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Genome-wide association studies (GWAS) and multi-omics analyses have identified numerous risk loci and thousands of potential
causal genes associated with Alzheimer’s disease (AD). However, the synergistic pathogenic contributions of multiple low-risk
causal genes within a single locus remain poorly understood. Polygenic synergism at the 11p11.2 locus was systematically
examined in AD pathogenesis. Three causal genes (MTCH2, NDUFS3, and PSM(C3) exhibited coordinated down-regulation in both AD
patients and AD mouse models. Individual knockdown in cultured cells altered mitochondrial function and disrupted AD-associated
pathways, as revealed by transcriptomic profiling. Integrated RNA-seq analysis and experimental validation demonstrated that the
concurrent down-regulation of all three genes synergistically enhanced mitochondrial reactive oxygen species (ROS) generation
and activated the caspase-7-mediated apoptotic pathway. Notably, pharmacological caspase inhibition with Q-VD-OPh attenuated
neuronal apoptosis, ameliorated memory deficits, and reduced AP plaque deposition in APP/PST mice. Simultaneous down-
regulation of multiple genes at the 11p11.2 locus contributed to mitochondrial dysfunction and apoptosis in AD, highlighting

polygenic synergism as a key pathogenic mechanism.

Molecular Psychiatry; https://doi.org/10.1038/541380-026-03664-7

BACKGROUND

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder characterized by a gradual decline in memory and
cognitive function [1, 2]. Despite extensive research, the therapeutic
landscape for AD remains largely ineffective, primarily due to the
complex disease etiology and the absence of well-defined
molecular targets [2]. While aging is the primary risk factor for this
neurodegenerative condition, genetic predisposition also plays a
significant role [3, 4]. Large-scale genome-wide association studies
(GWAS) and multi-omics analyses have identified numerous risk loci
and thousands of potential susceptibility genes, underscoring the
polygenic nature of the disease [5-9]. Mutations in Af3 precursor
protein (APP), presenilin-1 (PSENT), and presenilin-2 (PSEN2) have
been established as the primary drivers of early-onset AD,
accounting for approximately 5% of cases [4, 10-12]. In contrast,
the genetic architecture of late-onset AD, which affects the vast
majority of patients, results from a network of weakly penetrant
genetic variants that collectively contribute to disease progression.
Rather than being driven by single pathogenic mutations and
genes, late-onset AD arises from interactions among multiple
susceptibility genes and regulatory elements, necessitating a
deeper understanding of their combined effects [4, 5].

Our recent functional genomic study of the 11p11.2 locus identified
24 potential functional variants (fVars) and six target genes (MTCH2,
ACP2, NDUFS3, PSMC3, C1QTNF4, and MADD, ranked by convergent
functional genomics score) potentially involved in AD pathogenesis
[13]. These findings suggest that multiple variants and genes at
11p11.2 may collectively contribute to AD risk. This pattern of
polygenic interaction within a single locus has been observed in other
neurological disorders, such as schizophrenia [14, 15], where multiple
risk genes within a single locus exert synergistic effects on disease
susceptibility. While the concept of multigene contribution in AD has
been proposed, direct experimental validation remains limited. In this
study, we investigated the cooperative effects of multiple causal
genes at 11p11.2 using a multigene synergy analysis framework [16].
Results demonstrated that MTCH2, NDUFS3, and PSMC3 at 11p11.2
were consistently down-regulated in both AD patients and AD mouse
models. Functional analyses revealed that their simultaneous
reduction amplified mitochondrial dysfunction, increased reactive
oxygen species (ROS) production, and promoted apoptotic signaling,
collectively exacerbating AD pathology. Furthermore, pharmacologi-
cal inhibition of apoptosis ameliorated memory impairment, reduced
amyloid burden, and decreased neuronal loss in APP/PS1 mice. These
results establish a mechanistic model in which polygenic synergism at
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11p11.2 contributes to AD pathogenesis, providing new insights into
the molecular basis of neurodegeneration.

