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ARTICLE INFO ABSTRACT

Keywords: Multiple lines of evidence have linked oxidative stress, tau pathology and neuronal cell cycle re-activation to
Alzheimer’s disease Alzheimer’s disease (AD). While a prevailing idea is that oxidative stress-induced neuronal cell cycle reactivation
Ta‘f . acts as an upstream trigger for pathological tau phosphorylation, others have identified tau as an inducer of cell
8:111(1 :;ZZ stress cycle abnormalities in both mitotic and postmitotic conditions. In addition, nuclear hypophosphorylated tau has
$ phase been identified as a key player in the DNA damage response to oxidative stress. Whether and to what extent these

observations are causally linked remains unclear. Using immunofluorescence, fluorescence-activated nucleus
sorting and single-nucleus sequencing, we report an oxidative stress-associated accumulation of nuclear hypo-
phosphorylated tau in a subpopulation of cycling neurons confined in S phase in AD brains, near amyloid pla-
ques. Tau downregulation in murine neurons revealed an essential role for tau to promote cell cycle progression
to S phase and prevent apoptosis in response to oxidative stress. Our results suggest that tau holds oxidative
stress-associated cycling neurons in S phase to escape cell death. Together, this study proposes a tau-dependent

Pro-survival

Abbreviations: clsm, confocal laser-scanning microscope/microscopy; DDR, DNA damage response; DSB, double strand break; FANS, fluorescence-activated nu-
cleus sorting; yH2AX/gH2AX, phosphorylated form of Histone H2AX (PSer139-H2AX); ntau+, nuclear tau positive; 80xoG, 8-0xo-7,8-dihydroguanine; PCNA,
proliferating cell nuclear antigen; PH3, phosphorylated form of Histone H3 (PSer10); PCF, piecewise constant fitting; scWGS, single-cell whole genome sequencing;
sh, short hairpin.
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protective effect of neuronal cell cycle reactivation in AD brains and challenges the current view that the
neuronal cell cycle is an early mediator of tau pathology.

1. Introduction

Neurons, although defined as post mitotic cells, are able to re-
activate the cell cycle machinery in response to various stresses
including oxidative DNA damage (Kagias et al., 2012). Neurons that
re-enter the cell cycle proceed from GO to G1, until they reach the G1/S
checkpoint. At this point they either undergo re-differentiation or irre-
versibly move further through the cell cycle ultimately resulting in
apoptosis (Busser et al., 1998; Herrup et al., 2004; Aranda-Anzaldo
etal., 2017). In neurotypical human brains, however, a small population
of differentiated neurons do re-initiate the cell cycle and pass the G1/S
checkpoint but escape apoptosis. These neurons have hence partially or
fully replicated their genome (Mosch et al., 2007; Lopez-Sanchez et al.,
2017) and, surprisingly, survive for years with this altered DNA content,
suggesting that pro-survival mechanisms are activated to prevent cell
death. Interestingly, state-of-the-art single-cell whole genome
sequencing (scWGS) studies have indeed confirmed the presence of DNA
content alterations and somatic structural genome variation in cerebral
neurons (McConnell et al., 2013; Cai et al., 2014; Lodato et al., 2015).
Full-chromosome aneuploidies were reported in 2.7 % of neurons from
neurotypical post-mortem human brain, while 5-41 % of the neurons
are estimated to carry at least one mega-base scale copy number vari-
ation (McConnell et al., 2013). Although the biological relevance of
DNA content variation in the neurotypical brain remains largely enig-
matic, over the last three decades, links with neurodegeneration asso-
ciated with tau pathology have been put forward in the literature.
Neurons with altered DNA content were identified in the cortex of AD
patients with increased observation in regions specifically vulnerable to
neurodegeneration (Bajic et al., 2015; Lopez-Sanchez et al., 2017). An
increased DNA content in mature, post-mitotic neurons can have origi-
nated during neurogenesis due to mitotic errors or can result from
aberrant cell cycle re-activation with subsequent DNA replication
(Arendt et al., 2009; Arendt, 2012; Potter et al., 2019). Supporting the
mitotic errors scenario, several studies in Drosophila and cell culture
primary tauopathy models show a toxic role for tau during mitosis
leading to abnormal monopolar spindles and increased numbers of
aneuploid neuronal cells (Bougé et al., 2016; Malmanche et al., 2017;
Martellucci et al., 2021). Moreover, aneuploidies are found in peripheral
blood cells and primary fibroblast cultures from patients who carry
known tau mutations causing frontotemporal dementia (Rossi et al.,
2008, 2013). However, one low-coverage scWGS study did not detect an
increased level of single chromosome aneuploidies in AD donor
brain-derived neurons (van den Bos et al., 2016). On the other hand, an
increased number of neuronal cell cycle events has been observed in
brains of patients at early stages of Alzheimer’s disease (AD) or patients
with mild cognitive impairment (Arendt, 2000; Yang et al., 2003;
Hoozemans et al., 2002; Pei et al., 2002; Johansson et al., 2003; Zhu
et al., 2004; Bonda et al., 2009; Stone et al., 2011; Lopez-Sanchez et al.,
2017; Gao et al., 2018). As increased numbers of cell cycle events as well
as increased DNA content are observed in AD, it is reasonable to spec-
ulate that both phenomena are causally linked. Furthermore, the fact
that these abnormalities appear in the early stages of disease, suggests a
crucial primary role for this process in AD pathogenesis (Lopez-Sanchez
et al., 2017; Shepherd, 2018).

In AD brains, cell cycle markers are upregulated in neurons with
hyperphosphorylated (hyperP) cytoplasmic tau (Arendt et al., 1995;
Nagy et al., 1997; Schindowski et al., 2008; Huang et al., 2019). Like-
wise, disease-associated tau hyperphosphorylation is observed in
mitotic neuroblastoma, non-neuronal proliferative cells and Xenopus
laevis oocytes (Illenberger et al., 1998; Delobel et al., 2002; Flores-Ro-
driguez et al., 2019) leading to the hypothesis that re-entry of the cell

cycle could lead to hyperphosphorylation of tau. Nevertheless, the nu-
clear expression of proliferation markers in AD brains does not sys-
tematically overlap with the presence of phosphorylated forms of tau,
which further supports the idea that neuronal cell cycle reactivation
could act as an upstream trigger of tau pathology (Stone et al., 2011;
Hradek et al., 2015). However, various studies, attempting to determine
whether tau phosphorylation is a cause or rather a result of cell cycle
reactivation, provided evidence for both scenarios (Andorfer et al.,
2005; Khurana et al., 2006; McShea et al., 2007; Park et al., 2007;
Schindowski et al., 2008).

Interestingly, oxidative stress, with its increased production of
reactive oxygen species (ROS), and genotoxic factors have been shown
to trigger cell cycle re-entry in differentiated neurons via the DNA
damage response (DDR) (Kruman et al., 2004; Cioffi et al., 2019;
Shanbhag et al., 2019). Moreover, we and others have demonstrated
that inducers of DNA damage such as oxidative stress can trigger an
increase of hypophosphorylated (hypoP) tau in neuronal and
non-neuronal nuclei (Sultan et al., 2011, Ulrich et al., 2018; Portillo
et al., 2021). In addition, it has been shown that nuclear tau is a key
factor in the DDR in neurons and is pivotal to preserve DNA integrity in
physiological and stress condition (Sultan et al., 2011, Violet et al.,
2014; Mansuroglu et al., 2016; Bou Samra et al., 2017).

Links between oxidative stress, nuclear tau, tau pathology and
neuronal cell cycle re-activation are strongly suggested in the literature.
However, the precise causal relationship remains unclear and under-
explored. We therefore designed a study to further explore these ques-
tions in human AD brain cortex. Our research revealed an oxidative
stress-associated nuclear accumulation of hypoP tau in a subpopula-
tion of cycling neurons (ntau™ cycling neurons) that are likely blocked in
S-phase and which can specifically be found in the vicinity of amyloid
plaques. Further experiments in differentiated cortical neurons revealed
an essential role for tau to promote neuronal cell cycle progression to S-
phase and prevent apoptosis in response to oxidative stress. Our obser-
vations suggest that the combination of increased nuclear tau and the
cell cycle reactivation in neurons prevents oxidative stress-induced
deleterious effects and promotes cell survival at early stages of AD.
Our results challenge the current view of neuronal cell cycle activation
as an early driver of AD pathogenesis and rather suggest a pro-survival
role for tau-mediated cell cycle progression.

2. Materials and methods
2.1. Tissue collection

Adult human brain samples were obtained from the Lille Neurobank
(Lille, France) and from the Neurobiobank of the Institute Born-Bunge
(NBB-IBB; FAGG enlisted registration number BB190113) (University
of Antwerp, Belgium). Human brains from the Lille Neurobank were
given to the French Research Ministry by the Lille Regional Hospital
(CHRU-Lille) on August 14, 2008 under the reference DC- 2000-642.
Frontal and temporal cortex sections from human non-demented control
(C) and Braak VI Alzheimer brains (AD) associated to amyloid pathology
(Thal score 2-5) from the Lille Neurobank (C n = 4; AD n = 5) were used
for immunofluorescence analysis. Frozen frontal cortex tissue blocks
from human non-demented control (C) and Braak V-VI Alzheimer brains
(AD) associated to amyloid pathology (Thal score 1-5) from the Lille
Neurobank and the Neurobiobank of the Institute Born-Bunge were used
for FANS analysis (C n = 6; AD n = 9), immunofluorescence analysis of
sorted nuclei (Cn = 5; AD n = 5) and single-nucleus genome sequencing
(Cn=1; AD n = 2). (Table 1).

