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Mitochondria and ATP11B Alert Alzheimer’s Disease

ATP11B-related Mitochondrial Dysfunction Serves as an Early Alert of
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Abstract

The progressive nature of Alzheimer's disease (AD) poses significant challenges in
reversing cognitive decline and motor impairments once irrecoverable damage has occurred.
This underscores the importance of prioritizing the development of strategies for early
detection, prevention, and intervention. Here, we confirm mitochondrial dysfunction as a
pivotal pre-disease indicator of AD, with 12 of 13 protein-encoding genes contributed by
mitochondrial DNA and key nuclear genes required for the assembly and regulation of
mitochondrial respiratory supercomplex showing early alterations. ATP11B, encoding a type
IV P-type ATPase, was revealed as a tipping point gene at AD pre-disease stage and
essential for maintaining mitochondrial integrity and energy homeostasis in major brain cell
populations. ATP11B overexpression enhances cognitive performance in adult mice and an
AD mouse model, providing substantial support for the proposition that mitochondrial
dysfunction precedes AD pathology. This research positions ATP11B-indicated
mitochondrial dysfunction as a potential biomarker for timely diagnosis of AD, contributing
further insights to the understanding of early AD pathogenesis and offering a promising

avenue for future therapeutic strategies.
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Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative disorder that begins with
memory loss and may evolve to the loss of speech, social interaction, and mobility. The
hallmarks of the AD brain include the overproduction of amyloid plaques (AB), the
accumulation of tau neurofibrillary tangles, and neuronal degeneration. While it is possible to
determine the levels of AR and tau in body fluid samples collected from living patients, the
definitive diagnosis of AD still relies on antemortem and postmortem histological
evaluations'2. Moreover, the presence of atypical symptoms in AD often results in a delayed
diagnosis®, and the asymptomatic phase of the disease* poses a challenge in determining
the optimum time for medical intervention. Meanwhile, the pathological mechanism that
holds the most promising therapeutic potential has not yet been fully understood. Although
the macroscopic alterations in the AD brain can be dissected into specific cellular and
subcellular activities such as reduced synapse number and plasticity in cholinergic neurons®,
mitochondrial dysfunction®, altered energy metabolism’, and disrupted Ca?* homeostasis?,
the early changes in different types of cells prior to the onset of AD remain under-
investigated.

During the last decade, we proposed and developed the theory of dynamic network
biomarker (DNB) that focuses on the identification of a set of molecules changing before the
onset and during the progression of a disease®. The DNB concept offers great potential for
determining the tipping point of a disease that marks the critical transition from the normal
state to the disease state, and has been proved to be a useful tool for the prediction of
complex diseases, such as diabetes and cancer, before they enter an irreversible disease
state'®-12, In this study, we first applied the DNB method to a clinical RNA sequencing
(RNAseq) dataset and confirmed that the tipping point of AD onset is alerted by changes in
mitochondria-related genes. By stepwise clustering of genes at this tipping point, we
identified ATP11B, a member of the superfamily of flippases, the type IV P-type ATPases, as
a hub gene that shows significant downregulation during the pre-disease stage of AD. We
demonstrate that ATP11B expression level and related energy metabolism are the core
indices of mitochondrial dysfunction manifesting synchronously across major brain cell types,
which may enable a comprehensive understanding of AD pathogenesis, as well as suggest

a potential biomarker for the early predication and prevention of AD onset.

Results

Alterations in mitochondrial proteins and ATP11B expression mark the pre-disease
state of AD
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To pinpoint the pre-disease state of AD, we analyzed the RNAseq data of human dorsal
lateral prefrontal cortex (DLPFC) retrieved from the Religious Orders Study/Memory and
Aging Project (ROSMAP)!3. The subjects were classified into four groups as documented in
the ROSMAP clinical codebook!* to represent stages before and after AD develops
(Supplementary Table 1). Employing the local DNB (I-DNB) methodology®, we aimed to
identify a stage when the critical genes show the most significant fluctuation, indicating the
early warning signals of AD. The average DNB score of all the 15725 genes was observed
with an upward trend at stage Il (Supplementary Fig. 1a, global), suggesting that the genetic
network began to exhibit instability as early as the subjects showed mild cognitive
impairment. We then ranked the genes according to their DNB scores at stage Il and defined
the top 20 (<0.2%) genes with the highest scores as the dominant genes. The average DNB
score of these genes reached its peak at stage Il (Supplementary Fig. 1a, dominant group).
This confirms stage Il as the pre-disease phase of AD. It is of note that 19 of the 20
dominant genes were mitochondria-related genes, including 12 of the 13 protein-encoding
genes contributed by mitochondrial DNA (mtDNA)® and key nuclear genes necessary for
the assembly and functions of mitochondrial respiratory supercomplex, such as components
of cytochrome ¢ oxidase (COX) (Fig. 1a and Supplementary Table 2). Additionally, these
proteins were enriched in pathways associated with AD including ATP metabolism and
neurodegeneration (Fig. 1b). These observations suggest that mitochondria-related genes
show early-warning alterations prior to the emergence of definitive AD symptoms.

To explore additional undiscovered genes that might warn of AD onset, we conducted
multistep screenings on the initial 15725 genes. Considering that the dysregulation of axonal
transport including mitochondrial trafficking and the compromise of plasma membrane
integrity occur early in AD"18, we narrowed the scope of candidate genes by overlapping
with members of plasma membrane proteins (GO:0005886) involved in transport (KW-0813)
(Supplementary Fig. 1b). Among the 268 genes screened, we identified 48 differentially
expressed genes (DEGs) by comparing stage | (healthy stage) to stage Il (pre-disease
stage). Then Mfuzz clustering was employed to separate these genes into two sub-clusters
that showed upregulation and downregulation as AD progresses from stage | to stage V,
respectively (Supplementary Fig. 1c). We hypothesized that the 37 genes in the sub-cluster
with persistent downregulation were implicated in mitochondrial activities and performed a
final screening by restricting their protein identities to translocases (KW-1278) and
endoplasmic reticulum (ER) components (GO:0005783) (Supplementary Fig. 1d), which are
two essential factors required for normal mitochondrial function'®2°. This refined screening
process resulted in 3 genes, among which we selected ATP11B for further study. On the one

hand, decreases in the levels of most phospholipids in the brain were reported in AD?'. On
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the other hand, ATP11B, a phospholipid flippase, has been shown to play an essential role
in synaptic integrity and neurotransmitter release??, which are dysregulated in AD>?3.
Therefore, we speculate that ATP11B is a primary tipping point gene, with its declining
expression signifying mitochondrial dysfunction and AD onset. Indeed, the protein-protein
interaction (PPI) network, with ATP11B as the hub node, exhibited systematic instability
starting from stage Il (Fig. 1c). The genes within this network displayed distinct patterns of
changes in expression and were classified into 4 clusters (Supplementary Fig. 2). It is
noteworthy that ATP11B fell into cluster 1, which appeared to be associated with more
disease pathways than any other cluster (Supplementary Fig. 2). Consistently, we found that
the mRNA level of ATP11B in normal human DLPFC began to decline when the subjects
were in their mid-20s (Fig. 1d). This aligns with the early-warning role of ATP11B expression
for age-related chronic diseases, such as AD. Furthermore, in the hippocampus of AD
patients, endogenous ATP11B colocalized strongly with AR plaques (Fig. 1le). In the
hippocampus of acute AD mice, ATP11B colocalized with not only AB plaques but also
microglia marker IBA1 (Fig. 1f). These findings point ATP11B to additional roles in AD
pathology on top of its potential as an early indicator, including its possible involvement in

the maintenance of A homeostasis.

ATP11B deficiency induces cognitive defects and mitochondrial dysfunction

To further determine the physiological functions of ATP11B, we evaluated the phenotypes
and cognitive performances of Atpllb’ mice. Compared with wild-type litermates with a
median survival time of 469 days, Atpl1lb’ mice survived only 400.5 days on average (Fig.
2a). In the Morris water maze test, both young (3 months) and middle-aged (12 months)
Atp11b” mice spent significantly more time finding the escape platform, compared with the
wild-type controls (Fig. 2b). In addition, middle-aged Atp11b” mice spent significantly less
time in the quadrant where the platform was located after it was removed (Fig. 2b). In the Y
maze test, both young and middle-aged Atp11b” mice spent significantly less time staying in
the new arm compared with the wild-type mice, while only young Atp11b’ mice explored the
new arm less frequently (Fig. 2c). Furthermore, in acute AD mice, the deposition of AB
plagues and tau tangles in the brain was enhanced when Atp11lb was knocked out (Fig. 2d).
In memory evaluation tests, it took longer for acute AD mice with ATP11B deficiency to find
the escape platform in the Morris water maze and these mice spent significantly less time
exploring the new arm of the Y maze compared with normal acute AD mice (Fig. 2e, f).
These results indicate that ATP11B deficiency leads to cognitive impairments in normal mice

and exacerbates the symptoms of AD.
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Given that a significant portion of AD-associated genes identified by |-DNB were related
to mitochondrial functions, we examined key factors involved in mitochondrial quality control.
Compared with wild-type mice, there were more mitochondria in pairs or clusters than
individual mitochondria in the hippocampus of Atpllb” mice, and the number of cells with
paired or clustered mitochondria was significantly increased (Fig. 2g). Concurrently, the
levels of mitochondrial fusion mediators (MFN1, MFN2, OPA1) were significantly decreased
and those of proteins promoting mitochondrial fission (DRP1, FIS1) were increased (Fig. 2h).
Altered mitochondrial dynamics may impair the electron transport chain (ETC), and
undermine ATP production, as suggested by the reduced ATP level in the hippocampus of
Atpllb’” mice (Fig. 2i). The decrease in ATP level may result from a shift in energy
metabolic pathway from oxidative phosphorylation to anaerobic glycolysis, as evidenced by
a rise in lactic acid level and an elevated ratio of lactic acid to pyruvic acid (Fig. 2j, k).
Meanwhile, the expression of mitophagy mediators, PINK1, Parkin, and optineurin (OPTN),
was significantly enhanced (Fig. 2h). This is likely an emergency measure for antagonizing
the accumulation of dysfunctional mitochondria. Our results show that the function of

ATP11B is indeed closely related to mitochondrial activities.