MATERIALS AND METHODS

Mice

All APP/PS1 (APP/PSENTA\E9) and wild-type (WT) mice (male, 5-8 months
old) were housed under a 12h light/dark cycle at a temperature of
22-25°C. APP/PSEN1 mice, which overexpress mutated human APP
(Swedish mutations K595N/M596L) and human PSENT (presenilin 1)
deleted from exon 9 [17, 18], were originally obtained from the Jackson
Laboratory (stock no. #34829-JAX, Bar Harbor, ME, USA). The genotypes of
mice were determined by polymerase chain reaction (PCR) analysis of DNA
extracted from mouse toes using primer pairs 5-GACTGACCACTCGAC
CAGGTTCTG-3"/ 5-CTTGTAAGTTGGATTCTCATATCCG-3" and 5-AATAGAGA
ACGGCAGGAGCA-3’/ 5-GCCATGAGGGCACTAATCAT-3’ for APP and PSENT,
respectively. All experiments were performed using male mice
with random group assignment (detailed in the figure legends). All
animal experiments were approved by the Institutional Animal Care and
Use Committee of Kunming Institute of Zoology, Chinese Academy of
Sciences.

Cell line

The SH-SY5Y and HEK293T cell lines were obtained from the Kunming Cell
Bank at Kunming Institute of Zoology, Chinese Academy of Sciences. The
U251-APP cell line, which stably expresses the APP mutant p.M671L, was
established in our previous study [19]. The cell lines were cultured at 37 °C
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin (Thermo
Fisher, USA).

Stereo-seq analysis

Stereo-seq spatial transcriptomics technology [20] was applied to profile
brain sections from one APP/PST mouse and one WT mouse, with
sequencing performed at Yucebio (Shenzhen, China). Raw sequencing data
were aligned and quantified using the Stereo-seq Analysis Workflow (SAW)
pipeline, yielding a gene expression matrix at the spot level. To enhance
spatial resolution, spots were aggregated into a bin50 expression matrix,
improving gene expression signal strength at each spatial location. Based
on nuclear staining images, cell segmentation was performed, assigning
expression data to individual cells and generating a cell-level expression
matrix, as previously described [20].

For downstream data analysis, stereopy (https://github.com/STOmics/
stereopy) and scanpy [21] were used for quality control and clustering.
Spatial clustering analysis was conducted using the bin50 expression
matrix, and clusters were annotated into nine common brain regions with
reference to the Allen Brain Atlas (https://atlas.brain-map.org/). To further
refine cell-type annotation, the MapMyCells mouse brain cell atlas (https://
knowledge.brain-map.org/mapmycells/process) was employed, enabling
hierarchical mapping of the cell-bin-level expression matrix and the
construction of a spatial atlas of mouse brain cells [22].

For the genes of interest, we calculated Pearson correlation coefficients
and corresponding statistical significance (via t-test) across the thousands
of cellbins within each animal. Correlations with P < 0.05 were considered
significant, and corresponding heatmaps were generated to visualize the
relationships among genes.

Immunofluorescence

Mice were anesthetized with isoflurane, and major organs, including the
heart, liver, spleen, lungs, kidneys, and brain, were excised, weighed, and
fixed in 4% paraformaldehyde (PFA)/phosphate-buffered saline (PBS) at
4 °C. Tissues were incubated overnight in 30% sucrose/PBS at 4 °C,
followed by sectioning into 15-um slices using a freezing microtome (RWD,
Minux FS800). Brain sections were blocked in a solution containing 5%
bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS at room
temperature for 1h, followed by overnight incubation at 4 °C with the
indicated primary antibodies (rabbit anti-NeuN, 1:500, EMD Millipore,
ABN78; mouse anti-4G8, 1:500, BioLegend, SIG-39220). After four washes
with PBS (5 min each) at room temperature, sections were incubated with
the secondary antibodies (anti-mouse, 1:1000, Jackson ImmunoResearch,
115-545-003; anti-rabbit, 1:1000, Jackson ImmunoResearch, 711-295-152)
and 4',6-diamidino-2-phenylindole (DAPI, Meilunbio, MB3204) in blocking
buffer for 2 h at 37 °C, respectively. After another four washes with PBS at
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room temperature, images were captured using confocal microscopy
(TissueGnostics or Olympus SpinSR10), with image analysis performed
using ImageJ [23] or TissueGnostics analysis software.