Given the size of the human cortex, the blocks can come from
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Table 1
Braak and Thal scores, region, age, gender, and post mortem interval of the
brains.

Braak score  Thal Tissue Age Sex PMIa
score (hours)
C#1 0 0 Frontal Cortex 74 M 48
C#2 1II 0 Frontal Cortex 72 F 72
C#3 0 0 Frontal Cortex 62 M 60
C#4 I 0 Frontal Cortex 9 F 16
C#5 I 0 Frontal Cortex 69 M 21
C#6 0 0 Frontal Cortex 64 F 30
C#7 I 0 Frontal Cortex 74 M 46
AD#1 VI 5 Frontal Cortex 76 F 22
AD#2 VI 5 Frontal Cortex 67 M 36
AD#3 VI 5 Temporal 61 M 23
Cortex
AD#4 V-VI 2 Temporal 94 M 6
Cortex
AD#5 VI 5 Temporal 73 F 5,5
Cortex
AD#6 VI 4 Frontal Cortex 63 M 20
AD#7 VI 4-5 Frontal Cortex 63 M 21
AD#8 VI 5 Frontal Cortex 65 M 36
AD#9 VI 4 Frontal Cortex 68 F 6
AD#10 VI 4 Frontal Cortex 68 M 6
AD#11 VI 4 Frontal Cortex 62 M 6
AD#12 V 1 Frontal Cortex 69 F 60
AD#13 VI 5 Frontal Cortex 49 M 7
AD#14 VI 4 Frontal Cortex 67 M 9,5
C#8 NA NA Frontal Cortex 87 M 7,5
C#9 NA NA Frontal Cortex 78 M 6
C#10 0 0 Frontal Cortex 79 F 7
C#11 1 NA Frontal Cortex 73 F 1,5
C#12 I-II I Frontal Cortex 90 F 1,5
C#13 II-1I 3 Frontal Cortex 108 F 7

Human brains used for immunofluorescence analysis

Lille Neurobank

Human brains used for FANS analysis

Lille Neurobank

Neurobiobank of the Institute Born-Bunge®PMI: Post mortem interval
Anonymized data

Presence of pathogenic clinical mutation

AD#11 — PSEN2 p.Arg71Trp (pathogenic nature unclear); AD#13 — PSEN1 p.
Glul20Asp (pathogenic); AD#14 — PSEN2 p.Ser130Leu (pathogenic nature
unclear)

different areas within frontal and temporal cortex. Therefore, it cannot
be completely excluded that some of the variability obtained in the re-
sults is related to regional differences.

2.2. Primary neuronal culture

Mouse primary cortical neurons were prepared from 14- to 15-day
old C57BL/6 mouse embryos as followed. Briefly, brain and meninges
were removed. Cortex was carefully dissected out and mechanically
dissociated in culture medium (Leibovitz’s L15, Life Technologies,
21083027) supplemented with 30 mM glucose, by triturating with a
polished Pasteur pipette. Once dissociated and after blue trypan
counting, cells were plated at a density of 1600 cells/mm2 in poly-D-
lysine (0.1 mg/ml, Sigma-Aldrich, P0899) and laminin (20 pg/ml,
Sigma-Aldrich, L2020) coated in 24 wells plates. For dissociation,
plating and maintenance, we used Neurobasal medium (Life Technolo-
gies, 21103049) supplemented with 1 % B27 (Life Technologies,
17504044) containing 200 mM glutamine (Life Technologies,
25030024) and 1 % antibiotic-antimycotic agent (Life Technologies,
15240096). Medium was replenished weekly from 14 DIV to 24 DIV and
never more than 20 % of total volume.

Oxidative stress was induced by 1 H treatment with 1 mM hydrogen
peroxide (H203) (Sigma, H1009) or tert-Butyl hydrogen peroxide (tBut-
H505) (Acros Organics, AC180342500).

For experiments in which DNA replication was monitored, BrdU
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(Sigma, B9285) was added to medium at 10 pM at the same time as
H,0,.

2.3. Immunofluorescence of brain sections and primary neuronal cultures

Immunofluorescence on brain sections was performed as described
previously (Zheng et al., 2020). Briefly, coronal (5 pM) brain slices were
deparaffinized and unmasked using citrate buffer (12 mM citric acid, 38
mM Sodium phosphate dibasic, pH 6) for 8 min in a pressure tank.

For Abeta labeling, the slices were unmasked using formic acid (80 %
in water) for 3 min followed by 6 water rinces before the citrate buffer
treatment. The slices were submerged for 1 h in 1 % horse serum (Vector
Laboratories #S-2000), and the primary antibodies were incubated
overnight at 4 °C in the presence of PBS-0.2 % Triton.

Primary antibodies were revealed via secondary antibodies coupled
to Alexa 488, 568 or 647 (Life Technologies). The sections were coun-
terstained with 4',6-Diamidino-2-phenylindole (DAPI) and mounted
with fluorescence mounting medium (Agilent Dako #S3023).

Immunofluorescence on primary neuronal cultures was performed as
described previously (Galas et al., 2006).

The following antibodies were used: AT8 (PSer202/Thr205tau;
ThermoFisher Scientific MN1020), AD2 (PSer396-404tau)
(Buée-Scherrer et al., 1996), AT270 (PThrl181tau; ThermoFisher Scien-
tific MN1050), PSer262tau (ThermoFisher Scientific 44750G), Taul
(unPSer195, 198, 199, and 202tau; Sigma Aldrich MAB3420)(AT8, AD2,
AT270, PSer262tau, Taul are phospho-dependent antibodies which are
present from the early to late stages of tau pathology), 4E4 (phosphor-
ylation-independent antibody against tau C-terminal sequence, used
for IF) (Nobuhara et al, 2017), 9H12 (laboratory-made
phosphorylation-independent antibody against the 162-175 central re-
gion of tau, used for WB), 80xoG (Novus biologicals NB600-1508),
yH2AX (Sigma Aldrich 05-636), Ki67 (abcam ab16667 and R&D sys-
tems #AF7617), cyclin D1 (ThermoFisher Scientific PA5-16607), PCNA
(Genetex GTX100539), cyclin A (Santa Cruz Biotechnology, sc 596),
cyclin B1 (Genetex GTX100911), Phospho Histone H3 (Sigma Aldrich
06-570); cleaved caspase 3 (Sigma Aldrich C8487), NeuN (Sigma
Aldrich, ABN90), beta amyloid (Abeta) (Covance SIG-39240; Bio--
Legends SIG-39340), GFP (Invitrogen, A11122), beta actin (Sigma,
A5441). DAPI and Hoechst were used as a chromatin counterstain.
Nuclear (based on DAPI or Hoechst detection) labeling of cells were
quantified using the FIDJI macro application of ImageJ (confocal mi-
croscopy platform, PBSL, UAR2014/US41, Lille). Fluorescence from
human brain sections (C n = 4, AD n = 5) and primary neuronal cultures
(n = 10) was acquired using an LSM 710 confocal laser-scanning mi-
croscope (clsm) (Carl Zeiss). The confocal microscope was equipped
with a 488-nm Argon laser, 561-nm diode-pumped solid-state laser, and
a 405-nm ultraviolet laser. The images were acquired using an oil 63X
Plan-APOCHROMAT objective (1.4 NA). All recordings were performed
using the appropriate sampling frequency (16 bits, 1024-1024 images,
and a line average of 4). Serial sections from the three-dimensional
reconstruction (IMARIS software) were acquired using Z-steps of 0.2
um. For each section, nuclear (based on DAPI detection) fluorescence of
cells was quantified using the FIDJI macro application of ImageJ
(confocal microscopy platform, PBSL, UAR2014/US41, Lille). Quanti-
fication corresponds to the z stack of serial confocal sections covering
the entire thickness of the brain section. The quantification shows the
mean of nuclear fluorescence values per individual.

2.4. Plasmid construction

The shGFP (AAGCTGACCCTGAAGTTCATTCAAGAGATGAACTTCA
GGGTCAGCTTTTT; passenger-loop- guide strand) was cloned in the
PCCL transfer plasmid (Dull et al., 1998) and used as control (shctrl) in
silencing experiments. The H1l-shtau (CAGGAAATGACGAGAA-
GAAACTTCCTGTCATTTCTTCTCGTCATTTCCTGTTTTTT) was first
cloned into the Gateway Entry pENTR/D/TOPO vector (Invitrogen, St
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Aubin, France) using TOPO TA cloning methodology. The Gateway LR
Clonase (Invitrogen) was used to catalyze the in vitro recombination
between the Gateway Entry pENTR/D/TOPO-H1-shtau vector and the
lentiviral destination plasmid (SIN-cPPT-PGK-GFP-WPRE-LTR-Gate-
way). The final vector SIN-cPPT-PGK-GFP-WPRE-LTR-shtau was verified
by sequencing.

