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AB-induced mitochondrial dysfunction in neural progenitors
controls KDM5A to influence neuronal differentiation
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Mitochondria in neural progenitors play a crucial role in adult hippocampal neurogenesis by being involved in fate decisions for
differentiation. However, the molecular mechanisms by which mitochondria are related to the genetic regulation of neuronal
differentiation in neural progenitors are poorly understood. Here, we show that mitochondrial dysfunction induced by amyloid-beta
(AB) in neural progenitors inhibits neuronal differentiation but has no effect on the neural progenitor stage. In line with the
phenotypes shown in Alzheimer’s disease (AD) model mice, Ap-induced mitochondrial damage in neural progenitors results in
deficits in adult hippocampal neurogenesis and cognitive function. Based on hippocampal proteome changes after mitochondrial
damage in neural progenitors identified through proteomic analysis, we found that lysine demethylase 5A (KDM5A) in neural
progenitors epigenetically suppresses differentiation in response to mitochondrial damage. Mitochondrial damage
characteristically causes KDM5A degradation in neural progenitors. Since KDM5A also binds to and activates neuronal genes
involved in the early stage of differentiation, functional inhibition of KDM5A consequently inhibits adult hippocampal neurogenesis.
We suggest that mitochondria in neural progenitors serve as the checkpoint for neuronal differentiation via KDM5A. Our findings
not only reveal a cell-type-specific role of mitochondria but also suggest a new role of KDM5A in neural progenitors as a mediator

of retrograde signaling from mitochondria to the nucleus, reflecting the mitochondrial status.

Experimental & Molecular Medicine (2022) 54:1461-1471; https://doi.org/10.1038/s12276-022-00841-w

INTRODUCTION

Adult hippocampal neurogenesis (AHN) is the process by which
neural stem cells continue to divide and form new neurons even
after birth'. Adult neurogenesis occurs in the subventricular zone
(SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the
hippocampus?®. Neural stem cells (NSCs) in the SVZ and the SGZ
pass through different stages as they differentiate into mature
neurons, joining existing neuronal circuits and contributing to
memory and cognitive functions®. During AHN, diverse transcrip-
tion factors and epigenetic regulators cooperatively activate the
sequential transcription required at each step. Unique marker
proteins transcribed at each step are known for each cell type,
enabling researchers to quantify AHN by investigating the
transient expression patterns of marker proteins®.

The hippocampus is vulnerable to Alzheimer’s disease (AD). A
recent study showed that AHN continues to occur even in old age
but is significantly reduced in the hippocampus of AD patients®.
Other studies have shown that alterations in AHN are related to
pathological features in AD brains and AD model mice, including

amyloid pathology in the hippocampus®®. In AD patient brains,
the number of immature neurons—doublecortin™ (DCX™) cells—
in the SGZ drastically decreased beginning at Braak stage 1.
However, the number of DCX" cells that expressed calretinin,
which is transiently expressed in immature neurons at the early
differentiation phase, did not change significantly according to
Braak stage, indicating that AD pathology has different effects on
each stage of AHN and dysregulates neuronal differentiation
rather than affecting neural stem/progenitor cells’. However,
relatively little work has focused on studying the molecular
mechanisms underlying the dysregulation of AHN by AD
pathology.

Stem cells depend on glycolytic metabolism rather than
mitochondrial oxidative phosphorylation (OXPHOS)®. Emerging
evidence indicates that in addition to controlling energy produc-
tion, mitochondria centrally coordinate NSC fate decisions during
AHN by managing metabolites, redox signaling, and the
epigenetic state of the NSC'°. Mitochondrial dynamics in neural
stem cells also affects fate plasticity in the postmitotic period
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during neurogenesis''. Abnormal mitochondrial activity impairs
the maintenance of stem cells and their fate decisions'*'?.
Disruption of mitochondrial metabolism in NSCs perturbs the
progression of AHN, indicating that there is a close relationship
between NSC metabolism and differentiation'*.

Mitochondrial retrograde signaling is a pathway that modulates
transcription to maintain cellular homeostasis through retrograde
signals originating from mitochondria'. Several mediators, such
as mitochondria-derived peptides, mitochondrial DNA, and
metabolites, can transmit mitochondrial signals to the nucleus in
response to metabolic stress, which in turn regulates transcrip-
tion'®"”. However, the mode of retrograde signaling in which
epigenetic regulators required for neuronal differentiation can be
regulated by mitochondria has not been elucidated. The stability
and turnover of epigenetic regulators could affect the transcrip-
tional activity influencing the fate decisions of stem cells, which
deteriorates during senescence and aging'®. Histone-modifying
enzymes are controlled by the ubiquitin—proteasome system in
response to various stimuli, and this regulation is critical for
regulating chromatin structure and gene expression'®. Here, we
show that mitochondrial dysfunction of neural progenitors
induced by A inhibits neuronal differentiation. Additionally, we
find that mitochondrial damage affects the proteostasis of the
epigenetic regulator lysine demethylase 5A (KDM5A), resulting in
dysregulation of AHN and cognitive decline. Given that mitochon-
drial dysfunction is a characteristic feature of the AD brain,
mitochondrial damage caused by A is sufficient to induce AHN
deficits in AD. Collectively, our results emphasize that mitonuclear
communication through KDM5A in neural progenitors functions
as a regulatory hub of AHN and that restoration of mitochondria in
neural progenitors should be considered a potential therapeutic
target in efforts to ameliorate AHN defects in AD.

MATERIALS AND METHODS

The methodologies, including mitochondrial fractionation, transmission
electron microscopy imaging, chromatin immunoprecipitation, and
proteomic experiments, are described in detail in the Supplementary
Information.