RNA interference and transfection

Small interfering RNAs (siRNAs) targeting MTCH2, ACP2, NDUFS3, and
PSM(3, along with a negative control (NC) siRNA, were purchased from
RiboBio (Table S1, Guangzhou, China). For gene knockdown experiments in
U251-APP cells, cells were seeded in 6-well plates at a density of 2 x 10°
per well and grown to approximately 70% confluence before transfection.
Transfection was performed using 20 nM siRNA and Lipofectamine™ 3000,
following the manufacturer’s standard protocols.

For the knockdown of multiple genes, we used same concentration of total
siRNAs across all experimental groups to ensure comparable cellular stress
induced by siRNA delivery. Briefly, control group, 60 nM siNC; MTCH2_KD
group, 20 nM siMTCH2 + 40 nM siNC; NDUFS3_KD group, 20 nM siNDUFS3 +
40 nM siNG; PSMC3_KD group, 20nM siPSMC3 +40 nM siNC; M2N3_KD
group, 20nM siMTCH2 +20 nM siNDUFS3 +20nM siNC; M2P3_KD group,
20nM siMTCH2 +20nM siPSMC3 +20nM siNC; N3P3_KD group, 20nM
siNDUFS3 +20 nM siPSMC3 + 20 nM siNG; M2N3P3_KD group (triple gene
knockdown group), 20 nM siMTCH2 + 20 nM siNDUFS3 + 20 nM siPSMC3.

To assess AP;4, and phosphorylated Tau (pTau-396) levels, transfected
cells were incubated for 24 h before replacing the medium with fresh
growth medium containing 1 pg/mL doxycycline (Sigma, D9891) to induce
APP expression. After 48 h of doxycycline induction, culture supernatants
were collected for AB;4, quantification, while cell lysates were used to
measure pTau-396 levels by enzyme-linked immunosorbent assay (ELISA).
Measurements were performed at 72 h post-transfection.

Western blot analysis

Western blotting was performed following established procedures from
previous studies [13, 17, 24]. In brief, cells and tissues were lysed in ice-cold
lysis buffer (Beyotime, P0013), and lysates were centrifuged at 12 000 x g for
10min at 4 °C. The supernatant was collected, and total protein
concentrations were determined using a BCA Protein Assay Kit (Beyotime,
P0012). Equal amounts of protein (20 ug) were resolved by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subse-
quently transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad,
L1620177). The membranes were placed in 5% (w/v) skimmed milk at room
temperature for 2 h and washed three times (5 min each) with TBST (1x TBS
solution containing 0.1% Tween-20). The membranes were then incubated
with the primary antibodies (Mouse anti-GAPDH, 1:1000, EnoGene, E12-042-3;
Mouse anti-B-Tubulin, 1:1000, EnoGene, E1C601; Rabbit anti-MTCH2, 1:1000,
Absin, abs143485; Rabbit anti-NDUFS3, 1:1000, GeneTex, GTX105835; Rabbit
anti-PSMC3, 1:1000, Abcam, ab171969; Rabbit anti-MADD, 1:1000, Abcam,
ab134117; Rabbit anti-C1QTNF4, 1:1000, Abcam, ab36891; Rabbit anti-ACP2,
1:1000, Boster, A06554; anti-Caspase-7, 1:1000, Cell Signaling Technology,
8438; anti-Caspase-7, 1:1000, proteintech, 85328-1-RR; anti-Caspase-9, 1:1000,
Abcam, ab202068; anti-Caspase-3, 1:1000, Cell Signaling Technology, 9664 T)
at 4 °C overnight, respectively, washed three times with TBST (5 min each),
and incubated with corresponding secondary antibodies for 1h at room
temperature. The membranes were again washed with TBST (three times,
each 5 min) at room temperature and visualized using an ECL Western Blot
Detection Kit (Millipore, WBKLS0500). Protein bands were captured using a
Bio-Rad ChemiDoc™ MP imaging system and analyzed with ImageJ.