2.5. Production and assay of recombinant lentiviral vectors

Lentiviral vectors (LVs) were amplified as previously described
(Hottinger et al., 2000). HEK293T cells (4 x 10%) were plated on 10-cm
plates and transfected the following day with 13 pg of LV-H1-shGFP
(hereafter called LV-shctrl) or LV-PGK-tomato-H1-shGFP (hereafter
called LV-tomato-shetrl), 13 ug of pCMVAR8.92(Tat'), 3 pjg of
PRSV-Rev, and 3.75 pg of pMD 0.2 G (VSV-G envelope) using the cal-
cium phosphate DNA precipitation procedure. LV-shtau was produced
in a similar manner but replacing pCMVAR8.92 (Tat+) with
pMD-Lg_p-RRE (tat). Four to six hours later, the medium was removed
and replaced by fresh medium. Forty-eight hours later, the supernatant
was collected and filtered. High-titer stocks were obtained by two suc-
cessive ultracentrifugation steps at 19,000 rpm (SW 32Ti and SW 60Ti
rotors; Beckman Coulter, Villepinte, France) at 4 °C. The pellet was
resuspended in PBS with 1% bovine serum albumin and stored frozen at
— 80 °C until use.

Viral titer. Viral concentrations were determined using independent
assays as follows: (i) The physical titer was quantified using ELISA for
the HIV-1 p24 antigen (Gentaur BVBA, Paris, France). The p24 protein is
a lentiviral capsid protein that is commonly used in ELISA assays to
determine the physical titer of lentiviral batches per milliliter. The LV-
shetrl and LV-tomato-shetrl are a gift of Nicole Déglon (Lausanne
University).

2.6. Infection of primary neuronal cultures with lentiviral vectors

At DIV7, primary neuronal cultures (n = 7) cultured in 24 wells
plates were infected with 50 ng of LVs containing either an shRNA
directed against tau (shtau) or a shRNA directed against the green
fluorescent protein (shctrl). After 6 h, the infection medium was
removed and replaced by conditioned medium. Primary neuronal
cultures were then harvested at 37 °C in 5 % CO, atmosphere until
DIV24. At DIV24, neurons were treated with 1 mM of H,O, (H1009,
Sigma) or with PBS (Gibco) for 1 h. Primary neuronal cultures are
then washed with 37 °C PBS and fixed using 4 % paraformaldehyde.
Two to five different cultures were used to test the effect of LV
infection.

2.7. Statistics for immunofluorescence analysis

The Shapiro-Wilk test of normality (GraphPad Prism 7) was used to
test if the data were normally distributed. Two-tailed, unpaired Stu-
dent’s t-test (GraphPad Prism 7) was used for statistical analysis of
immunofluorescence in human brains. Each biological replicate corre-
sponds to one brain. Mann Whitney U test (GraphPad Prism 7) was used
for statistical analysis of immunofluorescence in murine primary
neuronal cultures. Each biological replicate corresponds to one cell. For
each quantification, analyzed cells are coming from two to five different
cultures. The number of biological replicates is indicated in the legends.
The experimenters were not blinded. Data are presented as mean =+
SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The asso-
ciations between nuclear proteins in human post mortem brain and in
murine primary neuronal cultures were tested using Pearson correla-
tions and linear regression analysis (GraphPad Prism 7). Each biological
replicate corresponds to one cell.
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2.8. Single nucleus suspension generation from frozen post-mortem
human brain

Neuronal nuclear suspensions from post-mortem frontal cortex tissue
blocks were prepared according to Swiech et al. with in-house modifi-
cations (Swiech et al., 2015). In more detail, 2 mm? frozen frontal cortex
tissue blocks were transferred to glass vessels (Fisher scientific
10075911) containing 1 ml of homogenization buffer (HB) (320 mM
sucrose, 5 mM CaCly, 3 mM Mg(Ac)2, 10 mM Tris-HCI pH 7.8, 0.1 mM
EDTA, 0.1% NP40, 0.1 mM PMSF, 1 mM beta-mercaptoethanol). Tissue
was thawed and homogenized on ice with 35 manual gentle strokes of a
plain plunger head (Fisher scientific 10709382). Homogenate was
transferred to recipient containing 2.65 ml gradient medium (GM) (5
mM CaCly, 50% Optiprep™ (Stemcell Technologies), 3 mM Mg(Ac)s, 10
mM Tris HCI pH 7.8, 0.1 mM PMSF, 1 mM beta-mercaptoethanol) and
glass vessel was washed with 1.65 ml HB. HB and GM were mixed by
inversion and layered on top 5.25 ml of a 29 % Optiprep-sucrose cushion
(150 mM KCl, 30 mM MgCly, 60 mM Tris HCI pH 8, 250 mM sucrose, 29
% Optiprep™) in Open-Top Thinwall Ultra-Clear Tubes (Beckman
coulter 344059) for ultracentrifugation at 7700 rpm for 30 min at 4 °C in
a SW41-Ti swinging bucket rotor (Beckman Coulter 331362). Superna-
tant was removed and nuclei pellet was resuspended in PBS+ 0.04%BSA
to reach a concentration of approximately 1 million nuclei per ml.
Nuclei suspension was filtered through 35 pm mesh and stained with 1
pg/ml anti-NeuN-568 (Abcam ab207282) and 3 uM DAPI.

2.9. Fluorescence activated nucleus sorting (FANS) and analysis

Nuclei suspensions derived from human post-mortem control and AD
brains were subjected to FANS on the SH800S Cell Sorter (Sony). Nuclei
were discriminated from debris based on side scatter pulse area (SSC-A)
and forward scatter pulse area (FSC-A). Subsequently, a strict doublet
discrimination was performed based on the pulse width of the forward
scatter (FSC-W) versus the pulse height of the forward scatter (FSC-H).
Remaining debris was gated against by selecting only DAPI-positive
nuclei. Neuronal nuclei were detected based on NeuN expression.
Neuronal nuclei with an increased DNA content were visualized on a
linear DAPI pulse area (DAPI-A) histogram and selected for single nu-
cleus sorting onto cover slips pre-coated with Poly-D-lysine/Laminin
(Corning 354087) in 24-well plates for immunohistochemistry or into
96-well plates containing 2.5 pyL RLT+ buffer (Qiagen) per well for
single-cell genome sequencing. The percentage of cycling neurons per
brain was determined in FlowJo10.8 as the fraction of single neuronal
nuclei with a DAPI-A signal higher than two standard deviations from
the mean DAPI-A signal. Recordings including less than 700 events were
excluded from the analysis. Unpaired two-Samples Wilcoxon statistical
testing was performed in R (version 1.1.447) to determine the signifi-
cance level of the difference between the number of nuclei with
increased DNA content in AD versus control brains.

2.10. Immunofluorescence of single nuclei

A 24-wells plate, containing nuclei sorted onto pre-coated cover
slips, was centrifuged at 1000 g for 5 min at 4 °C. Nuclei were fixed with
10% paraformaldehyde for 10 min at room temperature (RT). Coverslips
were rinsed 3 times with 1x PBS for 10 min. Nuclei fixed onto coverslips
were kept in 1xPBS at 4 °C for maximum 1 week. Coverslip was rinsed 2
times with 1x PBS for 10 min at RT when kept at 4 °C. Nuclei were
permeabilized with 0.2 % Triton X-100 for 10 min at RT and rinsed 3
times with 1x PBS for 5 min at RT. 2 % normal donkey serum was used
for blocking for 10 min at RT. 1:200 mouse Taul primary antibody was
administered to the nuclei and incubated overnight at 4 °C in the dark.
Coverslips were rinsed 3 times with 1x PBS for 10 min at RT. 1:2000
anti-mouse IgG coupled to Alexa Fluor A488 secondary antibody (Invi-
trogen) was added to the nuclei and incubated for 2 h at 4 °C in the dark.
Coverslips were rinsed 3 times with 1x PBS for 10 min at RT. Coverslips
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were mounted onto glass slides with 3 pL. Fluoromount-G mounting
medium with DAPI (Invitrogen 00-4959-52). Images were acquired
using a Leica SPE confocal microscope. Taul and DAPI fluorescence
intensity of every nucleus were quantified with Image J software (NIH).
Pearson’s Chi-squared statistical testing was performed in R (version
1.1.447) to determine significance levels.