Animals

5XFAD mice (Tg6799; The Jackson Laboratory, Stock #006554), which
express mutant human amyloid precursor protein (APP) with the Swedish
mutation (K670N, M671L), the Florida mutation (I716V), and the London
mutation (V7171) as well as mutant human presenilin1 (PS1) with the
M146L and L286V mutations under transcriptional control of the mouse
Thy-1 promoter, were used. All experiments were performed using female
5XFAD mice. In addition, 8-week-old C57BL6 male mice were used for virus
injection. All animal experiments and management procedures were
performed as outlined in the guidelines of the Institutional Animal Care
and Use Committee of Seoul National University.

Real-time qPCR

Total RNA was isolated by using an RNeasy Plus Mini Kit (QIAGEN). cDNA
was synthesized from 100 to 200 ng/pl of total RNA by a Maxime RT PreMix
Kit (iNtRON Biotechnology). The mRNA levels of genes of interest were
measured by real-time qPCR with a KAPA SYBR FAST ABI Prism gPCR Kit
(KAPA Systems) and normalized to the level of 18S ribosomal RNA (18S
rRNA) as a housekeeping gene. The PCR primers used in the study are
listed in Supplementary Table 1.

Real-time measurement of the oxygen consumption rate

The oxygen consumption rate (OCR) was measured by using a Seahorse
XF24 analyzer (Seahorse Bioscience). A total of 4 x 10* cells were plated in
XF24 cell culture microplates and cultured. The cartridge plate was
incubated with XF Calibrant buffer for one day (37 °C, CO,-free); analytical
medium (XF basal medium supplemented with 1 mM pyruvate, 4 mM
glutamine, and 25mM glucose) was prepared immediately before
analysis.
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Immunohistochemistry

Mice were anesthetized and perfused with cold PBS. The whole brain was
fixed with 4% paraformaldehyde solution for 24 h at 4 °C. Next, the fixed
brain was incubated in 30% sucrose solution for 72 h at 4 °C. Brain tissue
was cut to a 30-um thickness using a cryostat (Leica). Brain sections were
washed in PBS and then incubated with 70% formic acid solution for
antigen retrieval. The sections were immersed in a solution with BSA, 0.3%
Triton X-100, and 5% horse serum overnight at room temperature to block
nonspecific binding and enhance antibody permeability. Next, the sections
were incubated with primary antibodies against the target proteins
overnight at 4°C. The primary antibodies included anti-lba-1 (Wako;
1:1000), anti-GFAP (Invitrogen, 1:1000), anti-SOX2 (Abcam, 1:100), anti-
Calbindin (Cell Signaling, 1:200), anti-4G8 (Biolegend, 1:500), anti-DCX
(Santa Cruz, 1:200), and anti-synaptoporin (SYSY, 1:250). After reaction with
primary antibodies, the sections were incubated with secondary antibodies
(Invitrogen; 1:400) for 1 h at room temperature. Finally, the sections were
incubated with DAPI (0.4 ug/ml) to stain nuclei. Mounted brain sections
were imaged by an LSM700 confocal laser scanning microscope (Carl
Zeiss), and images were analyzed by ImageJ software.

Behavioral tests

1. Y-maze test
Mice were subjected to spatial adaptation and habituation in a
Y-shaped maze one day before the test day. On the following day,
the mice were allowed to freely explore the Y-maze for 8 min. The
results for spatial memory were analyzed by calculating the
percentage of spontaneous alternations made in the three different
arms and the total number of entrances into the maze.
2. Novel object recognition (NOR) test
Mice injected with LV-scramble siRNA or LV-Kdm5a siRNA were
habituated to an empty rectangular box for 10 min on day 1. On day
2, two identical objects were placed at the corner of the box, 5cm
away from the same wall, and then individual mice were allowed to
explore freely in the box for 10 min. After 4 h, one familiar object
was replaced with a novel object, and we then measured the time
spent exploring each object over an 8 min period. Recognition
memory was assessed by the discrimination index, which was
calculated as the percentage of the total time spent exploring a
novel object during the test session.
3. Passive avoidance task (PAT)
Mice injected with LV-GFP or LV-mitoAR were allowed to explore
a chamber divided into a lighted and a dark compartment by a gate.
Each mouse experienced an electric shock (0.7 mA, 3s) only in the
dark compartment in the acquisition trial. On the following day, the
mice were placed back in the chamber and allowed to explore the
chamber for 300s. Learning and memory were evaluated by
measuring the latency time to cross between the compartments.

Mitochondrial ROS measurement

Mitochondria-derived reactive oxygen species (ROS) were visualized using
MitoSOX Red Mitochondrial Superoxide Indicator (M36008, Invitrogen). The
dye was mixed in the cell culture medium at a final concentration of 5 uM.
The reaction was carried out at 37 °C for 10 min, and the cells were then
washed with PBS. Fluorescence signals were imaged using fluorescence
microscopy (EVOS FL Auto2, Invitrogen).

Mitochondrial membrane potential measurement
To visualize the mitochondrial membrane potential in neural progenitors,
we treated cells with tetramethylrhodamine methyl ester perchlorate
(TMRM; Invitrogen, T-668) at a final concentration of 100 nM in cell culture
medium. After incubation for 30 min at 37 °C, stained cells were imaged
using a live-cell imaging system (Evos FL Auto2, Invitrogen).

Immunocytochemistry

Cells were washed with PBS and fixed with 4% PFA solution for 15 min at
room temperature. After washing the cells with PBS, the samples were
immersed in blocking/permeabilization solution containing BSA, 0.3%
Triton X-100, and 5% horse serum for 1 h to improve the accessibility of the
antibody. Next, the samples were incubated with primary antibodies
diluted in blocking/permeabilization solution at 4°C overnight. The
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primary antibodies included anti-KDM5A (Abcam, 1:100), anti-GFP (Invitro-
gen, 1:100), and anti-MAP2 (Abcam, 1:2000) antibodies. After staining with
primary antibodies, samples were washed in PBS and incubated with
secondary antibodies (Invitrogen, 1:400) for 1h at room temperature.
Finally, nuclei were stained with DAPI for 10 min at room temperature.
Immunostained cells were mounted on glass slides and imaged using a
ZEISS confocal microscope (LSM700). Images were analyzed by Image)
software.