Co-immunoprecipitation

For transient transfection and co-immunoprecipitation (Co-IP) assays,
HEK293T cells were co-transfected with pairwise combinations of plasmids
encoding MTCH2-HA, NDUFS3-Flag, PSMC3-Myc, Vector-HA, Vector-Flag, and
Vector-Myc (purchased from iGeneBio). After transfection for 48 h, cells were
lysed on ice for 1 h in lysis buffer (Beyotime, PO013). Lysates were collected
by centrifugation at 12,000 x g for 15min, and the supernatants were
incubated with HA beads (ABMagic, MA103-25), Flag beads (ABMagic,
MA101-25), or Myc beads (ABMagic, MA105-25) overnight at 4 °C, according
to the indicated tag of each plasmid. The beads were washed five times
(5 min each) with lysis buffer, and the bound proteins were eluted by boiling
in 2 x SDS loading buffer for 5 min. Eluted proteins were detected following
the Co-IP procedure described in our previous study [25].

Apoptosis analysis
Cells were dissociated using 0.25% trypsin, collected by centrifugation at
300 x g for 5 min at 4 °C, and resuspended in pre-cooled PBS. Apoptosis was
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assessed using an Annexin V-FITC/PI Apoptosis Detection Kit (YEASEN,
40302ES60), following the manufacturer’s instructions [26]. Briefly, 2-3 x 10°
cells were incubated in 100 pL of binding buffer containing 5 pL of Annexin
V and 10 pL of propidium iodide (PI) for 15 min at room temperature in the
dark. After incubation, 400 uL of binding buffer was added to terminate the
reaction, and samples were immediately analyzed using flow cytometry (BD
LSRFortessa). Data were analyzed using FlowJo software.

Detection of mitochondrial reactive oxygen species (mROS)
MitoSOX (Thermo Fisher, M3600S) was used to determine mROS levels. In
brief, U251-APP cells (2-3 x 10° cells/well) were seeded in 6-well plates and
incubated with 2.5 pM MitoSOX working solution at 37 °C for 20 min in the
dark. Following incubation, cells were washed three times with PBS and
subsequently stained with 5pg/mL Hoechst dye (Beyotime, C1022) for
nuclear counterstaining. Fluorescence signals were captured using
confocal microscopy (Olympus SpinSR10) or quantified by flow cytometry
(BD LSRFortessa). Image and cytometric data were analyzed using OlyVIA
and FlowJo software, respectively.

Mitochondrial membrane potential (MMP) measurement

MMP changes were measured by using the JC-1 Mitochondrial Membrane
Potential Assay Kit (Beyotime, C2003S) following the manufacturer’s
protocol. Briefly, U251-APP cells were collected, washed with cold PBS,
and stained with JC-1 solution (1:1 mixture of culture medium and staining
fluid) for 10 min at 37 °C in the dark. Cells were then washed with staining
buffer and analyzed by flow cytometry. In cells with high level of MMP, JC-
1 forms J-aggregates in mitochondria that emit red fluorescence;
conversely, in cells with diminished MMP, JC-1 remains in the cytoplasm
as monomers that produce green fluorescence. MMP was expressed as the
red/green population ratio following a previous study [27]. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), which disrupts mitochondrial
integrity and induces complete MMP loss, served as a positive control [27].