ATP11B deficiency alters cellular distribution, intercellular communication and
memory-related genes in mouse hippocampus

To evaluate the effect of ATP11B deficiency on cellular activities, we performed single-cell
RNAseq analysis on mouse hippocampus. The proportions of active neural stem cells
(aNSCs), astrocytes, endothelial cells and mural cells were higher, and those of ependymal
cells, neurons, and oligodendrocytes were lower in Atpllb” mouse hippocampus than in
wild-type mouse hippocampus, while the percentages of microglia and T cells were almost
identical in the two hippocampi (Fig. 3a, b). Further cell-cell communication analysis
revealed that the number of intercellular interaction among different types of cells and the
interaction strength were both weakened in Atpllb’” mouse (Fig. 3c, d). This effect was
especially pronounced in aNSCs, as their interaction with other cell populations was either
diminished or lost (Fig. 3e). The disruption of intercellular communication may have a direct
impact on cellular behavior, illustrated by the observed shift in the lineage commitment of
aNSCs upon Atpllb knockout, resulting in less neurogenesis and more astrocytogenesis
(Fig. 3f, g). Furthermore, the DEGs between these two hippocampi were found to be
involved in cellular respiration and energy metabolism (Fig. 3h), which were particularly
evident in neurons (Supplementary Fig. 3a). Correspondingly, the hub molecules in the PPI

network of DEGs in either the entire mouse hippocampus or hippocampal neurons were
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implicated in mitochondrial functions (Fig. 3i, Supplementary Fig. 3b), such as the COX
subunits. This reaffirms the involvement of ATP11B in mitochondrial activities.

To further verify the association of ATP11B with brain function, we performed spatial
single-cell transcriptomics analysis. DEGs between brain sections of mice with or without
Atpllb knockout were observed in 26 cell populations (Fig. 4a). Notably, the DEGs enriched
in cell clusters representing the hippocampus (clusters 20 and 25) (Fig. 4b) were
predominantly related to cognitive functions (Fig. 4c). Correspondingly, significant
regulations of gene expression were observed in neurons and aNSCs with marginal
regulation in microglia (Fig. 4d-f). These findings were in line with our RNAseq results
showing significant alterations in the proportions of neurons and aNSCs in the hippocampus
of Atpllb”’ mouse compared with wild-type littermates, while the microglia population
remained largely unaffected. This local gene regulation in neurons and aNSCs might
represent a temporary compensatory action to reprogram functional neural cells before
irreversible damage is generated, which supports the warning role of ATP11B at the tipping

point.

ATP11B maintains mitochondrial integrity and synaptic transmission in neuronal cells
As mitochondria-related proteins and pathways were dysregulated in response to ATP11B
deficiency (Fig. 2h, Fig. 3h, i), we next attempted to identify mitochondrial activities primarily
compromised. In neuronal cells, ATP11B knockdown led to a significant decrease in the
activities of superoxide dismutase (SOD) and catalase (CAT) and a significant increase in
H.O; level (Fig. 5a), suggesting a cellular redox imbalance. Simultaneously, ATP production
was reduced, corresponding to a rise in intracellular glucose level and an increased ratio of
lactic acid to pyruvic acid (Fig. 5a). This could be a result of an imbalance in mitochondrial
dynamics, indicated by diminished expression of MFN1 and MFN2, and increased
expression of DRP1 and FIS1 (Fig. 5b). Correspondingly, mitochondrial elongation was
obviously reduced (Fig. 5c), accompanied by a decrease in mitochondrial membrane
potential (MMP) (Fig. 5d) and an increase in the opening of mitochondrial permeability
transition pore (mPTP) (Fig. 5e). Abnormal mPTP opening promotes the production of
reactive oxygen species (ROS), and can also activate mitophagy?*. Indeed, the primary
mitophagy driver Parkin (encoded by PRKN) and the autophagosome marker LC3 were
seen recruited to the mitochondria (Fig. 5f) and with enhanced expression in ATP11B-
silenced neuronal cells (Fig. 5g). Meanwhile, the expression of other key mitophagy
mediators including PINK1, OPTN, and p62, was also boosted (Fig. 5g). These results
suggest that ATP11B knockdown in neuronal cells causes disturbances in mitochondrial

quality control, represented by excessive fission and mitophagy.
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The activation of sonic hedgehog (SHH) pathway shifts the energy-producing state of
hippocampal neurons from anaerobic to aerobic?®. Consistently, in ATP11B-silenced
neuronal cells with a preference for anaerobic respiration, all components of the SHH
pathway, including the ligand SHH, the receptor PTCH1, the signaling regulator smoothened
(SMO) and the final transcriptional effector zinc finger protein GLI1, were suppressed (Fig.
5h). The suppression of SHH pathway was a contributing factor to excessive mitochondrial
fission, as the inhibiting effect on DRP1 expression by purmorphamine, an SHH pathway
agonist, was reversed by ATP11B knockdown (Fig. 5i). Meanwhile, the level of DRP1
phosphorylation at Serine 637, which inhibits its oligomerization and subsequent
mitochondrial fission?®, was significantly reduced in ATP11B-silenced neuronal cells (Fig. 5h).
Intriguingly, DRP1 was found physically associated with GLI1 and their interaction was
compromised upon the silencing of ATP11B (Fig. 5j). These results indicate that ATP11B
plays a protective role in neurons against energy disequilibrium by maintaining SHH
signaling pathway.

Next, we assessed whether defective mitochondria resulting from ATP11B deficiency
affect high energy-demanding synapses. In the hippocampal neurons of Atpllb” mice, the
thickness of the postsynaptic density (PSD) and the curvature of the synaptic interface were
diminished, while the synaptic cleft width was increased (Fig. 5k), indicating a significant
remodeling of synaptic structure??. Further electrophysiological evaluation revealed that,
under a series of current stimuli, the excitability of CA1 neurons in Atpllb’” mice was
significantly reduced compared with wild-type mice, represented by decreased firing
frequency despite higher peak action potentials (Fig. 51). Importantly, both the frequency and
amplitude of miniature excitatory postsynaptic currents (mEPSCs) of CA1 neurons were
significantly lower in Atp11b” mice than those in wild-type mice (Fig. 5I). We then focused on
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), a glutamate
receptor that mediates excitatory synaptic transmission and the synaptic trafficking of which
is required to retain memory in mice?’. In both ATP11B-silenced neuronal cells and the
hippocampus of Atpl1lb’ mice, the expression of GRIA1 and GRIA2, the most abundant
subunits of AMPAR in the hippocampus, was significantly downregulated compared with
their respective controls (Supplementary Fig. 4a, b). Furthermore, the levels of GRIA1 and
GRIAZ2 in the plasma membrane and the synaptosomes were concurrently downregulated in
Atpllb” mouse hippocampus, while their levels in the cytoplasm remained unaffected
(Supplementary Fig. 4c, d). This indicates that ATP11B deficiency interferes with the proper

incorporation of AMPAR into synapses.

ATP11B deficiency induces over-inflammation and impairs microglial phagocytosis

8
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While Atp11lb knockout minimally affected the number of microglia in mouse hippocampus, it
altered microglia-mediated pathway, as evidenced by changes in molecules in response to
interferon-y (Fig. 6a). Compared with the wild-type mice, the microglia in the hippocampus of
Atpllb’ mice, had significantly more and longer branches (Fig. 6b), a characteristic that
may indicate a transitional “alert” state before microglia become fully activated?®. Microglia
with hyper-ramified or bushy morphology are thought to represent the early stage of
inflammatory responses?®2°. This is supported by our observation that the levels of pro-
inflammatory cytokines interleukin-1@ (IL-18), interleukin-6 (IL-6) or tumor necrosis factor
alpha (TNF-a) were significantly higher in Atpllb-silenced microglial cells and the cortex of
Atpllb”- mice compared with the controls (Fig. 6¢c, Supplementary Fig. 5a). This effect was
obviously enhanced and extended to the hippocampus when the mice were injected with
lipopolysaccharide (LPS) (Supplementary Fig. 5a), a measure inducing chronic
neuroinflammation®. The signaling pathway controlling the production of IL-1B, IL-6, and
TNF-a was also augmented, represented by the up-regulation of Toll-like receptor TIr4 and
the subunits (Rela and Relb) of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) (Supplementary Fig. 5b). In addition, the expression levels of microglial surface
protein Cd40 and inducible nitric-oxide synthase (iNOS, encoded by Nos2), both markers of
pro-inflammatory M1 microglia3, were higher in the hippocampus of Atp11b’ mice compared
with wild-type mice (Supplementary Fig. 5c). Consistently, the expression of INOS and
cyclooxygenase-2 (COX2), another marker of microglial activation®°, was enhanced in
cultured microglial cells upon Atpl1lb knockdown (Supplementary Fig. 5d).