2.11. Single-nucleus genome amplification, sequencing and cell-cycle
analysis

Nuclei were lysed in RLT plus buffer (Qiagen 1053393) after sorting
into individual wells of a FrameStar® 96-well plate. Lysed DNA was
diluted in 25 pL wash buffer (50 mM Tris-HCl pH8.3, 75 mM KCl, 3 mM
MgCly, 0.5 % Tween-20, 1 mM DTT) and precipitated using AMPure PCR
Clean beads (Beckman Coulter) in an automated liquid handling robotic
platform (Hamilton). In more detail, a 1:1 ratio bead to DNA volume was
added and incubated for 20 min. The plate was transferred to an LE
magnet plate (Alpaqua) for collection of the gDNA for 20 min. Super-
natant was removed and gDNA was washed 2 times with 80 % ethanol.
Picoplex WGA (Takara) was used for single-cell whole genome ampli-
fication according to the manufacturer’s instructions at '; volumes.
Amplified gDNA was purified with a 1:1 ratio Ampure beads and eluted
in EB buffer to reach a concentration of approximately 10 ng/uL. Dilu-
tion of the gDNA to 0.200 ng/uL and subsequent library preparation
with Nextera XT DNA Library Preparation kit (Illumina) in 1/10 vol-
umes was executed on an Echo 525 acoustic liquid transfer device
(Labcyte). Single-cell gDNA libraries were multiplexed, purified with a
1:0.6 ratio Ampure beads and single end 50 bp read sequenced on a P2
flowcell of the NextSeq 2000 sequencing device (Illumina) aiming at 1
million reads per cell. Genomic read alignment and estimation of
genomic copy-number variation was executed according to Macaulay
et al. (2015, 2016) with minor modifications. In brief, single-end
sequencing reads were demultiplexed and aligned to the GFCh37
human reference genome with BWA-MEM (Li et al., 2013) (Version
0.7.17-r1188). PCR-duplicated reads were removed with Picard
(Version 2.21.4) (http://broadinstitute.github.io/picard/). LogR per
genomic, nonoverlapping bin of 500,000 uniquely mappable positions
was calculated as the read count of that given bin divided by the average
read count of the bins genome-wide. %GC correction was performed
using a Loess fit in R and LogR values were normalized according to the
median LogR genome-wide. Using piecewise constant fitting (PCF) with
the penalty parameter, vy, set to 10, the corrected LogR values were
segmented into regions with a similar ploidy. Integer DNA copy numbers
(CN) were estimated as 2'°8%* y, with the average ploidy of the cell, y,
determined as the average CN value with the lowest penalty from a
1.2-6 grid with possible CN values, transformed from segmented LogR
values. High penalty values are given to a possible average CN when the
sum of squared differences between the unrounded and rounded CN is
high.

2.12. Neuroblastoma cell culture

SH-SYS5Y cells were cultured in complete medium DMEM (Dulbec-
co’s Modified Eagle’s Medium, Invitrogen) with 10 % of fetal bovine
serum (Gibco), L-glutamin (2 mM) and penicillin/streptomycin (50 U/
ml) in a controlled atmosphere with 5 % of CO; at 37 °C. Immunoflu-
orescence on neuroblastoma cells was performed as described previ-
ously (Dourlen et al., 2007).

3. Results
3.1. In AD brains, cell cycle markers colocalize with nuclear
hypophosphorylated tau in a subpopulation of neurons in the vicinity of

amyloid plaques

To explore the link between cell cycle re-activation and different

Progress in Neurobiology 223 (2023) 102386

forms of tau in single cells in AD brains, we stained coronal sections of
human cortex from AD (Braak VI) and non-demented control (C) pa-
tients with Ki67, a general cell cycle marker (Sun et al., 2018) and
several phospho-dependent tau antibodies. Hyperphosphorylated tau
(hyperP tau) is not uniformly present within the cortex. In particular,
neurons exhibiting hyperphosphorylated tau are present in zones next to
which are neighboring neurons whose cytoplasm is devoid of phos-
phorylated tau showing that within the same region very different stages
of tau pathology may coexist, reflecting different stages of the disease
process. We confirmed a previously found correlation between cyto-
plasmic and nuclear phosphorylated tau and Ki67 staining in AD brain
regions positive for neurofibrillary tangles (NFT)-like hyperP tau (Sup-
plementary Fig. 1a, left panel) (Smith and Lippa, 1995). As expected, in
NFT-negative brain regions, this correlation was absent (Fig. 1la).
Instead, we observed a correlation between nuclear hypoP tau and Ki67
(Fig. 1a). Interestingly, this population of cells with nuclear colocali-
zation of Ki67 and Taul consists exclusively of neurons since all cells are
positive for the neuron-specific NeuN marker (Fig. 1b,c). Surprisingly,
although neurons with nuclear Taul or Ki67 were detected, this
Ki67/Taul double positive cell population was absent in control brains
indicating the AD disease-specific nature of this cellular population
(Fig. 1b). Quantification of neuronal Ki67 and Taul immunofluores-
cence (IF) confirmed a significant increase of both nuclear Ki67 and
Taul in neurons from AD compared to control brains (Fig. 1d).
Furthermore, quantification of nuclear Taul IF in neurons with or
without nuclear Ki67 expression (Ki67 ' and Ki67 respectively) revealed
a statistically significant increase of Taul in Ki67" compared to Ki67"
neurons (Fig. le) although not all neurons expressing nuclear Ki67
displayed increased nuclear Taul labeling (Fig. 1e). Regression analyses
showed a statistically significant Pearson correlation coefficient (r =
0.6607; P < 0.0001) between nuclear Ki67 and Taul immunofluores-
cence intensity in neurons indicating an association between cell cycle
activation and nuclear hypoP tau content (Fig. 1f). With a general tau
antibody we were able to show that this correlation is not antibody
dependent. As for Taul, total tau nuclear labeling colocalized with Ki67
and NeuN, confirming that tau is indeed present inside the nucleus in a
subpopulation of the cycling neurons (Supplementary Fig. 1b).
Together, these data thus reveal an AD-specific subpopulation of cycling
neurons with a highly hypophosphorylated state of tau in the nucleus
(henceforth referred to as ntau® cycling neurons).

Interestingly, a diffuse DAPI staining was systematically observed in
the vicinity of ntau™ cycling neurons (stars show DAPI plaques in the
close vicinity of ntau™ cycling neurons in Figs. 1c,2a,4a and Supple-
mentary Fig. 1b,2a,2b). This typical DAPI staining pattern is known to
correspond to the presence of chromatin inside the core of amyloid
plaques (Pensalfini et al., 2014) (Supplementary Fig. 1c, stars). Using
anti-Abeta antibody, we confirmed that ntaut cycling neurons are pre-
sent near Abeta plaques (Supplementary Fig. 1d, stars). Furthermore,
ntau” cycling neurons were only found in AD brain with a high load of
amyloid plaques (Thal score 5), suggesting that pathological forms of
Abeta could play a role in nuclear tau increase and cell cycle
reactivation.

Ntau™ cycling neurons represent an average of 58.68 % among all the
cycling neurons, within 100 um around DAPI plaques (Supplementary
Fig. 1e).

3.2. Elevated nuclear tau is specifically associated with G1 to S markers
in cycling neurons

Although Ki67 is present throughout the cell cycle, its expression
level increases from G1 to M phase during the cell cycle (Miller et al.,
2018). Therefore, the observed correlation between nuclear tau and
Ki67 could indicate that there is a subpopulation of cycling neurons that
have passed the G1/S checkpoint. To explore this hypothesis, we used IF
to analyze colocalization of hypoP tau with various cell cycle markers
specifically expressed during the G1, S, G2 and/or M phases (Fig. 2b).
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Fig. 1. : Hypophosphorylated tau is present in a subpopulation of cycling neuronal nuclei from AD brains. a. Representative images of coronal sections from human
post-mortem control (C) and Alzheimer (AD) brain (C: n = 3; AD: n = 5). The sections were labeled with the anti-Ki67 antibody, and with various phospho-
dependent anti-tau antibodies. IF signals were analyzed by confocal laser-scanning microscopy (clsm) (z projection). Nuclei were detected with DAPI staining.
The scale bars represent 20 um. Arrowheads show Ki67 positive cells. b. Representative images of coronal sections from control (C) and Alzheimer (AD) brain (C:
n = 3; AD: n = 5). The sections were labeled with DAPI and the anti-Ki67, anti-NeuN and Taul antibodies. IF signals were analyzed by clsm (z projection). The scale
bars represent 20 pym. c. Representative images of the 3D reconstruction of coronal sections from AD brain (n = 5). The sections were labeled with the anti-Ki67, anti-
NeuN and Taul antibodies. IF signals were analyzed by clsm (z projection). The scale bars represent 10 um. White arrowhead shows ntau™ cycling neuron. Stars show
DAPI plaque. d. The nuclear Ki67 (left panel) and Taul (right panel) IF intensity were separately quantified within the same neurons (C: n = 46, AD: n = 68) from C
(n=7) and AD (n = 5) brain. Graphs show the mean of fluorescence per category (Ki67: C= 109,7 %, AD=199.1 %; Taul: C=115.4 %, AD=202.2 %). 100%
corresponds to the mean of non specific fluorescence. Each biological replicate corresponds to one brain. Data are presented as mean + SEM (*P < 0.05; Two-tailed,
unpaired Student’s t-test). e. The nuclear Taul IF intensity was quantified within neurons from AD brain (n = 5) with (Ki67 +)(n = 35) or without (Ki67-)(n = 32)
Ki67 signals. Graph shows the mean of fluorescence per category. Each biological replicate corresponds to one brain. Data are presented as mean + SEM (**P < 0.01;
Two-tailed, unpaired Student’s t-test). f. Graph shows the correlation between the intensity of the nuclear Ki67 and Taul IF signals within the same neurons (n = 77)

from AD brain (n = 5). Pearson coefficient: r = 0,6207 (P < 0.0001).