RNA sequencing (RNA-seq) data processing

RNA sequencing data were processed using an established bioinformatics
pipeline, as reported in our previous studies [24, 28, 29]. The quality of raw
paired-end  reads was evaluated using FastQC  (https:/
www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter sequences
and low-quality reads were trimmed using fastp [30]. Filtered reads were
aligned to the human (Homo sapiens, GRCh38) or mouse (Mus musculus,
GRCm39) reference genome, obtained from the Ensembl database (https://
www.ensembl.org/index.html), using HISAT2 [31] or STAR [32] with default
parameters. Gene expression levels were assessed and normalized using
StringTie [33] or RSEM [34]. Differentially expressed genes (DEGs) were
identified using the DESeq2 package in R, applying a cutoff threshold of |
fold change| > 1.5, P-value<0.05 and adjusted P-value<0.2. Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO)
enrichment analyses were performed using the clusterProfiler package in R
[35, 36], while data visualization was performed using the ggplot2 package
in R [37]. Schematic illustrations were generated using Adobe lllustrator
and the Generic Diagramming Platform (GDP) [38].

Analysis of synergistic gene effects
The experimental design and assessment of synergy-driven gene
expression were based on established protocols [14-16]. Bulk RNA-seq
libraries were generated from U251-APP cells subjected to individual
knockdown of MTCH2 (MTCH2_KD), NDUFS3 (NDUFS3_KD), and PSMC3
(PSMC3_KD), as well as combined knockdown of all three genes
(MTCH2_KD + NDUFS3_KD + PSMC3_KD (M2N3P3_KD)). Low-expression
genes were filtered using a counts per million (CPM) cut-off of 1.25,
retaining approximately 13 000 genes for downstream analysis. Linear
modeling was performed using a standardized workflow. The voom()
function was applied to transform raw counts into logCPM values and
compute precision weights to adjust for heteroscedasticity. The ImFit()
function was then used to fit the linear model. The expected additive effect
was modeled by summing the individual coefficient comparisons: additive
= (MTCH2_KD - CTRL) + (PSMC3_KD - CTRL) + (NDUFS3_KD - CTRL). The
synergistic effect was modeled by subtracting the additive effect from the
combinatorial perturbation comparison: synergy = (M2N3P3_KD - CTRL) -
((MTCH2_KD - CTRL) + (PSMC3_KD - CTRL) + (NDUFS3_KD - CTRL)).
Differential expression was assessed using the eBayes() and decideTests()
functions, with a false discovery rate (FDR) threshold of 0.1 to determine
the synergy coefficient and proportion of DEGs exhibiting synergistic
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regulation. Functional enrichment analyses, including competitive gene set
enrichment analysis (GSEA) and GO over-representation analysis, were
performed using the ids2indices(), genelds(), and getGmt() functions in R,
utilizing gene sets from the MSigDB database (https://www.gsea-
msigdb.org/gsea/msigdb/collectionsjsp). An FDR threshold of 0.1 was
applied for GO enrichment analysis to evaluate synergistic effects.

Q-VD-OPh administration in WT and APP/PS1 mice
Quinoline-Val-Asp-difluorophenoxymethylketone (Q-VD-OPh) is a broad-
spectrum caspase inhibitor with potent antiapoptotic properties [39, 40].
To evaluate its therapeutic potential, 5-month-old mice were intraper-
itoneally administered Q-VD-OPh (10 mg/kg, Proteintech, CM03300) or
vehicle (saline) every two days for 3 months, following previously
established protocols [39]. Behavioral testing was conducted at two time
points: 1 month and 3 months after the initiation of Q-VD-OPh treatment.
Following the completion of drug administration, mice were anesthetized
with isoflurane for tissue collection and further molecular analyses.

Novel object recognition (NOR) test

The NOR task was conducted in three phases: habituation, training, and
testing, following a previously established protocol [41]. Twenty-four hours
before training, mice were acclimated to an open testing arena (40 x 40 x
40 inches) for 10 min to minimize novelty-induced stress. During the
training phase, mice were placed in the same arena containing two
identical objects positioned at opposite corners and were allowed to
explore freely for 10 min. Memory performance was assessed at two time
points: 4h (short-term memory) and 24h (long-term memory) after
training. In the test session, one of the familiar objects was replaced with a
novel object, while the other remained unchanged. Object exploration
time was recorded using SMART v3.0 software (Panlab HARVARD, MA,
USA), which tracked physical interactions with either object. Recognition
memory was quantified using the recognition index (Recognition Index =
Tnovel / (Tnovel + Tfamiliar)r where Tnovel and Tfamiliar fepfesem time Spent with
the novel and familiar objects, respectively) [41].