Stereotaxic injection

Eight-week-old C57BL/6 male mice were anesthetized with zolazepam and
tiletamine (30 mg/kg; Virbac), mixed with xylazine (10 mg/ml; Bayer Korea),
and then fixed in a stereotaxic instrument (Neurostar). The coordinates for
the injection were set as follows with respect to the bregma: AP axis,
—2.0mm; ML axis, 1.3 mm; and DV axis, 2.1 mm. A total volume of 2 pl
(1x 107 lentiviral titer) was injected into the dorsal DG of the hippocampus
using an automatic microinjector at a rate of 0.2 pl/min. After reaching the
desired coordinates, a Hamilton syringe was left in place for 10 min to
prevent backflow of the virus-containing liquid.

Hippocampal neural stem cell culture

Hippocampal neural stem (HCN) cells isolated from adult rats were
cultured at 37°C and 5% CO, on dishes coated with 10 ug/mL poly-L-
ornithine (Sigma-Aldrich, P3655) and 5 pg/mL mouse laminin (Corning,
354232) and maintained in Dulbecco’s modified Eagle’s medium (DMEM)/
F-12 (Invitrogen, 12400-024) containing 5mg/L insulin (Sigma-Aldrich,
16634), 100 mg/L apo-transferrin (Prospec, PRO-325), penicillin (100 U/L)/
streptomycin (100 mg/L) (HyClone, SV30010), 16 mg/L putrescin (Sigma-
Aldrich, P5780), 30nM sodium selenite (Sigma-Aldrich, $S1382), 20 nM
progesterone (Sigma-Aldrich, P0130), and 20 ng/ml basic fibroblast growth
factor (bFGF) (Peprotech, #100-18B)?°. For differentiation, HCN cells were
plated into coated dishes at a density of ~0.5x 10° cells/cm?, and 24 h
later, the culture medium was replaced with medium containing 1 uM
retinoic acid (Enzo, BML-GR100), 5 uM forskolin (Enzo, BML-CN100), and
0.1% fetal bovine serum (Tissue Culture Biologicals, 101)?'. Half of the
medium was replaced every 2 days until the experiment.

Analysis of upstream binding factors

We inferred upstream binding factors of proteins affected by LV-mitoAp (281
upregulated DEPs and 218 downregulated DEPs) using ChIP-Atlas software??,
We used the “Enrichment analysis” functionality of this software with the
following parameters: (1) Genome: M. musculus (mm10), (2) Experiment type:
ChIP TFs and others, (3) Cell-type Class: all cell types, (4) Search space: +
—500 nt with respect to the transcription start sites (TSS). This analysis
provided the g value as a significant measure of binding enrichment for each
of the candidate regulators whose ChIP-seq profiles are available through this
software. We selected potential candidate binding factors of upregulated and
downregulated DEPs by extracting factors meeting the following two criteria:
(1) g value < 0.0001 in ChIP-Atlas enrichment analysis and (2) identified in the
LC-MS/MS experiment in this study.

Statistical analysis

All values are expressed as the means + standard errors of the mean
(SEMs). The significance of differences between two groups was analyzed
by Student’s unpaired t test. For comparisons of three or more groups, the
significance of differences was evaluated by one-way ANOVA or two-way
ANOVA. Statistical significance is displayed as follows: N.S., not significant;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

RESULTS

Mitochondrial dysfunction in neural progenitors inhibits
neuronal differentiation

To verify whether mitochondrial dysfunction in neural progeni-
tors affects neuronal differentiation, ReNcell CX immortalized
human neural progenitor cells were differentiated after carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) or oligomy-
cin A treatment at the progenitor stage, both of which lead to
mitochondrial dysfunction by disrupting ATP synthesis across
the mitochondrial inner membrane®~*, Differentiated cells
treated with FCCP or oligomycin A at the progenitor stage
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expressed lower doublecortin (DCX) levels after 12 days of
neuronal differentiation, indicating that the mitochondrial
status in neural progenitors influences the differentiation
process (Fig. 1a).

In the Alzheimer’s disease (AD) brain, amyloid-beta (AB) is found
to accumulate in mitochondria, thereby causing mitochondrial
dysfunction through binding to mitochondrial component pro-
teins®>. We previously reported a mitochondria-targeted AP
(mitoAB) construct that induces mitochondrial dysfunction,
resulting in apoptotic cell death®®. The MitoAR construct is
controlled by a dual promoter from which AR containing a signal
peptide for mitochondrial translocation and eGFP, a marker for
confirmation of expression, are coexpressed (Supplementary Fig.
1a). MitoAp expression was induced by both transient transfection
and viral transduction (Supplementary Fig. 1b, ¢), and the
presence of mitoAB in the mitochondria, not in the cytosol, was
confirmed through mitochondrial enrichment fractionation (Sup-
plementary Fig. 1c). To further investigate the structural and
functional defects in mitochondria caused by mitoAB, HT22
mouse hippocampal neuronal cells lentivirally transduced with
GFP or GFP/mitoAB (LV-GFP and LV-mitoAp, respectively) were
separated by fluorescence-activated cell sorting (FACS) to
generate each homologous infected cell population (Supplemen-
tary Fig. 1d). Transmission electron microscopy imaging revealed
aberrant mitochondrial cristae structures in mitoAB-expressing
cells (Supplementary Fig. 1e). We also examined functional
abnormalities in mitochondria by measuring the cellular respira-
tion rate with a Seahorse XF analyzer (Supplementary Fig. 1f). Our
results confirmed that mitoAP lowered the maximum respiration
rate and the rate of mitochondrial ATP production but exerted no
significant effect on the mitochondria-independent respiration
rate (Supplementary Fig. 1g-i). These results indicate that mitoAp
causes structural and functional abnormalities in mitochondria.