The excessive inflammation of microglia may be caused by oxidative stress®2. Indeed,
the intracellular ROS level was significantly increased accompanied with decreased SOD
activity and reduced ATP level in Atpl1lb-silenced microglial cells (Fig. 6d, €). This may be
attributed to the leakage of ROS from damaged mitochondria, as the MMP was significantly
diminished (Fig. 6f), potentially resulting from excessive mPTP opening (Fig. 6g). Further
analysis revealed an enhanced glucose intake in Atpllb-silenced microglial cells
(Supplementary Fig. 6a), supported by boosted expression of two key glucose transporters
in microglia Glutl and Glut33334, while the level of the fructose transporter Glut5 remained
unchanged (Supplementary Fig. 6b). Accordingly, the level of pyruvic acid was increased
(Supplementary Fig. 6c¢), majorly used for anaerobic aspiration, as indicated by an elevated
level of lactic acid (Supplementary Fig. 6d). This metabolic switch is a signature of microglial
activation®%¢, and mediated by mitochondrial fission®’, which is in line with our observation
of increased mitochondrial mass in Atpl1b-silenced microglial cells (Fig. 6h).

Considering that ATP11B is colocalized with AB and IBA1 in acute AD mice, we then

examined the effects of ATP11B deficiency on the phagocytosis capacity of microglia. When
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Atpllb was silenced, the proportion of microglial cells phagocytizing either AB or fluorescent
microspheres was significantly decreased compared with the control cells (Fig. 6i). Further
exploration demonstrated that the reduced capacity of phagocytosis in Atpllb-silenced
microglial cells might be associated with lysosomal dysfunction, as damaged lysosomes
were unrepairable shown by the accumulation of Galectin-3 and LC3 (Supplementary Fig.
6e). Moreover, the phagocytic defects may also be contributed by the intracellular
accumulation of lipid droplets (Supplementary Fig. 6f), which accounts for the

proinflammatory state in aging brain and AD brain38:3°,

ATP11B is involved in the neuronal lineage commitment of neural stem cells (NSCs)
Based on our observation of reduced neurogenesis (Fig.3b, g) and altered gliogenesis
pathway (Fig. 7a) in the hippocampus of Atpl1b” mouse, we further explored the effects of
ATP11B deficiency on the stemness of aNSCs. In NSCs cultured in vitro, we found that the
expression level of sex determining region Y-box 2 (Sox2), an important regulator of NSCs
multipotency, was positively correlated with that of Atpllb (Fig. 7b). When Atpllb was
knocked down, the total expression level of Sox2 was decreased, with a reduction in the
nucleus and an increase in the cytoplasm (Fig. 7c). Previous studies have reported that the
binding of SOX2 to the promoters of proneural and neurogenic genes primes NSCs towards
the lineage of neuronal progenitors but inhibits the initiation of neurogenesis*®4, while the
activation of canonical Wnt/B-catenin signaling leads to the nuclear translocation of 3-catenin,
lifting the suppression of SOX2 on proneural genes*. In Atpllb-silenced NSCs, increases in
B-catenin expression and nuclear translocation were observed (Fig. 7d, e). This might
indicate an emergency response against the cytoplasmic sequestration of SOX2, which has
been suggested to negatively affect its activity*. Furthermore, DEGs in hippocampal aNSCs
between Atpl1lb”’- and wild-type mice were found enriched in the ERK1/2 signaling pathway
(Fig. 7a). Consistently, the ERK1/2 cascade was boosted in Atpllb-silenced NSCs, shown
by more phosphorylated ERK1/2 (Fig. 7e) and the suppression of its negative feedback
regulator dual-specificity phosphatase 6 (DUSP6%, Fig. 7e). Moreover, the retention of
SOX2 in the cytoplasm was likely due to a failure of energy supply, as the ATP level was
significantly diminished in response to Atpl1lb knockdown (Fig. 7f), which was attributed to
the switch to the lactic acid system for energy generation (Fig. 7g). This preference for
anaerobic glycolysis might be a result of mitochondrial dysfunction, characterized by
excessive fission (Fig. 7h, i) and aberrant opening of mPTP (Fig. 7j).

To explore the potential involvement of ATP11B in the transcriptional activity of SOX2,
we performed chromatin immunoprecipitation-quantitative polymerase chain reaction (ChlP-

gPCR) experiments. Remarkably, we found that SOX2 directly bound to the promoter region
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of Atpllb (Fig. 7k), and activated its transcription by suppressing repressive histone
modifications, as indicated by an increase in H3K27me3 enrichment in the promoter region
of Atpllb upon Sox2 knockdown in NSCs (Fig. 7k). This observation implies a bidirectional
regulatory relationship between SOX2 and ATP11B.

ATP11B overexpression rescues cognitive deficits

To confirm the cerebroprotective effects of ATP11B, we established a transgenic mouse
model with neural-specific overexpression of ATP11B (Tg-ATP11B, Nestin-Cre). Significant
differences in cognitive performance between Tg-ATP11B mice and wile-type controls were
observed when the mice reached 12 months (Fig. 8a, b), an age when naturally aging mice
begin to show memory impairments#. Specifically, in the Morris water maze test, even
though the time spent finding the escape platform by these two groups of mice was
comparable, middle-aged (12 months) Tg-ATP11B mice spent significantly more time in the
guadrant where the platform was located after it was removed (Fig. 8a). In the Y maze test,
middle-aged Tg-ATP11B mice spent similar time staying in the new arm but explored more
frequently compared with their wild-type littermates (Fig. 8b). Furthermore, transient
overexpression of ATP11B in the hippocampus led to enhanced spatial memory in 3xTg-AD
mice, as evidenced by a reduced latency of the first platform crossover and an increased
frequency of platform crossovers in the water maze (Fig. 8c). Interestingly, the rescuing
effects of ATP11B were not seen in older 3xTg-AD mice (Fig. 8c). Younger 3xTg-AD mice
with overexpressed ATP11B also exhibited improved working memory shown by a higher
alternation percentage in the Y maze (Fig. 8d), and less anxiety indicated by a longer
moving distance in the central area of an open field (Fig. 8e). Taken together, these findings
suggest that ATP11B plays a protective role in the early stages of brain function impairments,

aligning with its potential to signal the pre-disease state of AD.

Discussion

In this study, we identify mitochondria-related changes as the alerting signal for AD onset
along with a hub gene ATP11B that shows declined expression as early as the subjects
exhibit mild cognitive impairment, a prodromal stage proposed for AD*. The intrinsic
functions of ATP11B are found to be a “safeguard” for mitochondrial integrity across three
major cell populations in the brain (Fig. 9). This crucial role is closely linked to the core
functions of these cells including synaptic transmission in neurons, inflammation activation
by microglia and neurogenesis of aNSCs, in keeping with the significance of mitochondria in

signifying the tipping point of AD.
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Mitochondrial dysfunction has been considered as an early event in AD pathogenesis*’~
49 that may precede AR deposition and tau pathology®®. We for the first time report that
almost all the proteins encoded by mtDNA show changes before AD-specific symptoms
appear. This is in line with a previous study showing that the copy number of mtDNA was
significantly lowered in the DLPFC of AD subjects, but not in the cerebellum which may
show pathological changes later®'. Besides mtDNA that encodes the functional subunits of
mitochondrial complexes, the dominant genes identified by I-DNB also include nuclear genes
encoding the structural and regulatory subunits, exampled by COX5%2. Among them, COX8A
expression was significantly downregulated in the early affected brain regions (hippocampus
and entorhinal cortex) of AD patients, and the frequencies of COX10 SNPs differed
significantly between AD patients and controls in Chinese Han populations®3. Our findings
address the possibility that the overall mitochondrial health collapses systematically at the
tipping point of AD onset.

Through a multistep clustering-identified gene, ATP11B, we demonstrate that altered
energy metabolic pathway may synchronously occur in multiple cell types and is therefore a
prerequisite index of mitochondrial dysfunction. Glucose hypometabolism, an early
biomarker of AD%+%6, is reflected by our observations of reduced ATP levels and preference
for anaerobic glycolysis in mouse hippocampus and three types of brain cells with ATP11B
deficiency.

In high energy-demanding neurons, insufficient energy supply impairs synaptic activity,
since every step of synaptic transmission requires ATP, such as the propagation of action
potentials and synaptic vesicle cycling®-%°. Our results contribute additional evidence,
indicated by a decrease in AMPAR trafficking to the synaptosomes of Atpllb’ mouse
hippocampus. This may lead to the compromise of postsynaptic glutamatergic
transmission®, in line with our observation of reduced frequency and amplitude of mMEPSCs
in CAl neurons. We verify that the change of energy metabolism induced by ATP11B
deficiency in neurons is a result of mitochondrial abnormality attributed to the upregulation of
DRP1 and the suppression of the SHH pathway. DRP1 is an important indicator of
mitochondrial quality due to its roles in mitochondrial fission and mitophagy. While the
stimulation of SHH signaling by recombinant SHH can restore mitochondrial health via the
suppression of DRP1 expression®!, the application of bioactive SHH may reduce DRP1-
mediated mitochondrial fission by decreasing DRP1 phosphorylation at serine 6162°.
Consistent with these findings, we reveal that the suppression of SHH pathway following
ATP11B silencing promotes mitochondrial fission by upregulating the expression of DRP1
and reducing its phosphorylation at serine 637. Importantly, we show for the first time that

this ATP11B-mediated intersection between the SHH pathway and mitochondrial fission

12



411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446

appears to be independent of GLI1-mediated transcription, but through the direct interaction
between GLI1 and DRP1.

Microglia, as the innate immune cells in the brain, require rapid energy supply to
mediate cytokine secretion, chemotaxis and phagocytosis. A decline in ATP level as a
reaction to Atpllb knockdown directly leads to reduced phagocytic activities in microglial
cells. We and others®” show that excessive mitochondrial fission is the underlying cause of
ATP shortage and the metabolic pathway shift from oxidative phosphorylation to anaerobic
glycolysis, which occurs early in AD®2. The increased dysfunctional mitochondria may be
released from microglia, transfer the injury to astrocytes and then to neurons, acting as a
neurotoxic signal®3. Also, lactate is reported to induce the release of proinflammatory
cytokines (TNF-a, IL-6 and IL-1B) in microglia-enriched primary culture®, as observed in
Atpllb-silenced microglia cultured in vitro. Consistently, the upregulation of GLUT1 and
GLUT3 may indicate the metabolic reprogramming of microglia and correlate with
neuroinflammatory conditions3334. Therefore, ATP11B deficiency-induced mitochondrial
defects in microglia appear to induce a series of metabolic imbalance events, which can be
considered as an early warning signal of immune dysregulation and a contributing factor to
neurodegeneration in AD.

