR occurs in the first hours after expo-
sure to the first and second doses of H,0,, explaining
why these changes were not detected at the 96-h time
point. Moreover, even though ATM transcription has
been shown to be affected by genotoxic stress (Moiola
et al., 2012), its activation and of ATM-dependent down-
stream proteins are regulated by post-translational modi-
fications (Guo et al., 2010), meaning that induction of
ATM-dependent DDR in LUHMES exposed to H,O,
would have not been detected by our approach.

Contrary to ATM-dependent DDR, the ATR pathway
is less understood in neurons, but it is known that it
phosphorylates H2AX in response to replication stress in
other cell types (Ward & Chen, 2001). ATR-dependent
DDR signalling is triggered in response to replication
stress during S-phase, which entails activation of G2/M
cell cycle checkpoints through Chkl phosphorylation
with the help of claspin, and induction of repair through
homologous recombination (HR) (Liu et al, 2006;
Petermann & Caldecott, 2006). Under sublethal condi-
tions, damaged neurons progress from GO to G1 during
cell cycle re-activation; when the damage cannot be
repaired, neurons transition from G1 to S-phase, causing
aberrant DNA synthesis and apoptosis (Schwartz
et al., 2007). The APC/C complex, a multimeric E3
ubiquitin ligase that participates in G2 DNA damage-
induced cell cycle arrest, is active during G1 to prevent

early S-phase entry and can be reactivated during S/G2 in
response to DNA damage (Bassermann et al., 2008; Sudo
et al., 2001). Alteration of both ATR and APC/C-related
transcripts in DSL could point to S-phase progression and
an attempt to induce DNA synthesis, causing replication
stress and activation of ATR-dependent DDR; however,
further studies focused on tracking the activation of these
pathways in the DSL model are necessary to confirm
whether this is occurring and if it is a consequence of
persistent DNA damage. Dysregulation in APC/C com-
plex genes could also relate to other mechanisms not
linked to cell cycle or DDR, such as neuronal metabolism
(Herrero-Mendez et al, 2009) and axonal growth
(Konishi, 2004).

One of the limitations of this study is that trans-
criptomic changes were investigated 96 h after H,0,; fol-
lowing up gene expression changes in SSL and DSL in
the immediate hours after oxidative stress would inform
in more detail of the impact that it has on the neuronal
transcriptome. Moreover, assessing H,0, exposure using
a different model, such as directly reprogrammed
patient-derived neurons (iNeurons) from donors of differ-
ent ages would help to elucidate what occurs when age-
ing neurons are exposed to oxidative stress and persistent
DNA damage. As shown previously, iNeurons retain
their ageing signature (Mertens et al, 2015; Tang
et al., 2017), and investigating their response to oxidative
stress at the transcriptomic level could identify pathways
that are particularly vulnerable to this type of genotoxic
stress and that could promote alteration of several mech-
anisms, such as proteostasis, neuronal activity and
inflammation. Also, further studies are necessary to iden-
tify the role that ATR and the APC/C complex play in the
context of neuronal DNA damage not only at the trans-
criptomic level; for instance, tracking the activation of
these pathways at the protein level could help character-
ize their function in damaged neurons. Alteration of
mitochondrial Complex I genes and function in DSL sug-
gests sensitivity of this complex to persistent oxidative
stress. The use of molecules that have been shown to
impact Complex I, such as ursodeoxycholic acid (UDCA)
(Mortiboys et al., 2013), mitochondrial-division inhibitor
1 (Mdivi-1) (Manczak et al., 2019), AICAR (Golubitzky
et al., 2011) or KH176 (Frambach et al., 2020), could help
investigate if boosting mitochondrial Complex I has an
effect on oxidative stress levels and oxidative DNA dam-
age in DSL.

5 | CONCLUSIONS

The results of this study demonstrate that acute and per-
sistent oxidative DNA damage have different effects on
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the transcriptomic profile of immortalized post-mitotic
neurons. The transcripts that were significantly affected
by persistent oxidative DNA damage were linked to mito-
chondrial Complex I function, cell cycle regulation and
ATR-dependent DDR. Evaluation of Complex I function
revealed hyperactivity, suggesting that a persistent oxida-
tive environment has a detrimental effect on mitochon-
dria in our model. Dysregulation in the expression of
ATR signalling genes as well as of APC/C-related tran-
scripts could reflect cell cycle re-entry and replication
stress in post-mitotic LUHMES; however, the exact way
in which these gene expression changes translate to alter-
ation of the neuronal cell cycle remains to be determined.
The changes seen in the persistent DNA damage model
described in this study could contribute to the mainte-
nance of an oxidative environment in the ageing brain
and could be occurring very early in neurodegeneration;
understanding these changes will help in the identifica-
tion of therapeutic targets for neurodegenerative diseases.
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