Next, neural progenitors transduced with LV-GFP or LV-mitoAf
were differentiated to assess whether mitoAB-induced mitochon-
drial damage in neural progenitors inhibits neuronal differentia-
tion. GFP™ cells, as a control group, were well differentiated into
neurons with normal neurite morphology; in contrast, GFP/
mitoAB™ cells had short and immature neurites, indicating their
incomplete differentiation status (Fig. 1b, c). Likely as a result of
incomplete differentiation, GFP/mitoAB™ cells exhibited lower cell
viability than control cells (Fig. 1d). These data suggest that
mitochondrial dysfunction in neural progenitors dysregulates
neuronal differentiation, supporting the idea that mitochondrial
function is an essential checkpoint for the differentiation of neural
progenitors.

Mitochondrial dysfunction in the SGZ contributes to deficits in
AHN

To further examine the effect of mitochondrial damage on AHN
in vivo, we infused LV-GFP or LV-mitoAf into the hippocampal
SGZ of 8-week-old C576BL/6 mice. Two months after lentiviral
transduction, the AHN status was analyzed, and behavioral tests
were performed. In the control group, GFP™ cells extended long
apical dendrites and migrated toward the upper granule cell layer
in a normal neurogenesis process. In contrast, GFP/mitoAB™ cells
were confined to the SGZ and exhibited highly branched neurites
similar to those of the radial glial-like stem cells observed in the
early stage of AHN (Fig. 1e, f). We examined the hippocampal
expression of several synaptic proteins, including synaptoporin, a
granule cell-specific protein expressed in fully differentiated
granule cells after the AHN process, to evaluate whether neural
progenitors differentiated normally into mature neurons. There
was no change in the expression of synaptotagmin and PSD95,
but synaptoporin expression was significantly reduced in the LV-
mitoA group, indicating the inhibition of AHN (Fig. 1g). To further
trace the fate of GFP/mitoAB" cells, cell-type-specific marker
proteins and GFP were colabeled. In the control group, most cells
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Fig. 1 Mitochondrial dysfunction in neural stem/progenitors disrupts neural differentiation. a DCX protein levels in differentiated cells

(12 days) after treatment of on neural progenitors with FCCP (3pM, 12h) or oligomycin A (3pM, 12h). One-way ANOVA, n=4.
b Representative images of neurons differentiated from hippocampal neural progenitors transduced with LV-GFP or LV-mitoAp. Scale bar,
50 pm. ¢ Quantitative analysis of total neurite length in differentiated neurons. Unpaired t test, n = 20 neurons in each group. d Quantitative
analysis of viability in differentiated neurons. Unpaired t test, n =3 in each group. e Representative images of neuronal differentiation in the
SGZ after lentiviral transduction of GFP or mitoAp for 8 weeks in vivo. GCL: Granule cell layer. Scale bar, 30 pm. f Quantitative analysis of neurite
length in GFP/mitoAB™ cells in the SGZ. Unpaired t test, n=4 mice in each group. g Western blot analysis of synaptic proteins in the
hippocampus of mice injected with LV-GFP and LV-mitoAp. Data for each protein were normalized to the level of p-tubulin and the mean value
in the LV-GFP group. Unpaired t test, n =4 (LV-GFP) or 5 (LV-mitoAp) mice. h, i Immunostaining for GFAP (neural stem cell marker), SOX2
(neural stem cell/progenitor/neuroblast marker), calbindin (differentiated neuron marker), and GFP (transduced cell marker) in the SGZ of mice
injected with LV-GFP and LV-mitoAp. Scale bar, 20 pm. j The percentage of spontaneous alternations in the Y-maze test. Unpaired t test, n =9
(LV-GFP) or 10 (LV-mitoAp) mice. k Freezing time in the CFC test. Unpaired t test, n =8 in each group. | Entry latency in the PAT during the
acquisition and retention trials. Two-way ANOVA, n=6 (LV-GFP) or 7 (LV-mitoAf) mice. All results are presented as the means + SEMs.
* P<0.05; **P < 0.01; ***P <0.001.

were negative for SOX2 and glial fibrillary acidic protein (GFAP),
the marker for neural stem cells in the SGZ. In contrast, GFP/
mitoAB™ cells were positive for both SOX2 and GFAP but not for
the mature differentiated neuron-specific protein calbindin (Fig.
1h, i). Thus, our findings support the hypothesis that neural
progenitors with mitochondrial dysfunction fail to properly
differentiate into mature neurons, resulting in incomplete inhibi-
tion of AHN in vivo.

SPRINGER NATURE

Although stereotactic surgery activated glial cells in the
ipsilateral hemisphere compared to the contralateral hemisphere,
mitoAR led to no significant effect on glial activation, as confirmed
by staining for GFAP (astrocytes) or Iba-1 (microglia) (Supplemen-
tary Fig. 2a-d). When examining the changes in mitochondrial
proteins induced by mitoAf3 expression at the tissue level, there
were no significant alterations in mitochondrial component
proteins, including ATP5A, HSP60, and TOMM20 (Supplementary
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Fig. 2e). Similarly, staining for TOMM20 in the LV-GFP and LV-
mitoA groups showed no change in TOMM20 induced by mitoAB
(Supplementary Fig. 2f). Although there were no quantitative
changes in the tested mitochondrial proteins, the mitochondrial
structural disruption observed in vitro was also examined at the
tissue level. We observed mitochondria with a disrupted cristae
structure in the hippocampus, where mitoAf was expressed
(Supplementary Fig. 29g).