Morris water maze (MWM) test

The MWM test was performed according to previously described
procedures [24]. During the training phase, a submerged platform was
placed in a fixed location, and mice were introduced into the water facing
the tank wall from randomly assigned quadrants. Each trial lasted a
maximum of 60 s, within which mice were required to locate the platform.
If a mouse failed to find the platform within this time, it was gently guided
to the platform and allowed to remain there for 15 s before removal. Three
trials were conducted daily, with a 2-h interval between each trial. Mice
were dried and warmed on a heating pad between trials. Escape latency,
defined as the time required to locate the platform, was recorded and
averaged for each training day. On day 7, the platform was removed, and a
probe trial was conducted to assess spatial memory retention. Mice were
released from the quadrant opposite the former platform location, and key
behavioral parameters—including the number of platform location cross-
ings, time spent in target quadrant, and swimming speed—were recorded
using SMART v3.0 software. All behavioral tests were performed by two
investigators who were blinded to the experimental conditions.

Quantitative real-time PCR (qRT-PCR) )

Total RNA was extracted from cells and tissues using RNA*® Plus reagent
(Takara) following the manufacturer’s protocols. Genomic DNA was removed,
and reverse transcription was performed using a SynScrpt®lIl RT SuperMix
for gPCR Kit (Tsingke, TSK314S). Relative gene expression was determined
using gRT-PCR on a QuantStudio 12K Flex Real-time PCR system (Thermo
Fisher) with SYBR Green Mix (Bio-Rad, #1725124). Target gene expression
was normalized to GAPDH or B-actin mRNA level (as an internal control) in
each sample. Primer pairs for qRT-PCR are shown in Table S2.

Enzyme-linked immunosorbent assay (ELISA)

AB;42 (Elabscience, E-EL-H0543c) concentrations in culture supernatants
and pTau-396 (Elabscience, E-EL-H5314c) levels in U251-APP cell lysates
were respectively analyzed using ELISA kits according to the manufac-
turer’s instructions, as described previously [13]. Briefly, 100 pL of diluted
standards, blanks, and samples (in duplicate) were incubated in 96-well
plates for 90 min at 37 °C. Following incubation, 100 uL of biotinylated
detection antibody working solution was added to each well, followed by
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1 h of incubation at 37°C. Wells were then washed three times with wash
buffer, and 100 uL of horseradish peroxidase (HRP)-conjugated working
solution was added to each well, followed by incubation for 30 min at 37
°C. After washing, 90 L of substrate reagent was added to each well for
15 min of incubation at 37 °C. The reaction was terminated by adding 50 pL
of stop solution per well, and absorbance was measured at 450 nm using a
microplate reader (BioTek, EIx808).

Statistical analysis

The data are expressed as mean + SD unless otherwise stated. Statistical
analysis was conducted using GraphPad Prism 8. Two-way unpaired t-
test, one-way ANOVA, or two-way ANOVA were used. Statistical
significance was set at P < 0.05. Additional details are provided in the
figure legends.