Quiescent NSCs have a low energy demand and mainly turn to anaerobic glycolysis for
energy supply®>66. During the differentiation of NSCs, mitochondrial biogenesis, mtDNA copy
number and aerobic metabolism are enhanced®’. However, the preference of anaerobic
glycolysis by Atpllb-silenced NSCs is not a representation of converting to a dormant state,
as the stemness marker SOX2 displays downregulated expression and failure of nuclear
import. The boost in ERK1/2 signaling may enhance astrocytogenesis®®, which is supported
by our observation of a deviated lineage of aNSCs towards astrocytes in Atpllb’ mouse
hippocampus. In ATP11B-silenced NSCs, the nuclear translocation of B-catenin and the
cytoplasmic sequestration of SOX2 dampen the chance of their interaction and may
therefore curb the transcription of proneural genes. As ERK1/2 has been proposed to be the
gatekeeper for NSCs to maintain self-renewal instead of neuronal differentiation8%7°, and
may intersect with differentiation-promoting Wnt/B-catenin pathway’', we propose that
ATP11B is required for the initiation of neurogenesis. This notion is further validated with the
finding of ATP11B transcription being mediated by SOX2. It can be speculated that lack of
ATP11B leads to defective mitochondria and thus insufficient ATP necessary for the nuclear
import of SOX2, while the subsequent failure of Atpllb transcription further exhausts the
energy supply and SOX2 in the nucleus, both essential for neurogenesis.

The concurrent changes in mitochondrial function and energy metabolism in neurons,

microglia and NSCs point to the possibility that different types of cells share a common
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mechanism of dysfunction preceding the disease onset. These cell types could be damaged
earlier and more profoundly than others, as supported by a recent study showing that the
neural transiently amplifying progenitor cells and microglia are the most affected cell
populations by aging in primate hippocampus, which directly contributes to reduced
neurogenesis and enhanced pro-inflammatory responses in aged brain’2.

Altogether, our findings shed light on an essential indicator of AD pre-disease stage,
mitochondrial dysfunction, which can be indicated by ATP11B expression. The
downregulation of ATP11B initiates early warning signals, evident through abnormal
mitochondrial behaviors and altered energy metabolism across major cell populations in the
brain. Significantly, our results provide support for the proposition that mitochondrial
dysfunction precedes the development of AD pathology. This insight paves the way for novel
therapeutic interventions targeting the restoration of mitochondrial function systematically as

a strategy to prevent or delay the progression of AD.

Materials and methods

Animals

All animals were treated in accordance with the International Guidelines for Animal
Research, and the animal protocols were approved by the Animal Ethics Committee of
Shanghai University (Approval No. ECSHU 2021-039, date: March 26, 2021). Mice were
kept on a 12/12 h light/dark cycle, at a constant temperature (22+1°C) and humidity (60—
80%), with food and water ad libitum.

Atp11b” mice were constructed with the CRISPR technology by excising exons 13-15 of
the Afp711b gene and introducing a shift mutation in the protein coding region (Beijing
Viewsolid Biotech Co., Ltd).

Acute AD mice were generated by bilaterally injecting TAMRA-Amyloid-B (1-42) (AB1-42,
Best Biochem) into the hippocampus (anterior-posterior=1.95mm, medial-lateral=1.5mm,
dorsal-ventral=-1.85mm).

The ATP11B transgenic mouse model (Tg-ATP11B) was constructed through the
CRISPR/cas9 knock-in technique (Cyagen Biosciences Inc.) The Nes-2A-CreERT2 mice
were purchased from Shanghai Model Organisms Center, Inc. To generate mice with neural-
specific overexpression of ATP11B (Tg-ATP11B, Nestin-Cre), homozygous Tg-ATP11B mice
were bred with Nes-2A-CreERT2 mice. For simplicity, mice denoted as Tg-ATP711B in the
behavioral studies refer to mice with the neural expression of ATP11B.

3xTg-AD mice were purchased from Cavens Co. Ltd. For the overexpression of ATP11B
in these mice, pLenO-RTP-CMV-ATP11B-EF1a-RFP-Puro lentivirus was bilaterally injected

in the hippocampus (anterior-posterior=1.95mm, medial-lateral=1.5mm, dorsal-ventral=-
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1.85mm).
Both male and female mice were used for experiments. For behavioral experiments,
Atp11b” mice and acute AD mice of 3 months and 12 months, Tg-ATP171B mice of 6 months

and 12 months, 3xTg-AD mice of 5 months and 12 months were used.

Cell lines
The human SH-SY5Y neuroblastoma cell line, the mouse BV2 cell line and the mouse C17.2
cell line were used as cellular models of neuronal cells, microglial cells, and neural stem
cells, respectively. All types of cells were grown in DMEM containing 10%FBS and
1xPenicillin-Streptomycin at 37°C with 5% CO..

For the knockdown of ATP11B/Atp11b, cells were transfected with specific siRNAs using

lipofectamine 2000. Negative control siRNAs were used for the control cells.

Classification of an AD RNAseq dataset

The bulk RNA-seq data used for analyzing the tipping point of AD were originally derived
from ROSMAP'® and downloaded from the AMP-AD Knowledge Portal
(https://www.synapse.org/#WSynapse:syn2580853). The RNAs in the dataset were
sequenced from the gray matter of human DLPFC?3, A total of 443 subjects were selected
and classified according to the final consensus cognitive status (the COGDX score) as [)
NCI: no cognitive impairment (Cl) (n=140), 1I) MCI: mild Cl with no other cause of CI
(n=112), lll) MCI+, MCI with another condition causing Cl (n=6), IV) AD: Alzheimer’s, without
any other cause of Cl (n=155), V) AD+: Alzheimer’ s with other medical condition(s) causing
Cl (n=18) and VI) other dementia: dementia due to other causes, no clinical evidence of AD
(n=12). For the DNB analysis, the Ill and VI groups were excluded due to limited sample size
and irrelevance to AD respectively. For all samples, the data of non-coding RNAs were

removed and a total of 15725 transcripts remained for subsequent analysis.

DNB analysis

The I-DNB method used for the identification of the pre-disease stage of AD was described
previously'®. Briefly, the PPI network for each gene in the RNAseq dataset was constructed
using StringDB (https://string-db.org, version 11.5) with a threshold score of 20.8. A single
gene and its first-order neighbors were defined as the “in” group for this gene. The Pearson’s
correlation coefficient (PCC) of expression levels was calculated for each gene and any
other genes. Then, three parameters were generated: SDi, the standard deviation of

“wrn

expression levels of genes within an “in” group; PCCi,, the average PCC of expression levels

“wrn

between each gene and any other genes in its “in” group; PCCqu, the average PCC of
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wrn

expression levels between each gene and any other genes outside its “in” group. The DNB
oo S PUC

score was defined as PCCa and was calculated for each gene at each stage.

The NumPy and Pandas packages of Python were used to analyze and calculate DNB

scores.

Mfuzz clustering
The expression levels of each gene at each stage were averaged and transformed to z
scores. Genes with distinct expression trends as AD progresses were sub-grouped via

Mfuzz (version 2.56.0)"2 with the number of clusters being set at 2.

Behavioral evaluation
Before each behavioral experiment, the mice were acclimatized to the behavioral test room

for 2-3 days.

Morris water maze test. The water tank was 150 cm in diameter and was divided into 4
quadrants. Titanium dioxide was added to the water to facilitate the recognition of the
animals. A 10-cm platform was placed in the center of one fixed quadrant, 0.5 cm above the
surface of the water. On Day 1, each mouse was placed in the water facing the tank wall at
random positions. The time spent by the mice to locate the platform was recorded. Mice that
did not find the platform within 60 s were manually guided onto it and were allowed to stay
for 30 s. On Day 2-5, the platform was lowered to 0.7 cm below the surface of the water.
Each mouse was placed into the water for 4 trials at different positions with intervals of 10
min. The time it took for the mice to reach the hidden platform was recorded. The maximum
test time was set at 60 s. On Day 6, the platform was removed, and each mouse was
allowed to freely explore the tank for 5 min. The time spent by the mice in the quadrant

where the platform was located was recorded.

Y maze test. The Y-maze comprises of three plastic arms, each positioned at an angle of
120° from another, with dimensions of 50 cm in length, 10 cm in width, and 35 cm in height.
The three arms of the Y-maze were randomly designated as: the starting arm, the other arm,
and the new arm. After the acclimatization, each mouse was placed in the distal part of the
starting arm and allowed to explore freely for 5 min. The number of all arm entries and
alternations were recorded. Then the new arm was obstructed with an opaque partition,
while the starting arm and the other arm were left open. Each mouse was allowed to explore

freely for 5 min. Subsequently, the partition was removed, and each mouse was allowed to
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explore freely for another 5 min. The frequency of entering the new arm and the duration in
the new arm were recorded. The apparatus was cleaned with 70% ethanol between test

runs to remove odor interference.

Open field test. The open field apparatus is a coverless box measuring 40 cm in length, 40
cm in width and 30 cm in height. Each mouse was placed in the middle of the apparatus and
was allowed to explore freely for 10 min. The total distance traveled and the moving distance

in the central region of the apparatus were recorded.

PET/CT

PET/CT experiments were performed using a Siemens Inveon PET/CT system according to
the standard protocols and procedures’®. Briefly, mice were anesthetized with isoflurane and
radioactive probes for AB or tau (['®F]-AV45 or ['8F]-PBB3, 0.5 mCi) were administered by tail

vein injection. After 50 min, PET/CT images were acquired over a 10-min duration.