<

We found that the nuclear accumulation of hypoP tau starts early in the
G1 phase as shown with the cyclin D1 marker, and persists in late G1 and
S phase, illustrated by PCNA and cyclin A markers (Fig. 2a,c). A weak
nuclear Taul labeling can be observed in cyclin Bl-expressing neurons
reflecting the ability of these neurons to fully replicate their DNA and
enter G2 (Fig. 2a). Quantification did not show a statistically significant
increase in hypoP tau in cyclin Bl-positive neurons compared to
non-cycling neurons (Fig. 2¢) suggesting that the majority of ntau™
cycling neurons do not reach the G2 phase. However, these data don’t
exclude that some of these neurons become tetraploid and enter G2. The
absence of PH3 indicates that these neurons do not reach M-phase which
is in accordance with full but also partial replication of the genome
(Supplementary Fig. 2a).

3.3. Ntau™ neurons with increased DNA content exclusively arise in AD
brains

Since nuclear tau appears to accumulate during S phase, we inves-
tigated whether ntau™ cycling neurons regain the capacity to replicate
DNA. We quantified the DAPI fluorescent signal (Lopez-Sanchez et al.,
2017) in ntau™ cycling neurons and compared it with non-cycling neu-
rons in AD brains to determine whether the DNA content in this ntau™
subpopulation of neurons was altered. Indeed, a significantly increase of
DAPI fluorescence intensity in the ntau™ cycling neurons compared to
non-cycling neurons was detected (Fig. 3a). Subsequently, we speculate
that this altered DNA content is due to a, at least partial, replication of
the DNA. Hence, the relationship between nuclear tau, increased DNA
content and neuronal cell cycle in AD brains was further explored by
means of FANS analysis (Supplementary Fig. 3) followed by IF and
single-nucleus genome sequencing of isolated nuclei (Fig. 3b-f). In
FANS, the mean DAPI area (DAPI-A) intensity signal is considered to
represent a population of neurons with a normal diploid genome
(2 C/2 n), while a DAPI-A value of this mean DAPI-A multiplied by two
represents a fully replicated genome (4 C/4 n) (Fig. 3b). We consider the
DNA content of a neuron increased when the DAPI-A intensity signal
exceeds the threshold of the mean DAPI-A signal in the sample plus two
standard deviations. As demonstrated by FANS analysis of post-mortem
human donor brains, a significantly higher percentage of neurons with
increased DNA content (>2n neurons) could be detected in AD
compared to control brains (P < 0.01) (Fig. 3b,c). More specifically, in
AD brains, 2.84 % (1.9-10.7 %) of the neurons have an increased DNA
content, while control brains contain 1.69 % (1.2-2.3 %) of neurons
with increased DNA content (Fig. 3c). Surprisingly, the DAPI-A values
for the majority of neurons do not reach the 4n-representative value,
which indicates most neurons have not yet fully replicated their ge-
nomes. Remarkably, one donor brain with a low amyloid beta load (Thal
1), which was classified as an atypical AD case, merely contained 1.7 %
of neurons with increased DNA content (Fig. 3c), strengthening the
finding that cycling neurons with increased DNA content are found more
frequently in AD brains associated with high amyloid plaques loads
(Fig. 1, Supplementary Fig. 1).

For illustrative purposes only, a limited number of neuronal nuclei
with increased DNA content were sorted and subjected to single-nucleus
genome sequencing. An oscillating pattern of the estimated integer DNA
copy number (2 log *y with y = average ploidy) was observed, which is
reported to be characteristic for DNA replication and typically observed
in cells in S-phase (Van der Aa et al., 2013) (Fig. 3d,e, Supplementary
Fig. 3f,g,h). Taken together with the FANS analysis, where the majority
of neurons with an increased DNA content demonstrate an incomplete
replication of their genome (Fig. 3b), this indicates that these neurons
most likely find themselves blocked in S-phase. Nevertheless, since our
single-cell genome sequencing analysis pipeline cannot differentiate
between a diploid and a tetraploid copy number profile, we do not
exclude the possibility that at least part of the neurons with increased
DNA content have fully replicated their genome. Importantly, these
neurons with increased DNA content can be found in both AD and
control brains, however, the abundance is higher in AD brains (Fig. 3b,
o).

An exclusive presence of nuclear tau (Tault) in AD pathology
neuronal nuclei was demonstrated through Taul IF staining of single
nuclei, isolated from AD and control brains (Fig. 3f). It can be noted that,
unlike the diffuse nuclear labeling of Taul in ntau® cycling neurons
revealed by IF in AD brain sections (Figs. 1,2), Taul labeling in isolated
neurons analyzed by FANS is mainly localized within the nucleus close
to the inner nuclear membrane. This difference in detection is probably
due to technical constraints related to the multiplicity of steps in the
FANS analysis. Interestingly, the localization of tau in the nuclear pe-
riphery directly below the nuclear membrane corresponds to the pre-
dominant presence of pericentromeric heterochromatin where tau
binding has been described (Mansuroglu et al., 2016). No tau expression
(Taul™) could be detected in neuronal nuclei with increased DNA con-
tent (>2 n) selected and sorted from control brains in contrast to these
isolated from AD brains. A significant number of neuronal nuclei with
increased DNA content derived from AD brains were positive for tau
(Taul™) (P < 0.0001) (Fig. 3g, left panel). Interestingly, tau could also
be detected in the nuclei of diploid neurons (2 n) selected and sorted
from AD brains (Fig. 3g, right panel), but was significantly increased in
neuronal AD nuclei with an increased DNA content (P < 0.001)
(Fig. 3 g, right panel).

Altogether these results validate the accumulation of nuclear tau in a
subpopulation of neurons with increased DNA content, exclusively from
AD brains, and suggest that those neurons which have passed the G1/S
checkpoint mainly remain blocked in S phase.

3.4. Increased DNA damage, elevated nuclear tau, and cell cycle
reactivation are simultaneously induced under oxidative stress in neurons

Because oxidative stress is linked to cell cycle reactivation (Klein
et al., 2003; Kagias et al., 2012), increased nuclear tau expression
(Sultan et al., 2011; Violet et al., 2014) and Abeta plaques (Swomley
et al., 2014), which are found in the vicinity of ntau™ cycling neurons
(see above), we explored oxidative stress as a potential mechanism
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Fig. 2. : Nuclear tau is present in cycling neurons during G1 and S phases. a. Representative images of coronal sections from human post-mortem AD brain (n = 3-5).
The sections were labeled with antibodies against cell cycle proteins specifically expressed during different phases (cyclin D1; PCNA; cyclin A; cyclin B1), NeuN and
Taul. Immunofluorescence signals were analyzed by clsm (z projection). Nuclei were detected with DAPI staining. The scale bars represent 20 pm. Arrowheads show
Taul positive neurons. Stars show DAPI plaque. b. Schematic representation of the expression of cell cycle proteins cyclin D1, PCNA, cyclin A and cyclin B1 during
the cell cycle. c. The intensity of the nuclear Taul IF signals was quantified within non-cycling (n = 54) or cycling neurons from human post-mortem AD brain
(n = 3-5) expressing the cell cycle marker cyclin D1 (n = 31), PCNA (n = 52), cyclin A (n = 34), cyclin B1 (n = 20) or PH3. Graph shows the mean of fluorescence
per category. Each biological replicate corresponds to one brain. Data are presented as mean + SEM (**P < 0.01; *P < 0.05; Two-tailed, unpaired Student’s t-test).
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Fig. 3. : FACS, single nucleus genome sequencing and immunofluorescent analysis of neuronal nuclei with increased DNA content. a. DAPI fluorescence intensity was
quantified within non-cycling (n = 44) and ntau™ cycling (n = 70) neurons from AD brain (n = 5). Graph shows the mean of nuclear fluorescence per category. Each
biological replicate corresponds to one brain. Data are presented as mean + SEM (*P < 0.05; Two-tailed, unpaired Student’s t-test). b. Linearly scaled, DAPI pulse
area (DAPI-A) intensity signals of neuronal nuclei from a control and AD brain. The DAPI-A signal cutoffs for DNA content exceeding a diploid genome signal (>2 n)
and 2 n and 4 n DAPI-A intensities are indicated. Set-ins represent enlargements of the DAPI-A intensity signal of > 2 n neurons. c. Boxplots representing the
percentage of > 2 n neuronal nuclei from control brain (n = 5), AD brain (Thal score 5) (n = 8) and AD brain (Thal score 1) (n = 1) (**P < 0.01; Unpaired two-
samples Wilcoxon test). Each biological replicate corresponds to one brain. d. Heatmap of four > 2 n neuronal nuclei (red) and six 2 n neuronal nuclei (green)
derived from AD (purple) and Control (yellow) brain. X-axis depicts chromosomes. Average ploidy (y) per nucleus is shown in the rightmost column of the heatmap.
Copy number is indicated in red when gained and blue when deleted. e. Illustrative examples of representative copy number profiles of one chromosome for each
> 2 n neuron. X-axis depicts position on the chromosome. Y-axis represents ploidy. Black dots represent ploidy of individual 500 kb bins. Red line indicates estimated
ploidy per segment. f. Representative confocal images of > 2 n neuronal nuclei from AD brain (n = 5) sorted on coverslips and stained with DAPI and anti-NeuN and
Taul antibodies. Nuclei are delimitated by white dashed lines. The scale bar represents 10 um. g. Left Bar plot represents the absolute number of > 2 n neuronal
nuclei selected and sorted from C (light gray, n = 63) versus AD (dark gray, n = 75) brain (C: n = 5; AD: n = 5) with (Taul +) or without (Taul) expression of ntau,
(**** P < 0.0001; Unpaired two-samples Wilcoxon test). Each biological replicate corresponds to one neuron. Right bar plot represents the absolute number of 2 n
(light blue, n =90) and > 2 n neurons (dark blue, n = 63) with (Taul +) or without (Taul-) ntau expression, selected and sorted from AD brains (n = 5)
(j **P < 0.001; Pearson’s Chi-squared test). Each biological replicate corresponds to one neuron.