RESULTS

Coordinated down-regulation of multiple genes at the
11p11.2 locus in AD patients and APP/PS1 mice

Our previous functional genomic analyses of the 11p11.2 (CELF1/
SPI1) locus identified multiple candidate genes implicated in AD
susceptibility [13]. To further characterize their expression patterns
across different cell types, single-nucleus RNA sequencing (snRNA-
seq) data from AD patients and healthy controls were analyzed [42].
Results revealed that MTCH2, ACP2, NDUFS3, and PSMC3 were broadly
expressed in both neurons and astrocytes, while CTQTNF4 and MADD
exhibited preferential expression in neurons (Fig. 1A and Fig. STA).
Co-expression analysis of these six causal genes, as well as SPI7, which
were reported in our previous study [13], demonstrated strong
correlations in neurons and these correlations were further enhanced
in AD patient samples (Fig. 1B). We also performed co-expression
analysis of these genes in other cell types (Fig. S1B). Although we
observed similar co-expression pattern for genes in oligodendrocyte
progenitor cells and immune cells, we did not find enhanced co-
expression effect in AD patients. Note that most correlations of these
genes did not reach significance in astrocytes and oligodendrocytes,
due to the relatively small sample size and limited statistical power
(Fig. S1B). Consistent with our prior observations at the single-cell,
bulk mRNA, epigenetic, and protein levels [13], nearly all causal genes
exhibited a consistent down-regulation in AD patient brains. This
observation was further confirmed using newly available snRNA-seq
datasets [42, 43], which demonstrated simultaneous down-regulation
of these six causal genes in both neuronal and astrocytic populations
of AD patients (Fig. 1C, D).

Given the potential role of these coordinated changes in AD
pathogenesis, spatial transcriptomic analysis was conducted using
Stereo-seq [20] in APP/PS1 mice to determine whether similar
patterns were recapitulated in a murine AD model. Gene co-
expression correlations were markedly increased in APP/PS1 mice
compared to wild-type (WT) controls, mirroring the patterns
observed in human AD brains (Fig. 1E, F). Subsequent evaluations
at both the transcriptional and translational levels confirmed
significant changes in gene expression in APP/PST mice. A
significant reduction in Mtch2, Ndufs3, Psmc3, and C1gtnf4 mRNA
levels within the hippocampus and cortex (Fig. 1G and Fig. S1C)
was revealed by gqRT-PCR. Western blot analysis further confirmed
the corresponding decrease in MTCH2, NDUFS3, and PSMC3
protein levels (Fig. 1H, | and Fig. S1D-E). In contrast, Acp2 and
Madd expression remained largely unchanged at both the mRNA
and protein levels (Fig. 1G-I and Fig. S1C-E). Further validation
using the MouseAC database (https://www.mouseac.org/) [44]
revealed progressive down-regulation of Mtch2, Ndufs3, and
Psmc3 expression not only in APP/PS1 mice but also during
normal aging (Fig. S1F). Notably, the mRNA levels of Mtch2,
Ndufs3, Psmc3, and Ci1qtnf4 exhibited significantly inverse correla-
tions with both AP and Tau pathologies (Fig. S1G-H). Collectively,
these findings suggest that the simultaneous down-regulation of
Mtch2, Ndufs3, and Psmc3 may contribute to AD pathogenesis
through a synergistic mechanism.
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To further confirm that these three genes share a synergistic
molecular basis, we reanalyzed chromatin interactions among
MTCH2, NDUFS3, and PSM(C3 using PLAC-seq data from microglia,
neurons, and oligodendrocytes, and promoter capture Hi-C data
from iPSC-derived hippocampal DG-like neurons, iPSC-induced
cortical excitatory neurons, and human primary fetal astrocytes
[45, 46]. The results showed that these three genes exhibit robust
chromatin interactions across both neural and glial cell types
(Fig. S2A), suggesting that their synergistic effects may be
mediated by coordinated regulation of gene expression. We also
utilized the online analysis tool STRING (https://string-db.org/) to
construct a protein-protein interaction (PPI) network for MTCH2,
NDUFS3, and PSMC3 in human and mouse (Fig. S2B). The three
proteins formed an interconnected module in both species. To
validate these interactions experimentally, we performed Co-IP
assays in HEK293T cells overexpressing a combination of two of
the three proteins (Fig. S2C-E). We confirmed the predicted
interactions between all combinations of the three proteins
(NDUFS3 and PSMC3, NDUFS3 and MTCH2, or PSMC3 and MTCH2).
We speculated these physical interactions may represent the
molecular basis for their synergistic effects.