Transcriptomics data of normal human DLPFC

The transcriptomics database of normal human DLPFC used in this study
(https://maayanlab.cloud/DLPFC) provides data of genome-wide gene expression in the
DLPFC of 69 healthy human subjects with the age ranging from 39 days to 49.5 years. The

raw transcriptomics data were transformed to z scores to represent RNA levels.

Single-cell RNA sequencing (scRNA-seq)

Data processing. Raw scRNA-seq reads were processed with the Cell Ranger software
(version 2.1.0) for sample demultiplexing, barcode processing, and genome mapping.
Briefly, raw sequencing reads were mapped according to the mouse reference genome
(GRCm39) using the STAR software (version 2.7.10a) with default parameters. Then the
unique molecular identifiers (UMIs) were counted in each cell. Cells were regarded as of low
quality if their total UMI counts or the number of genes detected (in log10 scale) were less
than the median value of all cells minus three times the median absolute deviation.
Additionally, cells were also excluded if the proportion of mitochondrial genes was larger
than the median value of all cells minus three times the median absolute deviation. The

Seurat R package (version 4.0) was applied in the quality control procedure.

Cell doublet detection and removal. The Scrublet (version 0.1) software was used to
detect potential doublets in the scRNA-seq dataset. The threshold of doublet score was

calculated with the bimodal distribution to identify microfluidic droplets that contained two or
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more cells. Cells with a doublet score lower than the threshold were removed.

Data integration of all samples. After removing low-quality and doublet cells, the remaining
cells in all samples were subjected to normalization and integration. The RNA expression
level in each cell was normalized against the total RNA expression level in all cells by
utilizing the LogNormalize function integrated in the Seurat package. Normalized expression
counts were then multiplied by a scale factor (10,000 in our case) and log-transformed. The
normalized gene expression matrix was adopted to select the top 2000 variable genes with
an appropriate threshold of the mean expression and dispersion. The top 2000 variable
genes were used to identify anchors between different samples by utilizing the
FindintegrationAnchors function. Then, the IntegrateData function was applied to perform
data integration with these anchors. An assay of integrated data from all cells was generated

for downstream analysis.

Clustering and dimensionality reduction. The Seurat R package and specific functions
were applied for clustering and reducing data dimensions. The integrated data were utilized
to identify gene features with significant variations across all cells by employing the
FindVariableFeatures function. The top 2000 highly variable genes were scaled and
centered with the ScaleData function. Dimensionality reduction was then performed via the
principal component analysis (PCA) with 30 principal components being processed using the
RunPCA function. Graph-based unsupervised clustering was performed to optimize cluster
resolution and identify cell clusters with the FindNeighbors and FindClusters functions. The

visualization was realized by the RunUMAP function.

Cell type assignment. An unbiased recognition of cell types was performed by using the
SingleR package (version 1.4.1). Briefly, DEGs were clustered according to gene markers of
different cell types in the reference transcriptomic datasets. The assigned cell types and
corresponding markers were then manually checked with marker collections from previous
publications and those from the CellMarker database. DEGs in each cell type were then

identified by using the FindAllIMarkers function.

Cell-cell communication analysis. The R package CellChat (version 1.1.3) was used to
identify the potential interactions between different cell populations. The CellChatDB murine
database was imported to construct the ligand-receptor interactions. Cell-cell interaction

probability values were calculated and visualized with circle plots.
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Functional enrichment analysis. Functional enrichment analysis was conducted using the
ClusterProfiler R package (version 4.1). Gene set enrichment analysis (GSEA) was
performed using the gsea function. DEGs in each cell type or cluster were analyzed to
identify enriched GO biological processes or KEGG pathways. An adjusted p value < 0.05

was considered significantly enriched.

Trajectory analysis. Pseudotime trajectory analysis was performed with Monocle27. To
construct the trajectory, the top 2000 highly variable genes were selected by using the
FindVariableFeatures function in Seurat (version 4.0). The dimensionality reduction was
performed by employing the DDRTree algorithm. And the trajectory was visualized by

performing the plot_cell_trajectory function.

Analysis of PPl network. The STRING database (https://cn.string-db.org/) was used to
analyze the PPI network of DEGs. The minimum required interaction score was set as
0.900. The PPI network generated was imported into the Cytoscape software for removing

interactions with fewer than 4 connections.

Spatial transcriptomic analysis

The Seurat R package was used for analyzing the spatial transcriptomic data. The raw
image data were converted into a digital matrix using the software Visium Spatial Gene
Expression Solution and were then imported into R for further analysis. Data filtering was
performed using the FilterCells and FilterGenes functions to remove low-quality cells and
genes with low expression or high noise. The gene expression values were normalized with
the SCtransform method provided in Seurat. The high-dimensional gene expression data
were reduced to a lower dimension using PCA and t-distributed stochastic neighbor
embedding (t-SNE) algorithms, via the RunPCA and RunTSNE functions, respectively. Cells
were then clustered into distinct cell populations using the FindClusters function. To identify
marker genes for each cell population, the FindAllMarkers function was used, which
analyzes DEGs between each cluster and all other clusters. Spatial visualization of different
cell populations distributed in the brain sections was performed using the SpatialDimPlot and
FeaturePlot functions. The single-cell data was integrated with the FindTransferAnchors and

TransferData functions.

Electron microscopy
1 mm?3 of hippocampal tissue was fixed with the electron microscopy fixation solution

containing 2.5% glutaraldehyde (Servicebio) in PBS for at least 6 h and was washed with
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PBS 3 times, 15 min each. Then the tissue was further fixed in 2% osmium tetroxide (OsQOsu,
in PBS) for 2 h, followed by 3 washes in PBS, 15 min each. The dehydration of the tissue
was first performed with a series of alcohols at 4°C: 50% ethanol, 70% ethanol, 90%
ethanol, 90%ethanol: 90% acetone (1:1), 90% acetone, and finally with 100% acetone at
room temperature 3 times, 15-20 min each. Afterwards, the tissue was embedded at room
temperature in 100% acetone: embedding solution (3:1), 100% acetone: embedding solution
(3:1) overnight, and at 37°C in pure embedding solution 3 times, 2-3 h each. Sections of 50-
60 nm were obtained with an ultramicrotome (Leica) and subjected to double staining of
uranyl acetate and lead citrate. The images were acquired on a transmission electron

microscope (Hitachi, Ltd).

Mitochondrial function-related assays

The levels of ATP, glucose, lactic acid, pyruvic acid, H-O», SOD activity, CAT activity, MMP,
mPTP and ROS were determined with commercially available assay kits (Beyotime, Nanjing
Jiancheng Bioengineering Institute, Boxbio, and Servicebio) according to the manufacturers’

instructions.

Immunofluorescence labeling

Immunohistochemistry. Adult mice at specific ages were anesthetized with 1.25%
tribromoethanol (250mg/kg) and perfused transcardially with ice-cold PBS and then with 4%
paraformaldehyde (PFA). The mouse brains were fixed in 4% PFA for 6 h, dehydrated in
30% sucrose (in PBS) for 48 h, and embedded in Tissue-Tek® O.C.T. compound (Sakura®
Finetek). Coronal sections of 20 um were obtained using a CM1950 cryostat (Leica) and
were mounted onto adhesive slides (Citotest). Then sections were washed with PBS,
permeabilized with 1xPBST (0.1% Triton X-100 in PBS), blocked with 10% goat serum (in
PBS), and incubated in primary antibodies diluted in 10% goat serum (in PBS) at 4°C
overnight. After the primary antibody incubation, sections were washed with PBS 3 times,
followed by the incubation of secondary antibodies diluted in PBS at room temperature for 2
h. Finally, the sections were washed with PBS, stained with DAPI (10 pg/mL in PBS,
Solarbio) and imaged with a confocal microscope (Zeiss). Images were analyzed with

ImagelJ.

Immunocytochemistry. Cells were plated on glass coverslips coated with 0.1% poly-L-
lysine. The culture medium was aspirated, and cells were washed with PBS. Cells were fixed
with 4% PFA for 10 min. The permeabilization, blocking, antibody staining and imaging of

cells followed the same steps described above for brain sections.
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Western blotting

Mouse hippocampi or cultured cells were collected and homogenized in ice-cold lysis buffer
(Beyotime) containing protease inhibitor (Beyotime). The lysates were centrifuged at 15,000
rom at 4°C for 10 min. The supernatant was removed, and the pellet was resuspended in
5xSDS-PAGE protein loading buffer (Yeasen Biotechnology) and denatured at 95°C for 5
min. The concentration of the protein was determined with a BCA protein assay kit. 25-30 ug
of protein was loaded and separated in 6%-15% SDS gels prepared using the Omni-Easy™
PAGE Gel Fast Preparation Kit (Shanghai Epizyme Biomedical Technology) and were then
transferred to NC transfer membranes (PALL). The membranes were blocked with 5% BSA
(Servicebio) or Rapid Blocking Buffer (Servicebio) and were incubated with primary
antibodies diluted in blocking buffer at 4°C overnight. After the incubation, the membranes
were washed with 1xTBST (0.5% Tween-20 in tris-buffered saline) 4 times, 10 min each.
The membranes were incubated with fluorescent secondary antibodies (SeraCare Life
Sciences) diluted in blocking buffer at room temperature for 1h, followed by 3 washes with
1xTBST. GAPDH, Na*-K* ATPase, B-tubulin or histone H3 were used as the loading control.
Protein bands were visualized with an infrared scanner (Odyssey, LI-COR, USA). Intensities

of protein bands were quantified with ImageJ.