AHN deficits mediated by mitoA} cause memory impairment
Hippocampus-dependent memory was examined to investigate
whether inhibition of AHN by mitoAB is sufficient to cause
memory impairment. After 8 weeks of lentiviral transduction, 4-
month-old mice were subjected to three different behavioral tests:
the passive avoidance test (PAT), Y-maze test, and contextual fear
conditioning (CFC) test. The Y-maze test to evaluate the effect of
mitoAB on spatial memory revealed that LV-mitoAB mice
exhibited fewer spontaneous alternations than LV-GFP mice (Fig.
1j). In the CFC test, we observed a significant decrease in the
freezing time of LV-mitoA3 mice compared with LV-GFP mice (Fig.
1k). Finally, the PAT to evaluate memory retention showed that
LV-GFP and LV-mitoAp mice exhibited similar learning abilities
during the acquisition phase. However, on the following day, LV-
mitoAR mice showed a shorter latency time in the retention trial
than LV-GFP mice (Fig. 11). Taken together, these data suggest that
expression of mitoAP in adult neural stem cells is sufficient to
cause AHN deficits and impair hippocampus-dependent cognitive
functions.

AD model mice exhibit AHN deficits in the differentiation
stage but not in the proliferation stage

To investigate the alteration of AHN in the hippocampus in AD
model mice, we examined the expression of cell markers at the
distinct stages of AHN in the SGZ of 5XFAD mice. Neural
progenitors and neuroblasts express PCNA at the early and
middle stages of AHN; after exiting the proliferation stage,
immature neuroblasts differentiate into fully mature neurons
expressing DCX in the later stage of AHN?’. The expression of DCX
was found to be significantly reduced in the hippocampus of 6-
week-old 5XFAD mice compared to that of wild-type mice, but
there was no significant difference in the number of PCNA™ cells
in the SGZ (Supplementary Fig. 3a-c). Consistent with the PCNA
results, the SOX2" cell number in the SGZ (a marker for
proliferating neural stem and progenitors) did not differ between
5XFAD and wild-type mice (Supplementary Fig. 3d, e).

To further assess the maturity stages during AHN, we analyzed
the morphological features of axons projecting from mature
granule cells. We labeled axon fibers with an antibody against
synaptoporin, which is exclusively enriched in granule cells in the
hippocampus; these cells were specifically labeled along with
mossy fibers running in both directions toward the CA3 cell layer
(superficial mossy fiber, SMF; and infrapyramidal mossy fiber,
IMF)?. The synaptoporin intensity, IMF length, and IMF/SMF ratio
were decreased in 6-week-old 5XFAD mice compared to wild-type
mice, indicating that the maturation of granule cells declined in
early AD (Supplementary Fig. 3f, g).

Although extracellular amyloid plaques are observed in the
5XFAD mouse hippocampus beginning at ~16 weeks of age?®, we
detected a nonaggregated form of AR and intraneuronal
accumulation of AP in granule cells in the SGZ in 6-week-old
5XFAD mice, as assessed by Western blot analysis and immuno-
histochemistry (Supplementary Fig. 3h, i). In rodents, AHN
continues actively until ~24 weeks of age; thereafter, the
hippocampal niche for AHN typically decreases with age. In
humans, continuous AHN occurs throughout the lifespan, result-
ing in the replacement of most retained granule cells. AHN was
still decreased in 20-week-old 5XFAD mice compared to wild-type
mice (Supplementary Fig. 4). Taken together, these results indicate
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that AB, not amyloid plaques, impedes AHN by inhibiting the
neuronal differentiation process rather than by affecting neural
stem/progenitor cells.

The expression of mitoAf changed the AHN-associated
hippocampal proteome

To identify biological pathways altered by mitoAB, we performed
global proteomic and phosphoproteomic profiling of hippocam-
pal tissues from LV-GFP- and LV-mitoAp-injected mice using liquid
chromatography (LC)-tandem mass spectrometry (LC-MS/MS)
analysis (Fig. 2a). We identified 499 differentially expressed
proteins (DEPs; 281 upregulated and 218 downregulated,
P<0.05) and 236 differentially phosphorylated proteins (DPPs;
111 upregulated and 125 downregulated, P < 0.05) in LV-mitoAf
hippocampal tissues compared to LV-GFP controls (Supplemen-
tary Data 1).

We next identified 586 Gene Ontology biological processes
(GOBP) enriched with the three sets of proteins: (1) the 281
upregulated proteins, (2) the 218 downregulated proteins, and (3)
the 191 DPPs (Supplementary Data 1). To investigate the
functional modules affected by mitoA, we built GOBP association
networks based on relationships among the 586 GOBPs as
described in the Materials and Methods. The GOBP networks
revealed the following functional modules affected by mitoAp
(Fig. 2b): (1) neurogenesis, synaptic transmission, and carbon
metabolism; (2) regulation of cell death; (3) response to nitrogen
compound; (4) regulation of neuron projection development; (5)
cell junction; (6) cellular homeostasis; (7) learning and memory; (8)
nitric oxide metabolic process; and (9) regulation of telomere
maintenance. Interestingly, among these nine functional modules,
the “neurogenesis, synaptic transmission, and carbon metabolism”
module was found to be most significantly affected by mitoAp.
Among the GOBPs in this module, we then selected GOBPs that
were deemed to be consistent with the phenotypes observed in
the mitoAB-expressing hippocampus and adult neural stem cells.
Among these selected GOBPs, neurogenesis, axon development,
and cytoskeleton organization were commonly enriched with all
three sets of proteins, whereas brain development, long-term
synaptic potentiation, and cell migration were specifically
enriched with the downregulated proteins (Fig. 2c). Furthermore,
we observed specific enrichment of the term mitochondrion with
the downregulated proteins (Fig. 2c). These results support our
finding that mitoAR strongly dysregulates AHN at the global
proteome level.