linking these phenomena. Hence, we investigated whether oxidative To test whether joint nuclear tau increase and cell cycle re-entry in
stress-induced DNA damage could be an underlying cause of the differentiated cultured neurons was restricted to an acute oxidative
simultaneous neuronal cell cycle re-activation and nuclear tau accu- stress, we tested the effect of tert-Butyl hydrogen peroxide (tBut-H205), a
mulation in AD brains. We analyzed by IF the presence of 8-o0x0-7, more stable but less reactive HoO, analog, at identical concentration
8-dihydroguanine (8-0xo-G), the earliest and most frequent oxidative (1 mM) and time (1 H) as HoO5 (Supplementary Fig. 6a). Supplementary
DNA lesion in neurons from control and AD brain (Fig. 4a). Strikingly, Fig. 6 shows that although treatment with tBut-H20, causes around 10
ntau™ cycling neurons from AD brains were burdened with oxidative times less oxidative damage (8-oxo-G) (Supplementary Fig. 6b) than
DNA damage (Fig. 4b). A significant positive correlation between 8oxoG H30, (Fig. 4h), it induces similar effects but in lesser amplitudes on
and Taul IF intensity was observed in ntau®™ cycling neurons nuclear levels of Taul (Supplementary Fig. 6¢) (Fig. 4e) and Ki67
(r =0.5582; P < 0.0001) (Fig. 4c), confirming an association between (Supplementary Fig. 6d) (Fig. 4f), indicating that nuclear tau accumu-
the level of oxidative DNA damage and nuclear tau content. Similar lation and cell cycle reactivation in neurons can be induced as well
results were obtained using PCNA as an additional indicator of prolif- under milder oxidative stress.
eration instead of Ki67 (Supplementary Fig. 4a-c). Both in AD brains and primary neuronal cultures, a clear link be-
Since DNA double strand breaks (DSB) can be an indirect conse- tween oxidative DNA damage, cell cycle reactivation and nuclear tau
quence of oxidative stress, we evaluated the presence of a phosphory- levels in neurons can be observed, which strongly suggest that, early in
lated form of Histone H2AX (PSer139-H2AX; H2AX), a marker for AD pathogenesis, neurons facing oxidative stress-induced DNA damage
initiation of DSB repair. In neurons from control and AD brains (Sup- undergo nuclear tau accumulation as well as cell cycle re-activation as
plementary Fig. 5a), YH2AX labeling was mainly observed in cells from part of an emergency DNA damage response.
AD brains. The level of yH2AX was slightly, although significantly Beside, Hy0, treatment caused BrdU incorporation correlated to
higher in ntau™ cycling compared to non-cycling neurons from AD nuclear tau augmentation and cyclin A expression indicating DNA
brains (Supplementary Fig. 5b). However, regression analysis between replication occurs in ntau™ neurons under oxidative stress (Supple-
yH2AX and Taul IF intensity (r = 0.1813; P = 0.2076) (Supplementary mentary Fig. 7a-e).
Fig. 5¢) in ntau™ cycling neurons failed to show any significant corre- Importantly, similar to our observations in ntau™ cycling neurons
lation (r=0.1813; P =0.2076) (Supplementary Fig. 5c). Taken from AD brains (Supplementary Fig. 2b), we did not detect cleaved
together, these results suggested that oxidative DNA damage can trigger caspase 3 (the activated form of the apoptosis-associated enzyme) or
cell cycle re-entry with nuclear accumulation of tau in neurons while chromatin fragmentation in cultured ntau™ cycling neurons under
DSB do not appear to be involved. oxidative stress condition (Supplementary Fig. 5g) reflecting an absence
To further substantiate this finding, differentiated cultured neurons of apoptotic mechanisms. On the contrary, cleaved caspase 3 was clearly
were subjected to an acute but subtoxic oxidative stress or PBS treatment present in cells lacking nuclear tau, suggesting that the presence of
(Sultan et al., 2011). The effects of those treatments on the levels of nuclear tau might be neuroprotective.

nuclear oxidative DNA damage, DSB, tau and the cell cycle markers Ki67

and PCNA were analyzed as described above for AD brains. Adminis-

tration of a subtoxic concentration of hydrogen peroxide (H3O2) to 3.5. Downregulation of tau prevents neuronal cell cycle progression into S
neurons is already known to induce oxidative DNA damage, DSB, cell phase triggered by oxidative stress

cycle re-entry (Schwartz et al., 2007) and even nuclear tau accumulation

(Sultan et al., 2011). Indeed, Hy0, treatment in neuronal cultures Our results indicated that oxidative stress can co-induce neuronal
strongly increased the nuclear level of Taul, Ki67, PCNA, 8-0x0-G cell cycle re-entry and nuclear tau accumulation in response to elevated
(Fig. 4d,e,f;h) (Supplementary Fig. 4d,e) and yH2AX (Supplementary oxidative DNA damage. To investigate whether these two events act
Fig. 5d,e) in neurons demonstrating that oxidative stress can simulta- independently of each other or whether there is a relationship between
neously trigger DNA damage, nuclear accumulation of tau and cell cycle the two, we analyzed the role of tau downregulation on the expression of
reactivation in differentiated neurons. Moreover, a similar correlation, various proliferation markers and on the DNA level of cycling neurons,
as in post-mortem AD brain sections (Fig. 1f), was observed between in differentiated neuronal cultures. Neuronal cultures from wild type
Ki67 and Taul immunofluorescence (r = 0.5500; P < 0.0001) (Fig. 4g) mouse brain embryos (7 DIV) were infected or not with a lentiviral
in culture. In addition, the other correlations found in the AD brains vector (LV) encoding short hairpin (sh) RNA targeting tau and
were replicated in cultured neurons. Nuclear tau correlates with expressing the GFP reporter gene (LV-shtau) or shRNA control (LV-

oxidative DNA damage (r = 0,5848; P = 0,0011) (Fig. 4i) and (r =0, shetrl) targeting GFP which is not endogenously expressed in neurons
8008; P < 0,0001) (Supplementary Fig. 4f) but not with the formation of (Supplementary Fig. 8a). Infection with LV-shtau strongly decreased tau

DSB (r = 0.1919; P = 0.1224) (Supplementary Fig. 5f) in neuronal cul- ~ eXpression by an average of 75 % as revealed by WB (Supplementary
tures, as previously observed in post-mortem AD brains. Fig. 8b) and with an average of 70 % in neuronal nuclei analyzed by IF

(Fig. 5a) while shctrl had no significant effect (Fig. 5a; Supplementary
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Fig. 8b). Infected neuronal cultures (24 DIV) were subjected to HO5 or
PBS treatment as previously described (Fig. 4d). Along with increasing
nuclear tau, HyO, treatment increased the nuclear level of the G1 marker
cyclin D1, the G1/S marker PCNA, the S marker cyclin A and the DNA
level as measured by DAPI fluorescence, compared to PBS treatment, in

nuclear IF intensity (%)
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Fig. 4. : Oxidative stress induces joint DNA
damage, nuclear tau increase and cell cycle
reactivation in neurons. a. Representative im-
ages of coronal sections from C (n = 4) and AD
(n = 4) brain. The sections were labeled with
the anti-80x0G, anti-Ki67 and Taul antibodies.
IF signals were analyzed by clsm (z projection).
Nuclei were detected with DAPI staining. The
scale bars represent 20 um. Stars show DAPI
plaque. b. The intensity of the 8oxoG and Taul
IF signals were separately quantified within the
same non-cycling (n = 48) and ntau® cycling
(n=99) neurons from AD brains (n=4).
Graph shows the mean of nuclear 80xoG fluo-
rescence per category. Each biological replicate
corresponds to one brain. Data are presented as
mean + SEM (* P < 0.05; Two-tailed, unpaired
Student’s t-test). c. Graph shows the correlation
between the intensity of the nuclear 8oxoG and
Taul IF signals in the same neurons (n = 79).
Pearson coefficient: r = 0,5582 (P < 0.0001). d.
Representative images of primary neuronal
cultures treated one hour with H,O, (1 mM) or
PBS. Coverslips were labeled with DAPI and the
anti-80x0G, anti-Ki67 and Taul antibodies.
Immunofluorescence signals were analyzed by
clsm (z projection). Scale bars represent 20 pm.
The intensity of the nuclear Taul e. and Ki67 f.
fluorescence signals were separately quantified
within the same neurons (PBS: n = 42, Hy0,:
n=91) from five different cultures. Graphs
show the mean of nuclear fluorescence per
category. Each biological replicate corresponds
to one cell. Data are presented as mean + SEM
(****P < 0.0001; Mann Whitney U test). g.
Graph shows the correlation between the in-
tensity of the nuclear Ki67 and Taul IF signals
in the same neurons (n = 108) after H,O,
treatment. Pearson coefficient: r = 0,5500
(P < 0.0001). h. The intensity of the nuclear
8ox0G IF signals was separately quantified in
parallel to Taul in two different cultures (PBS:
n = 8, HyOy: n = 27). Graphs show the mean of
nuclear fluorescence per category. Each bio-
logical replicate corresponds to one cell. Data
are presented as mean + SEM
(**** P < 0.0001; Mann Whitney U test). i.
Graph shows the correlation between the in-
tensity of the nuclear 8oxoG and Taul fluores-
cence signals in the same neurons (n = 28) after
H,0-, treatment. Pearson coefficient: r = 0,5848
(P =0.0011).

ntau™ cycling neurons (Supplementary Fig. 9a,b,d,e; Fig. 5b,c,e). These
results indicated that the oxidative stress condition can induce cell cycle
progression to S phase and at least initiate DNA replication in differ-
entiated neurons.