Co-immunoprecipitation

Cells were lysed in lysis buffer containing protease inhibitor and were centrifuged at 14,000
rpm at 4°C for 15 min. The supernatant was collected as protein lysate. 3 ug of antibody was
diluted in 200 pL of 1xPBST and was incubated with protein A/G magnetic beads (ABclonal
Technology) at room temperature for 2 h, followed by the addition of around 500 ug of
protein lysate in 1 mL. The mixture of the antibody, beads and proteins were incubated on a
rotator at 4°C overnight and were collected with a magnetic separator. The mixture was
washed three times with NT2 buffer (50 mM Tris-HCI, PH 7.4, 150 mM NacCl, 1 mM MgCly,
0.05% Nonidet P-40), resuspended in 30 pL of 2xSDS-PAGE loading buffer, and denatured
at 95°C for 10 min. Western blotting was performed afterwards to determine the components

of the co-immunoprecipitated protein complex.

Quantitative PCR (qPCR)

Total RNA, cytoplasmic RNA and nuclear RNA were extracted from cells and brain tissues
with Trizol RNA extraction solution (Servicebio). First-strand cDNAs were synthesized with
HiScript Il Q Select RT SuperMix (Vazyme Biotech) and diluted 10-fold with sterile distilled
water (dH-20). Real-time qPCR was performed using 10 uL of Genious 2xSYBR Green Fast
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gPCR Mix (No ROX) (ABclonal), 0.4 uL of each primer (10 uM), 9.2 pL of diluted cDNA, with
the following programme: 95°C for 3 min; 40 cycles of 95°C for 5 s, 60°C for 30 s; 95°C for 5
s; 60 repeats of an increment of 0.5°C from 65°C to 95°C, 5s for each repeat. Each reaction
included 4 technical replicates and was repeated to generate at least 3 biological replicates.

The relative mRNA level of each gene was normalized to that of GAPDH/Gapdh.

Electrophysiology

Electrophysiology was performed as previously described’®. Briefly, mice were anesthetized
and perfused immediately with ice-cold NMDG artificial cerebrospinal fluid (ACSF, in mM)
(93 HCI, 93 NMDG, 1.25 NaH2:PO., 10 MgSOy, 2.5 KCI, 30 NaHCO3, 25 glucose, 0.5 CaCl,,
20 HEPES, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea, pH 7.4). Sagittal brain slices
containing the hippocampus were cut on a vibratome (VT-1200S, Leica Microsystems),
incubated in oxygenated NMDG ACSF at 32°C for 10-15 min, and were then kept in normal
oxygenated ACSF (in mM: 2.5 KCI, 126 NaCl, 10 glucose, 1.25 NaH.PO4, 2 MgSQO,, 26
NaHCOs;, 2 CaClp) at room temperature for 1 h. Recordings were performed with an
MultiClamp 700B amplifier and a Digidata 1440A digitizer (Molecular Devices). Patch
electrodes (3-5 MQ) were filled with a solution containing (in mM): 130 K-gluconate, 8 NaCl,
10 HEPES, 1 EGTA, 2 MgCl,, 2 ATP, and 0.2 GTP. For the current clamp recording, a series
of current steps of 400 ms from -50 pA to 200 pA in 50 pA increments were applied. In the
voltage clamp recording, (-)-bicuculline methochloride (50 pM; Abcam) and tetrodotoxin
citrate (1 uM; Bio-Techne) were used to record mMEPSCs. Data were collected and analyzed
using the pClamp10 software (Molecular Devices) and the Clampfit 10.4 software (Molecular

Devices) respectively.

Microglial phagocytosis assay

To determine the AR phagocytic capacity of microglia in vitro, 1 umol/uL AB+.42 was added to
the culture medium of BV2 cells and incubated with the cells for 6 h. Then the nucleus was
stained with DAPI, and the images were taken with a confocal microscope. The percentage
of AB1-42-positive (AB*) cells was quantified to represent the degree of AB phagocytosis. For
the phagocytosis assay of fluorescent microshperes, BV2 cells were cultured with a density
of 2x10* on 1.5 mm? coverslips. Fluorescently labeled microspheres (Sigma-Aldrich) were
added at a concentration of 1yL/mL and incubated with the cells for 6 h. Then cells were
washed with PBS to remove unengulfed microspheres, fixed with 4% PFA, and stained with
Actin-Tracker Red-594 (Beyotime) and DAPI for the visualization of intracellular
microfilaments and nuclei respectively. The numbers of fluorescent microspheres in at least

6 cells were counted to quantify the phagocytic capacity.
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Chronic inflammation induction
Different groups of mice were intraperitoneally injected with LPS (1ug/mL) or PBS. 3 h later,
the mice were euthanized, and the hippocampi and cortices were collected to determine the

expression levels of proinflammatory cytokines and related factors.

Determination of lysosomal integrity

BV2 cells were treated with 1 mM L-Leucyl-L-Leucine methyl ester hydrobromide (LLOMe)
to induce lysosomal impairments, and then were fluorescently immunolabeled with
antibodies against Galectin-3 and LC3. Different groups of cells were viewed on a confocal
microscope at Oh, 2h, 4h and 8h after the addition of LLOMe. More double staining of

Galectin-3 and LC3 indicates poorer lysosomal recovery.

Measurement of intracellular lipid level
BV2 cells were incubated with the BODIPY neutral lipid droplet fluorescent probe according
to the manufacturer’s instructions (Maokang Biotechnology). The percentage of BODIPY-

positive cells was calculated to show the intracellular lipid level.

ChIP-qPCR

1x107 cells were fixed with 1% formaldehyde at room temperature for 10 min. A final
concentration of 125 mM glycine was added and incubated with the cells for 5 min with
gentle shaking. Then cells were washed with PBS, collected, and lysed in lysis buffer.
Sonification was performed followed by centrifugation at 14,000 rpm at 4°C for 10 min to
collect the supernatant containing chromatin fragments. Antibodies against SOX2 or histone
H3 (H3K27ac or H3k27me3) or IgG were added and incubated with the supernatant on a
rotator at 4°C overnight. Subsequently, ChlP-grade protein A/G magnetic beads (ABclonal
Technology) were added and incubated with the immunoprecipitated samples with shaking
at 4°C for 1 h. Then the beads were collected with a magnetic separator and the
immunoprecipitated complexes were released by adding 300 uL elution buffer to the beads.
Reverse cross-linking was performed by adding 15 uL proteinase K (20mg/mL) and
incubating at 65 °C overnight. Finally, DNAs were purified with a DNA purification kit (Wuhan
Fine Biotech Co., Ltd.) and subjected to gPCR using ChIP-gPCR-specific primers.

Statistical analysis
All quantitative data are shown as mean +s.e.m. Statistical analyses were performed in

GraphPad Prism 9.3.1 and Microsoft 365 Excel. For determining the difference between two
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groups, unpaired two-tailed t-test was performed. For comparing the behavioral
performances of different mouse groups that bore different pre-treatments, two-way ANOVA
with Tukey’s (for data of Morris water maze test) or Sidak's (for data of Y maze test) multiple
comparison tests was used. For comparing the survival curves of mice, the Log-rank
(Mantel-Cox) test was used. To fit the regression curve of ATP11B expression trend with the
increase of age in normal human DLPFC, a 2nd order polynomial model was generated. The
PCC for evaluating gene expression correlation was generated by linear regression. The
significance levels were set at *P < 0.05, ** P < 0.01, *** P < 0.001, and *** P < 0.0001.

Data availability

All data supporting the findings of this study can be found within the article. Single-cell RNA-
seq data have been deposited at GEO and are publicly available as of the date of
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additional information required to reanalyze the data reported in this paper is available from
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Figure legends

Fig. 1 Alterations in mitochondrial proteins and ATP11B expression mark the pre-
disease state of AD. a Heatmap and landscape graph of z-transformed DNB scores for the
top 20 dominant genes in an RNAseq dataset of AD. The red star marks the time point at
which the average DNB score reaches its peak. b Circular plot of enrichment analysis for
mitochondrial protein encoding genes within the dominant gene group. Ribbons indicate
enriched pathways. The left outer semi-circle represents z-transformed DNB scores at stage
Il. The right middle semi-circle shows enrichment P values. ¢ The PPI network of ATP11B
and its related genes exhibits dynamic changes before and after AD develops. The red and
blue colors represent upregulation and downregulation respectively. d ATP11B expression in
normal human DLPFC. RNA levels are shown as z-scores of raw transcriptomic data. The
regression line is shown as y = -0.0009x? + 0.026x - 0.0007. The chart was adapted from

https://maayanlab.cloud/DLPFC. e A representative confocal microscopy image showing the

colocalization of ATP11B and AR in the hippocampus of an AD patient. Scale bar: 20 ym. f
Representative confocal microscopy images showing the colocalization of ATP11B and AR
or IBAL in the hippocampus of acute AD mice. The white arrowheads indicate ATP11B-

expressing cells. Scale bar: 200 um and 20 pm.

Fig.2 ATP11B deficiency induces shorter lifespan, cognitive defects, aggravation of
AD pathology and mitochondrial instability. a Survival curves of wild-type and Atp11b’
mice. b, ¢ The effect of Atp11b knockout on the performance of young (3 months, 3M) and
middle-aged (12 months, 12M) mice in Morris water maze (b) and Y maze (c) tests. d
Representative PET/CT scan images showing the effect of Atp11b knockout on AR ([*8F]-
AV45) and tau (['8F]-PBB3) deposition in mouse brain. e, f The effect of Atp11b knockout on
the performance of acute AD mice in Morris water maze (e) and Y maze (f) tests. g (Left)
Representative electron microscopy images of mitochondria in the hippocampus of wild-type
and Atp11lb” mice. (Right) Quantification of cells containing paired or clustered mitochondria.
The frequency represents the number of cells containing mitochondria in pairs or clusters.
Scale bar: 500nm and 250 nm. h Representative western blots of MFN1, MFN2, OPAL1,
DRP1, FIS1, Parkin, PINK1 and OPTN, and quantification of their protein levels in the
hippocampus of wild-type and Atp11b” mice. i-k Quantification of ATP levels (i), lactic acid
levels (j) and ratios of lactic acid to pyruvic acid (k) in the hippocampus of wild-type and
Atpl1lb’ mice. Data in bar charts are represented as mean + s.e.m. Log-rank (Mantel-Cox)

test (a), n=16 mice. Unpaired two-tailed t-test, (b, c) n=5 mice, (g) n=7 photos, (h-k) n=3
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mice. Two-way ANOVA, Tukey’s (e) or Sidak's (f) multiple comparison test, n=6 mice.
*P<0.05, **P<0.01, ***P<0.001, ***P<0.0001. ns, not significant; WT, wild-type.