Mitochondrial dysfunction has no effect on the characteristics
of neural progenitors

We investigated the characteristics of neural progenitors
expressing mitoAB. MitoAB lowered the mitochondrial mem-
brane potential (Fig. 3a) but did not alter the mitochondria-
derived ROS level (Fig. 3b). MitoAB expression did not change
the levels of characteristic genes of neural progenitors (SOX2,
MSL1, TUJT) (Fig. 3c) or the proliferation properties of neural
progenitors (Fig. 3d). Epigenetic regulation of gene expression
can be controlled by the metabolic status of a cell and the
resulting metabolites*°. AMP-activated protein kinase (AMPK) is
responsive to the ATP/AMP ratio and phosphorylates histones,
while O-linked N-acetylglucosamine transferase (OGT) is asso-
ciated with the glucose and hexosamine biosynthetic pathways,
and it glycosylates histones>°~32, We examined the expression of
epigenetic modulators associated with cellular metabolism
(AMPK and OGT). MitoAp had no effect on the protein levels of
AMPK and OGT (Fig. 3e). In addition, there were no changes in
the transcription factors required for neuronal differentiation due
to mitochondrial dysfunction (Fig. 3f). Thus, resistance to
mitochondrial dysfunction depends on the stage of AHN and
has a decisive effect on differentiated cells rather than neural
progenitors.
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Fig. 2 Proteomic analysis reveals that neurogenesis-related pathways exhibited the greatest change in the mitoAp-expressing
hippocampus. a Experimental scheme and procedures for global proteome and phosphoproteome analyses of hippocampi from two
independent LV-GFP-injected (n = 2) and LV-mitoAf injected mice (n = 2). A schematic of the procedure for 4-plex iTRAQ labeling followed by
mRP fractionation for global proteome and phosphoproteome profiling is shown. Nonredundant peptides and protein groups identified from
the MSGF+ search (FDR <0.01) using global proteome and phosphoproteome data (top), as well as DEPs and DPpeptides identified by
statistical testing methods (adjusted P < 0.05; bottom), are summarized in the boxes. b Functional modules (M1-9) of GOBPs enriched with
proteins affected by mitoAp (up- and downregulated proteins and DPPs). In each module, the node size denotes the number of proteins
affected by mitoAp in the corresponding GOBP, and the edges indicate that the corresponding pair of GOBPs has a significant similarity score.
¢ GO terms associated with the phenotypes altered by mitoAf in the “neurogenesis, synaptic transmission, and carbon metabolism” module.
The colors in the heatmap denote the significance (P value) of GOBPs enriched with upregulated (DEP_U) and downregulated (DEP_D)
proteins and DPPs. The color bar represents the gradient of —log,¢(P), where P is the enrichment P value determined with DAVID software.

Mitochondrial dysfunction in neural progenitors induces
KDM5A degradation

Next, we sought to identify upstream regulators that mediate the
inhibition of AHN due to mitochondrial damage in neural
progenitors. Using a ChIP-sequencing database (chip-atlas.org),
we identified potential transcription factors and epigenetic
regulators for a total of 499 DEPs (281 upregulated DEPs and
218 downregulated DEPs; Fig. 2a) affected by mitoAP expression
in the SGZ of the hippocampus. Based on ChIP-seq binding
enrichment analysis, we identified 49 potential regulators involved
in hippocampal proteomic changes (Supplementary Fig. 5a). Since
it was confirmed that hippocampal neurogenesis is blocked at the
neural progenitor stage by mitoA in vitro and in vivo and cannot
proceed to the next stage, we narrowed down the candidates by

SPRINGER NATURE

considering the expression pattern of 49 potential regulators
based on RNA-seq datasets for in vitro neuronal differentiation
over a time course>>. Hierarchical clustering analysis grouped the
49 regulators into five distinct categories: (1) ES cell/early
differentiation, (2) early differentiation, (3) middle differentiation,
(4) late differentiation, and (5) ES cell (Supplementary Fig. 5b and
Supplementary Data 2). The regulators in category 2 exhibited
high expression levels in neural progenitors at the early stage of
neuronal differentiation. The last step for selecting a target protein
was to screen the candidates related to “mitochondria” and
“metabolism” among the seven regulators in category 2. Interest-
ingly, only lysine demethylase 5A (KDM5A) is an epigenetic
regulator that has been reported to be associated with
metabolism and mitochondrial biogenesis®**3>. Moreover, KDM5A
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has been reported to be involved in the differentiation of different
cell types or tissues***®3”. Considering the relationship among
KDM5A, mitochondria, and cell differentiation, we hypothesized
that KDM5A expression could be adversely affected by mitochon-
drial dysfunction in neural progenitors, resulting in the inhibition
of neuronal differentiation during hippocampal neurogenesis.

To further elucidate the molecular mechanisms underlying the
impairment of neuronal differentiation by mitochondrial dysfunc-
tion, we examined KDM5A expression in neural progenitors
expressing mitoAB. In contrast to other transcription factors
(Fig. 3e, f), mitoAR expression decreased KDM5A protein levels
(Fig. 4a, b), but it led to no decrease in KDM5A mRNA levels (Fig.
4c). Jumoniji-C domain-containing histone demethylases (JHDMs),
such as KDM5 family members, utilize alpha-ketoglutarate (a-KG)
as a cofactor and promote the demethylation of histones®®. Since
the a-KG level was increased by mitoAB expression in neural
progenitors, we confirmed that the decreased KDM5A protein
level was not due to insufficiency of a cofactor (Fig. 4d). This is
consistent with previous reports that the activity of the a-KG
dehydrogenase complex is inhibited by AP in AD brains, thus
increasing the a-KG level’>*°, Next, we examined KDM5A levels in
neural progenitors following treatment with mitochondrial
dysfunction modulators that lower the mitochondrial membrane
potential, similar to the effect of mitoA (Supplementary Fig. 6).
Consistent with the effect of mitoAB, KDM5A was degraded by
treatment with mitochondrial dysfunction modulators (antimycin
A and FCCP), particularly via the ubiquitin—proteasome degrada-
tion system, and this degradation was rescued by the proteasome
inhibitor MG132 (Fig. 4e). However, the decrease in KDM5A was
not rescued by the autophagy flux inhibitor bafilomycin A (Fig. 4f).
In addition, supported by the increased ubiquitination of KDM5A
after FCCP treatment (Fig. 4g), our results indicate that mitochon-
drial dysfunction activates the ubiquitin—proteasome system and
leads to KDM5A degradation in neural progenitors.