The effect of tau downregulation was analyzed on the expression of
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Fig. 5. : Tau downregulation prevents the cyclin A and DNA content increase in neurons under oxidative stress. a. Quantification of the intensity of Taul IF signals in
primary neuronal cultures (n = 5) untreated (PBS: n = 46) or treated with H,O, (1 mM, 1 H) and non-infected (NI: n = 119) or infected with the LV-shetrl (shctrl:
n = 74) or the LV-shtau (shtau: =116). Graph shows the mean of nuclear Taul fluorescence per category. Each biological replicate corresponds to one cell. Data are
presented as mean + SEM (****P < 0.0001; Mann Whitney U test). b. Representative images of primary neuronal cultures treated with H;O, and non-infected (NI:
n = 63) or infected with the LV-shctrl (shetrl: n = 13) or the LV-shtau (shtau: n = 24). Coverslips were labeled with DAPI and the anti-cyclin A and Taul antibodies.
Immunofluorescence signals were analyzed by clsm (z projection). The scale bars represent 20 um. c. The intensity of the nuclear cyclin A IF signal was separately
quantified in parallel to Taul within the same neurons from two different cultures (PBS: n = 22; Hy05: NI (n = 63), shetrl (n = 13), shtau (n = 24,). Graph show the
mean of nuclear IF per category. Each biological replicate corresponds to one cell. Data are presented as mean + SEM (****P < 0.0001; Mann Whitney U test). d.
Graph shows the correlation between the intensity of the nuclear cyclin A and Taul IF signals in the same neurons (n = 48) after H,O, treatment. Pearson coefficient:
r =0,7995 (P < 0.0001). e. The intensity of the nuclear DAPI fluorescence signals was separately quantified in parallel to Taul within the same neurons from two
different cultures (PBS: n = 15; HyO5: NI (n = 33), shctrl (n = 16), shtau @ = 23)). Graph show the mean of nuclear fluorescence per category. Each biological
replicate corresponds to one cell. Data are presented as mean + SEM (*** P < 0.001; * P < 0.05; Mann Whitney U test). f. Graph shows the correlation between the
i‘ntensity of the nuclear Taul and DAPI fluorescence signals in the same neurons (n = 33) after H,O, treatment. Pearson coefficient: r = 0540, (P < 0.0001).
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Fig. 6. : Tau downregulation prevents apoptosis activation in neurons under oxidative stress. a. Representative images of primary neuronal cultures treated with
H50,. (1 mM, 1 H) and non-infected (NI: n = 39) or infected with the LV-shctrl (shctrl: n = 25) or the LV-shtau (shtau: n = 55). Coverslips were labeled with DAPI
and the anti-cleaved caspase 3 and Taul antibodies. Immunofluorescence signals were analyzed by clsm (z projection). The scale bars represent 20 um. b. The
intensity of the nuclear cleaved caspase 3 IF signal was separately quantified in parallel to Taul within the same neurons from two different cultures (H2O,: NI
(n = 33), shetrl (n = 16), shtau (n = 23)). Graph shows the mean of nuclear IF per category. Each biological replicate corresponds to one cell. Data are presented as
mean + SEM ( P < 0.0001; Mann Whitney U test). c. Graph shows the correlation between the intensity of the nuclear cleaved caspase 3 and Taul fluorescence
signals in the same neurons (n = 107) after H,O, treatment. Pearson coefficient: r = -0,4722 (P < 0.0001).
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cyclin D1 (Supplementary Fig. 9a,b), PCNA (Supplementary Fig. 9d,e)
and cyclin A (Fig. 5b,c) under HyO, treatment. For each cell cycle
marker analyzed, nuclear Taul level was quantified in the same
neurons.

After Hy0 treatment, nuclear tau reduction induced by shtau had no
significant effect on the expression of cyclin D1 (Supplementary Fig. 9a,
b) and PCNA (Supplementary Fig. 9d,e). No significant association be-
tween Taul and cyclin D1 (Supplementary Figure 9c), and between
Taul and PCNA IF was observed (Supplementary Fig. 9f). However,
reduction of nuclear tau specifically decreased cyclin A expression
(average values: NI=100 %; shtau=36 %) and decreased DNA content
(average values: NI=100 %; shtau=61 %) (Fig. 5c,e). Nuclear cyclin A
and tau levels were strongly correlated (r=0.7995, P < 0.0001)
(Fig. 5d). Significant correlation was also observed between nuclear tau
and DNA levels (r = 0.5402, P = 0.0006) (Fig. 5f). Shctrl infection had
no effect on the expression of the different markers under H,O treat-
ment (Fig. 5a,b,c,e; Supplementary Fig. 9a,b,d,e). Similar results on
Taul and cyclin A were obtained after neuronal infection with LV-shetrl
and a lentiviral vector identical to LV-shctrl but which additionally ex-
presses the tomato reporter gene (LV-tomato-shctrl) to view infected
neurons (Supplementary Fig. 8e,g,h). The average percentage of
neuronal infection was similar after infection with LV-shtau (60 %) and
LV-tomato-shcetrl (66 %) (Supplementary Fig. 8d,f).

Altogether these results indicate that tau has no effect on the
oxidative stress-induced re-entry of neurons in G1 but specifically con-
trols the neuronal cell cycle progression into S phase.

3.6. Downregulation of tau activates apoptosis

An observed increase of cleaved caspase 3 in the absence of nuclear
tau in neurons treated by HyO» (Supplementary Fig. 5g), suggested that
the presence of tau in the nucleus of ntau™ neurons promotes cell sur-
vival under oxidative stress. Hence, we analyzed the effect of tau
downregulation on the expression of nuclear cleaved caspase 3 (Kamada
et al., 2005) in cultured neurons under oxidative stress (Fig. 6a). The
decrease of tau expression was associated with an increase of the level of
nuclear cleaved caspase 3 in neurons treated with H,O, (average values:
NI=100 %; shtau=196 %) (Fig. 6b). Furthermore, nuclear tau and
cleaved caspase 3 levels were inversely correlated (r = —0.4722,
P < 0.0001) (Fig. 6¢), demonstrating the protective role for tau to pre-
vent oxidative stress-associated cell death in cycling neurons.

In addition, since neurons with a high rate of DNA damage are

Progress in Neurobiology 223 (2023) 102386

preferentially susceptible to cell death after re-activation of the cell
cycle, we analyzed whether the activation of apoptosis, induced by the
downregulation of tau, could be related to increased oxidative DNA
damage. However, decreasing the tau level did not alter the level of
80x0G, indicating that the level of oxidized DNA in cycling neurons is
unrelated to the level of tau (Supplementary Fig. 10a,b). Furthermore, it
indicates that neuronal apoptosis, associated to the decrease of tau
expression, is not induced by an increase in oxidative DNA damage.

4. Discussion

Here we report the link between hypoP nuclear tau and the cell cycle
reactivation in a subpopulation of neurons (ntau* cycling neurons) from
AD brains. Our results highlight an essential role for tau to promote the
neuronal cell cycle progression to S phase in response to oxidative DNA
damage and maintain cell survival (Fig. 7).