Fig. 3 ATP11B deficiency alters cellular distribution and intercellular communication
in mouse hippocampus. a UMAP plots of single-cell RNAseq data showing cell clusters in
the hippocampus of wild-type (left) and Atp11b” (right) mice. b Bar plot of the proportion of
each cell cluster identified in (a). ¢ Interaction network between different cell clusters in (a).
The nodes represent cell types with the node size showing the interaction number. The lines
represent intercellular interactions with the line thickness and transparency showing the
interaction strength. d Quantification of the interaction number and strength shown in (c). e
Interaction network between aNSCs and other types of cells in (a). f Pseudotime trajectory
plot of aNSCs in (a). The increasingly lighter color of blue indicates the differentiation status
from earlier to later stages. g Lineage trajectory plots showing changes in aNSCs
differentiation in mouse hippocampus upon Atpl1lb knockout. h GO enrichment analysis of
DEGs between the hippocampi of Atp11b” and wild-type mice. The red rectangles highlight
the most significant pathways that DEGs are involved in. i The core module of the PPI
network of DEGs between the hippocampi of Atp11b” and wild-type mice. The interaction
number was set as 4. The thickness of the lines connecting interacting proteins

corresponds to the interaction score. WT, wild-type.

Fig. 4 ATP11B deficiency leads to the dysregulation of memory-associated genes. a
The spatial visualization of different cell populations in the coronal brain sections of Atp11b™
and wild-type mice. The plots of spatial coordinates in the lower panel depict the position of
cell clusters in the UMAP plot of the upper panel with matching colors. b Heatmap showing
representative DEGs in the hippocampus (clusters 20 and 25) upon Atp11b knockout. ¢ GO
enrichment analysis of DEGs in the hippocampus. d-f Spatial plots showing the upregulation
(red) or downregulation (blue) of DEGs in neurons (d), microglia (e) and aNSCs (f). The red
squares indicate regions of difference in the regulation of DEGs between the hippocampi of

Atpl1b’ and wild-type mice. WT, wild-type.

Fig. 5 ATP11B maintains mitochondrial integrity and synaptic transmission in

neuronal cells. a, b Quantification of SOD and CAT activities, H,O: levels, ATP levels,
glucose levels, ratios of lactic acid to pyruvic acid (a) and mRNA levels of MFN1, MFN2,
DRP1 and FIS1 (b) in ATP11B-silenced SH-SY5Y and control cells. ¢ Representative
confocal microscopy images of mitochondria in ATP11B-silenced SH-SY5Y and control cells.

Scale bar: 10 ym. d Representative confocal microscopy images and quantification of MMP
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levels in ATP11B-silenced SH-SY5Y and control cells. The fluorescence intensity ratio of red
JC-1 aggregates to green JC-1 monomers indicates the MMP level. Scale bar: 100 ym. e
Representative confocal microscopy images and quantification of mPTP opening levels in
ATP11B-silenced SH-SY5Y and control cells. The extent of mPTP opening is indicated by
the loss of calcein fluorescence. lonomycin was the positive control. Scale bar: 200 um. f
Representative confocal microscopy images of Parkin and LC3 in ATP11B-silenced SH-
SY5Y and control cells. Scale bar: 10 ym. g Quantification of mMRNA levels of PRKN, PINK1,
LC3, OPTN and p62 in ATP11B-silenced SH-SY5Y and control cells. h Representative
western blots of SHH, PTCH1, SMO, GLI1, total DRP1 and p-DRP1 (serine 637), and
guantification of their protein levels in ATP11B-silenced SH-SY5Y and control cells. i
Representative western blots showing the effect of purmorphamine on DRP1 levels in SH-
SY5Y cells with or without ATP11B silencing. j Representative western blots showing the co-
immunoprecipitation of DRP1 and GLI1 in ATP11B-silenced SH-SY5Y and control cells. k
Representative electron microscopy images and quantification of PSD thickness, synaptic
interface curvature and synaptic cleft width in hippocampal neurons of Atp11b”- and wild-
type mice. | Representative recording curves and quantification of action potentials (left) and
MEPSCs (right) in CA1 neurons of Atpl11b” and wild-type mice. Data in bar and line charts
are represented as mean = s.e.m. Unpaired two-tailed t-test, (a, b, g, h) n=3 batches of cells,
(d) n=3 regions of interest (ROIs), (e) n=6 ROIs, (k) n=7 cells, (I) n=9 cells. *P<0.05,
*P<0.01, **P<0.001, ***P<0.0001. NC, negative control; WT, wild-type; Mito, MitoTracker;
IP, immunoprecipitation; p-DRP1, phosphorylated DRP1; PSD: postsynaptic density.

Fig. 6 ATP11B deficiency induces over-inflammation and impairs microglial
phagocytosis. a GO enrichment analysis of DEGs in hippocampal microglia between
Atpl1b’ and wild-type mice. The red square highlights a microglia-mediated pathway. b
Representative confocal microscopy images and quantification of microglial branches in the
hippocampus of Atp11b’ and wild-type mice. Scale bar: 20 um. ¢ Representative western
blots of IL1B and IL6, and quantification of their protein levels in Atpl11b-silenced BV2 and
control cells. d Representative confocal microscopy images and quantification of ROS levels
in Atpl1b-silenced BV2 and control cells. The ROS level is represented by the fluorescence
intensity of 2',7'-dichlorofluorescein (DCF). e Quantification of SOD activities and ATP levels
in Atpl1b-silenced BV2 and control cells. f, g Representative confocal microscopy images
and quantification of MMP levels (f) and mPTP opening levels (g) in Atpl1lb-silenced BV2
and control cells. The fluorescence intensity ratio of red JC-1 aggregates to green JC-1
monomers represents the MMP level. The extent of mPTP opening is indicated by the loss

of calcein fluorescence, with lonomycin being the positive control. Scale bar: 200 um. h
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Representative confocal microscopy images of mitochondria in Atpl1b-silenced BV2 and
control cells. Scale bar: 20 ym and 100 uym. i Representative confocal microscopy images
and quantification of microglial phagocytosis for AB (left) and fluorescent microspheres (right)
in Atpl1b-silenced BV2 and control cells. The white arrows indicate AB-phagocytizing cells.
Scale bar: 50 ym and 25 ym. Data in bar charts are represented as mean + s.e.m. Unpaired
two-tailed t-test, (b) n=9 cells from 3 mice, (c, €) n=3 batches of cells, (d, f, g) n=5 ROIs, (i)
n=5 ROIs (left) or n=6 cells (right). *P<0.05, *P<0.01, **P<0.001, ***P<0.0001. NC,

negative control; WT, wild-type; Mito, MitoTracker; No.,number.

Fig.7 ATP11B is involved in the neuronal lineage commitment of NSCs. a GO
enrichment analysis of DEGs in hippocampal aNSCs between Atpl1b”- and wild-type mice.
The red squares highlight pathways related to aNSCs differentiation. b Correlation analysis
of mMRNA levels of Atpl1lb and Sox2 in C17.2 cells. n=8 batches of cells. The regression line
was fitted with a linear model (Y=0.0323x+2.34e-5). ¢, d Quantification of mMRNA levels and
cellular distribution of Sox2 (c) and B-catenin (d) in Atpllb-silenced C17.2 and control cells.
The right graph in (d) is a representative western blot showing the protein levels of nuclear
and cytoplasmic B-catenin in Atpllb-silenced C17.2 and control cells. e Representative
western blots of DUSPB6, total ERK1/2, p-ERK1/2 and B-catenin, and quantification of their
protein levels in Atpllb-silenced C17.2 and control cells. f-h Quantification of ATP levels (f),
ratios of lactic acid to pyruvic acid (g), and mRNA levels of Mfnl, Mfn2, Drpl and Fisl (h) in
Atplilb-silenced C17.2 and control cells. i Representative confocal microscopy images of
mitochondria in Atpl1b-silenced C17.2 and control cells. Scale bar: 20 ym. j Representative
confocal microscopy images and quantification of mPTP opening levels in Atpl1b-silenced
C17.2 and control cells. The extent of mMPTP opening is indicated by the loss of calcein
fluorescence, with lonomycin being the positive control. Scale bar: 200 um. k Association of
SOX2, H3K27ac and H3K27me3 with the promoter region of Atp11b in Sox2-silenced C17.2
and control cells analyzed by ChIP-gPCR. H3K27ac and H3K27me3 represent activating
and repressive histone modifications respectively. Data in bar and line charts are
represented as mean + s.e.m. Unpaired two-tailed t-test, (c-h, k) n=3 batches of cells, (j)
n=6 ROIs. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001. ns, not significant; NC, negative
control; p-ERK (1/2): phosphorylated ERK1/2; Mito, MitoTracker.