Experimental & Molecular Medicine (2022) 54:1461 - 1471

Interestingly, FCCP treatment of mouse hippocampal neurons
did not induce the degradation of KDM5A (Fig. 4h). Moreover,
both FCCP and antimycin A failed to significantly affect the
viability of neural progenitors but caused cytotoxicity in mouse
hippocampal neurons (Fig. 4i). These results suggest that whether
resistance to mitochondrial damage or the mitochondria-based
signaling pathway regulates the degradation of KDM5A may differ
depending on the cell type.

Degradation of KDM5A is induced by various reactions from
mitochondrial damage

The fundamental function of mitochondria is to regulate calcium
homeostasis in the cytoplasm®'. When mitochondrial damage
interferes with the buffering of calcium ions, cytosolic calcium
levels increase and activate various calcium ion-regulated kinases,
including Ca>"/calmodulin-dependent protein kinase Il (CaMKIl).
Neural progenitors treated with an inhibitor of ATP synthase,
oligomycin A, exhibited activation of CaMKIl and downregulation
of KDM5A. When these cells were treated with both oligomycin A
and an inhibitor of CaMKIl (KN-93), KDM5A protein levels were
restored, indicating that the signaling pathway through which
oligomycin A decreases KDM5A depends on calcium and CaMKIl
(Supplementary Fig. 7a, b). Similar to NPCs treated with mitoAf
expression and FCCP treatment, NPCs treated with oligomycin A
expressed less BDNF and MEF2A during differentiation (Supple-
mentary Fig. 7c). However, as there were no changes in the levels
of mitochondrial protein and transcription factors required for
differentiation after oligomycin A treatment, it was confirmed that
the KDM5A-specific decrease was caused by mitochondrial
damage (Supplementary Fig. 7d, e). FCCP also promoted down-
regulation of KDM5A, but KN-93 did not reverse the decrease in
the KDM5A protein level induced by FCCP (Supplementary Fig. 7f).
These results indicate that mitochondrial dysfunction appears to
induce KDM5A degradation through various signaling pathways.
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Fig. 4 Mitochondrial dysfunction induces KDM5A degradation in neural progenitors. a KDM5A protein levels in ReNcell CX neural
progenitors transduced with LV-GFP or LV-mitoAp. Unpaired t test, n =3 in each group. b Immunostaining for KDM5A in GFP™ and GFP/
mitoAB™" neural progenitors. The arrows indicate lentivirally transduced cells. Scale bar, 20 pm. ¢ Quantitative analysis of KDM5A mRNA levels
in LV-GFP and LV-mitoAp neural progenitors. Unpaired t test, n =3 in each group. d a-KG levels measured in LV-GFP and LV-mitoAp neural
progenitors. Unpaired t test, n =3 in each group. e, f KDM5A protein levels in neural progenitors cotreated with a mitochondrial dysfunction
modulator (antimycin A or FCCP; 3 pM, 12 h for each drug) and either MG132 (5 uM, 12 h), a proteasome inhibitor, or bafilomycin A (10 nM,
12 h), an autophagy inhibitor. One-way ANOVA, n = 4-5 in each group. g Ubiquitination of KDM5A in neural progenitors treated with FCCP
(3 uM, 12 h). h Western blot analysis and quantification of KDM5A protein levels in hippocampal neurons (DIV21) treated with FCCP (3 uM,
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ANOVA, n =6-8 in each group. All results are presented as the means + SEMs. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

KDM5A in neural progenitors participates in neuronal Kdm5a-knockdown cells during AHN. Four weeks after viral
differentiation transduction, compared to the scramble siRNA-transduced group,
To further explore the role of KDM5A in neuronal differentiation, most of the Kdm5a-knockdown cells in the SGZ did not exhibit
its target genes in differentiated cells were investigated by DCX costaining (Fig. 5f). We next used three different behavioral
chromatin immunoprecipitation sequencing (ChIP-seq) (Supple- tests to examine the effect of Kdm5a knockdown on cognitive
mentary Data 3). Notably, according to GOBP enrichment analysis, functions. In the novel object recognition (NOR) test, the Kdm5a-
the target genes of KDM5A were involved in neuronal knockdown group showed a lower discrimination index than the
differentiation-associated processes, such as cellular component control group (Fig. 5g, h). There was no significant difference in
morphogenesis, cellular morphogenesis involved in differentia- the total exploration time between the two groups (Fig. 5i). In

tion, and neuron differentiation (Fig. 5a and Supplementary Data addition, mice in the Kdm5a-knockdown group showed signifi-
4). Forty-three genes, including BDNF and MEF2A, belonging to 7 cantly impaired spatial memory in the Y-maze test (Fig. 5j, k).
common GOBPs (Fig. 5a) were transcribed more actively in These results suggest that knockdown of KDM5A impairs neuronal
differentiated cells than in neural progenitors (Fig. 5b). The mRNA differentiation in vivo, as it does in vitro, and is sufficient to cause
levels of both BDNF and MEF2A mRNA, previously known to be cognitive impairment. Taken together, our data suggest that
important  for neurogenesis, were reduced both in mitochondrial dysfunction-induced KDM5A degradation in neural

mitoAB-expressing and FCCP-treated differentiated cells (Fig. 5c). progenitors dysregulates the transcription of genes essential for
We next used the KDM5A inhibitor CPI-455 to specifically neuronal differentiation, such as BDNF and MEF2A, thereby
examine whether a decrease in KDM5A activity impairs neuronal inhibiting the differentiation of these cells into neurons (Fig. 6).