This study demonstrates that in response to elevated oxidative DNA
damage, tau is required to permit cycling neurons to progress to S phase.
Counterintuitively, although reactivation of the cell cycle is widely
considered deleterious, the need for neurons to cross the G1/S check-
point has been reported to promote neuronal survival (Wartiovaara
et al., 2002; Ippati et al., 2021; Nandakumar et al., 2021). In line with
these reports, our results reveal a connection between the progression
through the S phase and the prevention of neuronal apoptosis in cycling
neurons and show that these two events are tau dependent. Recently,
Ippati et al. reported that the re-entry of neurons into early S-phase was
protective against cellular toxicity induced by oligomeric forms of Abeta
(Ippati et al., 2021). Moreover, it has previously been described that cell
cycle progression depends on tau in cultured neurons treated by oligo-
mers of the Abeta peptide (Seward et al., 2013). Strikingly, we observed
the recurrent presence of ntau™ cycling neurons near amyloid plaques in
AD brains with a high Thal score, suggesting a tight relationship be-
tween pathological forms of Abeta and the involvement of nuclear
hypoP tau in the process of neuronal cell cycle progression and survival.
It is therefore tempting to speculate that oxidative stress-induced DNA
damage induced by oligomeric forms of Abeta, located into Abeta pla-
ques, may drive tau-dependent S phase progression and promote
neuronal survival in AD brains. Conversely we cannot rule out that the
presence of plaques close to the S-phase-arrested cells might be a
downstream or unrelated event. This potential new interplay between
Abeta and tau warrants further investigation.
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Fig. 7. Schematic summary of the results in AD brains and primary neuronal cultures.
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demonstrated the presence of DNA content variation in ntau™ neurons,
exclusively derived from AD brains. Additionally, single-cell copy
number profiles of neurons with increased DNA content are indicative of
altered or incomplete DNA replication, meaning these ntau® cycling
neurons most likely survive while being confined in S phase with a DNA
content above the diploid level. Nevertheless, we do not rule out the
possibility that a very small part of the neurons in our dataset which are
confined in S-phase have nearly or even completely replicated their
genome, given that our single-cell whole-genome sequencing analysis
pipeline does not allow for differentiation between a single-cell copy
number profile of a diploid or a tetraploid neuron. However, while our
conclusions are in line with (Westra et al., 2009), who were unable to
detect increased levels of tetraploid neurons in AD brains, further ex-
periments with a higher sample size are needed to confirm this
conclusion.

Interestingly, an increase in DNA content and polyploidy are
employed by various cell types as an adaptive process to tolerate high
levels of DNA damage (Nandakumar et al., 2021).

In addition, it is important to stress that the altered amount of DNA in
ntau® cycling neurons contributes to the genomic mosaicism observed at
early stages of AD (Fischer et al., 2012; Bushman et al., 2015; Shepherd
et al., 2018; Rohrback et al., 2018; Costantino et al., 2021).

Taken together, our results highlight a key role for tau in cell cycle
progression and DNA content increase, which likely promotes the sur-
vival of neurons in response to an excess of oxidative DNA damage.
Therefore, in AD brains, the progression of the neuronal cell cycle to S
phase could reflect a tau-dependent protective mechanism employed by
neurons in response to high loads of oxidative DNA damage, to prevent
cell death, rather than a faux-pas.

In addition, as oxidative stress and reactivation of the neuronal cell
cycle are common hallmarks in many neurological disorders (Parkinson
Disease, Huntington Disease, Amyotrophic Lateral Sclerosis, ischemia,
vascular dementia) (Joseph et al., 2020) it would be worth studying
whether tau could play a similar critical role in the cell cycle progress
and neuronal survival in these diseases.

We cannot exclude that the prolonged confinement of neurons into S
phase, while retaining DNA content variation, could trigger long-term
cellular dysfunctions such as increased ferroptotic pressure (Maher
et al.,, 2020; Ma et al., 2022) eventually leading to neuronal vulnera-
bility and delayed neuronal death. However, a potential long term
vulnerability of ntau™ cycling neurons would be consistent with their
absence in late stages of AD pathology in sub-regions of the cortex from
AD brains where neurons exhibit severe tau pathology (i.e., cytoplasmic
hyperphosphorylation and NFT). Interestingly, the absence of ntau™
cycling neurons at late stages of the pathology is reminiscent of what has
been described by Thomas Arendt and collaborators for post-mitotic
aneuploid neurons in AD brains (Bajic et al., 2015; Arendt et al., 2015).

The presence of tau, non-phosphorylated at various epitopes, in AD
and tauopathy brains, has long been underestimated until described by
recent studies (Kimura et al., 2016; Lewczuk et al., 2017;
Calderon-Garciduenas et al., 2018). Likewise, our study highlights the
unexpected implication of hypoP tau in the neuronal cell cycle process
early during the development of AD. We cannot exclude that the lack of
phosphorylation in AD brains might, at least partially, result from
phosphatase activities during the post-mortem interval. Nevertheless,
the existence of tau, non-phosphorylated at the epitope recognized by
the Taul antibody, has previously been detected in neuronal nuclei in
cellular and in vivo models as well as in control and AD human brains
(Brady et al., 1995; Sultan et al., 2011; Violet et al., 2014; Ulrich et al.,
2018). Only few epitopes of tau, such as serine 262, have been reported
to exist in a phosphorylated state in neuronal nuclei (Sultan et al., 2011,
Violet et al., 2014; Ulrich et al., 2018). Interestingly, besides its capacity
to inhibit tau binding to microtubules and actin, phosphorylation of
serine 262 can actively inhibit tau aggregation and seeding activity,
suggesting properties to prevent the development of tau pathology
(Haj-Yahya et al., 2020). However, the phosphorylation state of more
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tau epitopes should be investigated to disclose the full tau phosphory-
lation profile in ntau' cycling neurons. In addition, other
post-translational modifications, such as tau acetylation, which was
recently detected in the nucleus of cells in response to DNA damage,
demand further analysis (Portillo et al., 2021).

We confirmed the presence of phosphorylated tau on DNA from
mitotic neuroblastoma cells (SH-SY5Y) (Supplementary Fig. 11), which
is in accordance with the detection of hyperphosphorylated tau in the
cell cycle exclusively during mitosis in cancer cells and Xenopus laevis
oocytes (Pope et al., 1994; Preuss et al., 1998; Illenberger et al., 1998;
Delobel et al., 2002; Flores-Rodriguez et al., 2019). Therefore, the
absence of tau hyperphosphorylation in ntau™ neurons with increased
DNA content derived from AD brain, which do not complete replication
nor progress to mitosis, is in accordance with the results previously re-
ported in proliferative cells during the G1 and S phases of the cell cycle.
Notwithstanding the persistent activation of the cell cycle can favor the
appearance of tau hyperphosphorylation in neurons in vitro (McShea
et al., 2007), the observed absence of tau phosphorylation on various
epitopes in ntau™ cycling neurons suggests that this process is not, or at
least not directly, involved in the progression of tau pathology in AD
brains. Our results thus challenge the current view that neuronal cell
cycle reactivation contributes to tau pathology in AD brains.

Since the amount of nuclear tau in ntau™ cycling neurons is strongly
correlated with the level of oxidized guanine (80x0G) and the presence
of nuclear tau has previously been linked to the DDR (Sultan et al., 2011;
Violet et al., 2014; Mansuroglu et al., 2016; Bou Samra et al., 2017), we
suggest that tau is recruited into the nucleus of cycling neurons in
response to early oxidative DNA modification. In the recent past, a
possible role for tau in the DNA repair process was proposed in neurons
(Violet et al., 2015; Mansuroglu et al., 2016), however, the fact that
repression of tau does not alter the level of 80xoG in our observations,
indicates the unlikeliness for tau to be involved in the oxidative DNA
damage repair mechanism in ntau™ cycling neurons from AD brains.

The presence of 80xoG in the nucleus is mainly considered to
represent deleterious DNA damage for the cell due to its mutagenic
power. However, increasing evidence also shows a beneficial role of
80x0G as an epigenetic mark capable of modulating gene transcription
in response to oxidative stress (Fleming et al., 2017;Bokhari et al.,
2019). Subsequently, it is tempting to hypothesize that the persistent
presence of unrepaired oxidative damage in ntau™ cycling neurons in AD
brains reflects an epigenetic mechanism to adapt to a high rate of
oxidative stress, by regulating gene transcription in order to preserve
neuronal homeostasis and prevent cell death. Therefore, the recruitment
of hypoP tau into the nucleus of neurons might occur in response to
beneficial oxidative stress-induced epigenetic changes rather than
deleterious damage in neuronal DNA from AD brains. This would
explain why ntau cycling neurons can survive despite a high level of
80x0G.

The absence of a treatment to stop, or at least effectively slow down
the progression of AD pathology urges the identification of new relevant
therapeutic targets. Reducing tau in neurons has been proposed as po-
tential strategies (Jadhav et al., 2019). However, this should be carefully
evaluated as tau depletion could trigger an overload of neuronal DNA
damage in the brain (Violet et al., 2014) and favor apoptosis. As a bold
proposal, we propose that forcing the progression of the cell cycle might
protect neurons residing in a toxic environment from cell death and
prevent the strong neuronal loss observed in AD brains during the early
stages of the pathology, thereby slowing down the progression of the
disease. Of course, a first step should be to elucidate the underlying
molecular mechanisms which control the tau-dependent cell cycle
progress and to decipher pro-survival actors in AD brains which could be
manipulated to prevent neuronal cell death.

5. Conclusions

We report for the first time a pro-survival role of tau triggering the
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progression of the cell cycle in S phase in neurons. The unexpected
synergy between hypoP tau and the cell cycle is likely part of an adaptive
process to efficiently prevent oxidative stress-related neuronal cell
death. Our results suggest a tau-dependent protective effect of neuronal
cell cycle reactivation in AD brains, early during the development of the
pathology, and challenge the current view that the neuronal cell cycle is
an early mediator of AD pathology.
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