Fig.8 ATP11B overexpression improves cognitive functions. a, b The effect of ATP11B
overexpression on the performances of young (6 months, 6M) and middle-aged (12 months,
12M) mice in Morris water maze (a) and Y maze (b) tests. ¢ The effect of ATP11B

overexpression on the performances of young (5 months, 5M) and middle-aged (12 months,

36



1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181

12M) 3xTg-AD mice in Morris water maze. d, e The effect of ATP11B overexpression on the
performances of young (5 months, 5M) 3xTg-AD mice in Y maze (d) and open field (e) tests.
Data in bar and line charts are represented as mean £ s.e.m. Unpaired two-tailed t-test, (a-e)
n=3 mice, *P<0.05, **P<0.01. ns, not significant; WT, wild-type; 3XTg: 3XTg AD mice; 3XTg-
ATP11B: 3XTg AD mice with ATP11B overexpression; NO.: number.

Fig.9 Schematic summary showing the mechanism of ATP11B implicated in the
activities of major brain cells via the maintenance of mitochondrial function. In
neurons, ATP11B plays a critical role in maintaining an alternative SHH signaling pathway,
which operates by restraining the recruitment of DRP1 to mitochondria involving direct
interaction of GLI1. This impedes the phosphorylation of DRP1 at serine 637, thereby
preventing excessive mitochondrial fission. The maintenance of mitochondrial dynamics
sustains the regular MMP, prevents the abnormal opening of mPTP, retains SOD activity
and thus inhibits the excessive release of ROS, and halts the aberrant initiation of mitophagy.
In microglia, ATP11B negatively regulates the transition to the M1 pro-inflammatory
phenotype, which is fueled by anaerobic glycolysis instead of oxidative phosphorylation. This
metabolic switch is facilitated by increased glucose intake and is preferred under conditions
of over-inflammation, typically characterized by the activation of NF-kB pathway and the
production of IL1B, TNF-a and IL6. In neural stem cells, ATP11B mediates the nuclear
translocation of SOX2 by ensuring adequate mitochondrial respiration and sufficient energy
supply. This function is associated with the inhibition of ERK1/2 signaling pathway, which
controls the initiation of neurogenesis. As a transcriptional target of SOX2, ATP11B functions
as a proneural gene, actively maintaining the normal progression of neurogenesis by
safeguarding mitochondrial energy production and supporting SOX2 nuclear translocation.
This schematic depicts the incurred abnormal mitochondrial activities in major brain cells
lacking ATP11B.
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Supplementary Fig.1 The flowchart of AD pre-disease stage identification and tipping
point gene screening. a, The identification of the tipping point of AD onset. The samples
were divided into four subgroups according to the clinical classification of the subjects. A
total of 15725 genes were analyzed via the I-DNB method to identify the critical stage before
AD develops. The pre-disease stage is highlighted with red stars. b, The initial screening of
DEGs between stage | (healthy control) and stage |l (pre-disease stage). The genes
overlapping with those associated with two annotation terms (KW-0813, GO:0005886) and
showing alterations in expression between stage | and stage Il were selected. ¢, The Mfuzz
clustering of candidates from (b) to separate genes with distinct expression patterns. The
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black line in each figure represents the mean of z-transformed expression values. d, The
final screening of tipping point genes for AD onset. The genes in cluster 2 of (c) were
screened by overlapping with those associated with two additional annotation terms (KW-
1278, GO:0005783), leading to the identification of 3 final candidate genes.
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Supplementary Fig. 2 Expression patterns of genes in ATP11B-centered PPl network
and their pathway enrichment highlights. The genes screened from the AD RNAseq
dataset and centered around ATP11B in the PPI network were classified into 4 clusters
based on their expression trends. The black line in each line chart represents the mean of z-
transformed expression values. 1 and 0 mean the genes are enriched or not enriched in

specific KEGG pathways listed, respectively.
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Supplementary Fig. 3 The functional enrichment analyses and PPI network of ATP11B

deficiency-induced DEGs in mouse hippocampal neurons. a, GO and KEGG analyses

of DEGs in neurons between the hippocampi of Atp11b” and wild-type mice. The red

rectangles highlight pathways related to energy metabolism. b, The PPI network of DEGs in

neurons between the hippocampi of Atp11b’ and wild-type mice. The pink and blue colors

indicate interaction numbers of 24 or <4 respectively. The thickness of the lines connecting

interacting proteins corresponds to the interaction score.
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Supplementary Fig. 4 ATP11B is involved in AMPAR trafficking. a, b, Quantification of
mMRNA levels of GRIA1/Grial and GRIA2/Gria2 in ATP11B-silenced SH-SY5Y cells,Atp11b™

mouse hippocampus and respective controls. ¢, d Quantification and representative western

blots of GRIAL and GRIAZ2 in the plasma membrane, cytoplasm (c) and synaptosomes (d) of

hippocampal cells in wild-type and Atp11b” mice. Data in bar charts are represented as

6



53 mean + s.e.m. Unpaired two-tailed t-test, n=3 batches of cells or n=3 mice, *P<0.05,

54  **P<0.01. ns, not significant; NC, negative control; WT, wild-type.
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Supplementary Fig. 5 ATP11B deficiency results in pro-inflammatory responses in
microglia. a-c, Quantification of mRNA levels of 1113, Tnf-a, 116 (a), TIr4, Rela, Relb (b),
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62  Scale bar: 200 um. Data in bar charts are represented as mean + s.e.m. Unpaired two-tailed
63  t-test, (a-c) n=3 mice, (d) n=5 ROIs. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns, not
64  significant; WT, wild-type; NC, negative control.
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Supplementary Fig. 6 ATP11B deficiency causes energy metabolic imbalance,
lysosomal disintegrity and lipid accumulation in microglia. a-d, Quantification of
glucose levels (a), mRNA levels of Glutl, Glut3 and Glut5 (b), pyruvic acid levels (c) and
lactic acid levels (d) in Atpllb-silenced BV2 and control cells. The photo in (d) shows that
the PH of the culture media of Atpllb-silenced BV2 cells is more acidic (yellowish) than that
of the control cells. e, Representative confocal microscopy images and quantification of
lysosomal repair capacity in Atpl1b-silenced BV2 and control cells. Damaged lysosomes are
shown by the double labeling of Galectin-3 (red) and LC3 (green). Scale bar: 20 ym. f,

Representative confocal microscopy images and quantification of lipid accumulation in
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Atplilb-silenced BV2 and control cells. The intracellular lipid level is shown by the
percentage of BODIPY-positive cells. The white arrows indicate cells containing lipid
droplets. Scale bar: 50 um. Data in bar charts are represented as mean + s.e.m. Unpaired
two-tailed t-test, (a-d) n=23 batches of cells, (f) n=26 ROIs. *P<0.05, *P<0.01, ***P<0.001,
****P<0.0001. ns, not significant; NC, negative control.
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Supplementary Table 1 Classification of an AD RNAseq dataset.

COGDX BRAAK
Score Characteristic Num_ber of Score Num_ber of Stage
subjects subjects

0 5
1 22
NCI: 2 15

1 no cognitive 140 3 52 I
impairment 4 40
5 6
6 0
0 1
1 2
MCI: 2 15

2 mild cognitive 112 3 41 Il
impairment 4 42
5 11
6 0
0 0
AD: 1 5
Alzheimer’s, without 2 6

4 any other medical 155 3 32 v
condition that causes 4 50
cognitive impairment 5 57
6 5
0 0
AD+: 1 0
Alzheimer’s with other 2 1

5 medical condition(s) 18 3 6 \%
that cause(s) 4 7
cognitive impairment 5 4
6 0

The classification of the AD cases was based on the final consensus cognitive status (the
COGDX score) and the severity of neurofibrillary tangles (the BRAAK score). The subjects in
stages Il (MCI+, MCI with another condition causing Cl, n=6) and VI (other dementia, no
clinical evidence of AD, n=12) were excluded because of small sample size and lack of

clinical evidence of AD respectively.
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86  Supplementary Table 2 Mitochondrial protein-encoding genes identified by I-DNB.

Gene name Identity Function?
MT-ATP6 Subunit of ATP synthase Contributes to ATP synthase activity, rotational
MT-ATPS8 (complex V) mechanism, and proton transport
MT-CO1 ) Contributes to the activity of complex IV
Subunit of cytochrome ¢ . —
MT-CO2 . Contributes to the activity of complex IV
oxidase (complex 1V) A
MT-CO3 Involved in the assembly of complex IV
MT-ND1 Essential for the catalytic activity and assembly of
complex |
MT-ND2 Essential for the catalytic activity and assembly of
complex |
MT-ND3 Essential for the catalytic activity of complex |
Subunit of NADH:ubiguinone Essential for the catalytic activity and as:embl of
MT-ND4 oxidoreductase (complex I) y y y
complex |
MT-NDAL Predicted to be involved in complex | activity and
electron transport
MT-ND5 Essential for the catalytic activity and assembly of
complex |
Cytochrome b, component of
MT-CYB ubiquinol-cytochrome ¢ Contributes to the generation of a proton gradient
reductase (complex IIl)
Likely a regulatory subunit of Possibly involved in the assembly of mitochondrial
COX7A2L cytochrome c oxidase respira tsc/>r Ssubercomplex y
(complex 1V) P y sup P
COX8A Subunit of cytochrome ¢ Possibly involved in the regulation of complex IV
oxidase (complex 1V) activity
Cytochrome c oxidase .
COX11 y Required for the assembly of complex IV
copper chaperone
Cytochrome c oxidase . . .
R for th f
COX10 assembly factor heme A: equ_lred or the expression and maturation o
functional complex IV
farnesyltransferase
COX18 Mitochondrial membrane Required for the assembly, stability, and activity of
insertase complex IV
NDUFAF5 Arginine hydroxylase Involved in the assembly of complex |
Essential for the maturation of complex IV and
SCO1 Copper metallochaperone I uratl piex

copper homeostasis

aThe information of gene functions was summarized from https://www.ncbi.nlm.nih.gov/gtr/genes/
and https://www.nextprot.org/
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