differentiation. We found that KDM5A inhibition in neural

progenitors through CPI-455 treatment reduced DCX expression

in differentiated cells by increasing H3K4 methylation levels (Fig. DISCUSSION

5d). The levels of the KDM5A target genes BDNF and MEF2A were AHN occurs throughout the human lifespan and is reported to be

also reduced by CPI-455 treatment as well as by mitoAR drastically lower in AD patients and AD model mice than in their

expression and mitochondrial stress-inducing drugs (Fig. 5e). non-AD counterparts, but relatively little is known about the
To verify the effect of KDM5A knockdown on neuronal molecular mechanisms underlying the loss of AHN in AD*2. In this

differentiation, we infused Kdm5a-siRNA lentiviruses into the study, we define that the loss of AHN in AD is associated with

DGs of 8-week-old C57BL/6 mice and traced the final fate of amyloid pathology and mitochondrial dysfunction caused by Ap.
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Fig. 5 KDM5A regulates neuronal differentiation in neural progenitors. a Top seven GOBPs enriched with KDM5A target genes in
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to deficits in

In AD patient brains, AD pathology has different effects on the and adult hippocampal neurogenesis occurs,

various stages of AHN and dysregulates neuronal differentiation
rather than affecting neural stem/progenitors>. As observed in AD
patients, we found that DCX™ cells were markedly reduced in the
hippocampus in 6-week-old 5XFAD mice even before the initiation
of amyloid plaque deposition, whereas there were no significant
differences in PCNA* and SOX2™" cells, indicating that neuronal
differentiation during AHN is vulnerable to soluble AR beginning
in the early stage of AD. A is excessively produced beginning at
an early age in 5XFAD model mice, particularly in the hippocam-
pus, subiculum, and frontal cortex®®. This model is characterized
by early detection of intraneuronal AP aggregates starting at
6 weeks of age. These early pathological features predispose the
SGZ region, where adult neural stem/progenitor cells are localized,

Experimental & Molecular Medicine (2022) 54:1461 - 1471

hippocampal neurogenesis*®

Mitochondrial regulation in stem cells is crucial for AHN and
decisions related to stem cell fate'®**. Considering the hippo-
campal niche where AHN occurs, we hypothesized that in AD
brains, mitochondrial dysfunction in neural stem/progenitors
mediated by AP dysregulates neuronal differentiation, thereby
leading to AHN deficits. First, we found that neuronal differentia-
tion of neural progenitors was suppressed by pharmacological
inhibition of mitochondrial functions. Next, using previously
developed mitoAR?®, which accumulates within mitochondria
and induces mitochondrial dysfunction, we showed that the
expression of mitoAf in neural progenitors blocked the normal
completion of the neuronal differentiation process in vitro and
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in vivo. Our results strongly support the idea that mitochondria in
neural progenitors are central regulators of neuronal differentia-
tion. Regarding the quality control of damaged or superfluous
mitochondria, mitophagy plays a distinct role in maintaining the
stemness of proliferating cells***. In addition, balanced mito-
chondrial fission and accompanying mitophagy are critical for
regulating cell death in hippocampal neural progenitors®’.
Mitophagy is compromised in AD and implicated in memory loss
in AD**7° Although there are a few studies on mitophagy
changes in neural progenitors in AD, failed mitochondrial quality
control in the SGZ by amyloid pathology may impact and
accelerate the inhibition of neuronal differentiation of neural
progenitors.

When neural progenitors in the SGZ were subjected to mitoAp
expression in vivo, changes in the hippocampal proteome were
accompanied by a decrease in AHN. We predicted the potential
upstream regulators involved, including transcription factors and
epigenetic regulators, among the DEPs after mitoAR expression.
Considering the RNA expression levels of regulators during AHN
and their association with mitochondria, KDM5A was finally
selected as a mediator to indicate mitochondrial dysfunction in
neural progenitors and regulate neuronal differentiation. KDM5A
degradation via the ubiquitin—proteasome system was induced by
mitoAR expression as well as treatment with mitochondrial stress-
inducing drugs. It is worth noting that mitochondrial dysfunction
may contribute to regulating the degradation of epigenetic
regulators involved in AHN. Both AB accumulation in mitochon-
dria and indirect mitochondrial damage caused by signaling
through various pathways in the AD environment can lead to
degradation of KDM5A, resulting in AHN deficits. Furthermore, we
revealed that KDM5A is involved in the transcriptional regulation
of genes important for neurogenesis and morphogenesis in
differentiating cells. During the differentiation of neural progeni-
tors, KDM5A promotes the transcription of BDNF and MEF2A,
which are required for AHN®'"2 Pharmacological and genetic
reduction of KDM5A expression in neural progenitors decreased
BDNF and MEF2A transcription during differentiation, inhibited
neural differentiation, and caused memory deficits.

SPRINGER NATURE

We herein report that mitochondrial damage in neural
progenitors inhibits their differentiation into mature neurons.
Moreover, mitochondrial dysfunction promotes the degradation
of the epigenetic regulator KDM5A, which regulates neuronal
differentiation, leading to AHN deficits. Our collective results imply
that restoration of mitochondrial function in the hippocampal
niche of AD brains may protect against the decline in AHN caused
by AD pathogenesis, and this finding may suggest new
approaches for the treatment of AD.
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