Single gene knockdown disrupts mitochondrial function

To investigate the functional roles of MTCH2, NDUFS3, and PSMC3
in AD pathogenesis and assess potential synergistic interactions,
targeted knockdown experiments were performed in the human
astrocyte-derived U251-APP cell line [19] (Fig. 2A). As Acp2
expression remained unchanged in APP/PST mice and showed
no correlation with A and Tau pathology, ACP2 knockdown was
included as a negative control due to its high convergent
functional genomics (CFG) score, ranking second only to MTCH2
in our previous study [13]. To ensure robust gene silencing, three
independent small siRNAs were screened for each target gene,
and the most effective siRNA was selected based on knockdown
efficiency (Fig. S3A). The final knockdown efficiencies were
quantitatively validated for both single- and triple-gene perturba-
tions (Fig. S3B). RNA-seq was subsequently performed to
characterize transcriptomic alterations induced by these genetic
perturbations (Fig. S3C). RNA-seq revealed that knockdown of
MTCH2, NDUFS3, or PSMC3 individually induced substantial
transcriptomic alterations, with each perturbation generating a
distinct set of DEGs. Notably, the most pronounced down-
regulation consistently corresponded to the specifically targeted
gene in each experimental condition (Fig. 2B-D).

Pathway enrichment analyses were performed on RNA-seq data
from U251-APP cells with knockdown of each causal gene to
investigate whether MTCH2, NDUFS3, and PSMC3 contribute to AD
pathogenesis through coordinated regulation of shared pathways.
KEGG analysis indicated DEGs resulting from the knockdown of
MTCH2, NDUFS3, or PSMC3 were significantly enriched in
neurodegeneration-associated pathways, including AD, Huntington'’s
disease, Parkinson’s disease, and multiple neurodegenerative disease
pathways (Fig. 2E-G). Pathway-specific enrichment patterns aligned
with the known molecular functions of these genes. NDUFS3
knockdown led to significant enrichment of oxidative phosphorylation
pathways, consistent with its role as a catalytic subunit of
mitochondrial complex | [47]. Similarly, PSMC3 knockdown showed
specific enrichment in proteasome-related pathways, reflecting its
function as a key component of the proteasome complex [48]. GO
term analysis further demonstrated that knockdowns of MTCH2,
NDUFS3, and PSMC3 were associated with mitochondrial-related
processes, including oxidative phosphorylation and electron transport
chain activity, suggesting that each of these three genes is associated
with mitochondrial function (Fig. 2H-J). These findings suggest that
MTCH2, NDUFS3, and PSMC3 may contribute to AD pathogenesis
through the coordinated dysregulation of mitochondrial pathways.

To assess whether ACP2 knockdown elicits transcriptomic
alterations comparable to those observed for MTCH2, NDUFS3,
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Differential expression of six causal genes at 11p11.2 in AD patients and APP/PS1 mice. (A) Expression profiles of six causal genes at
11p11.2 across different brain cell types in healthy individuals, based on publicly available single-cell datasets [42]. (B) Correlation analysis of
the expression of the six causal genes in excitatory and inhibitory neurons from healthy individuals and AD patients. (C) Down-regulation of
the six causal genes at 11p11.2 in neuronal populations of AD patients. (D) Down-regulation of six causal genes at 11p11.2 in astrocytes of AD
patients, derived from publicly available single-cell datasets [43]. (E) Spatial transcriptomic analysis of brain slices from APP/PS1 and wild-type
(WT) mice. Left: Schematic representation of Stereo-seq spatial transcriptomic analysis; Middle: Unsupervised spatially constrained clustering of
brain sections from APP/PST and WT mice, analyzed using Stereo-seq at bin 50 resolution; Right: Spatial visualization of segmented cell
clusters identified through unsupervised clustering. Bins and cells are color-coded based on annotations from previous research [22]. Astro,
astrocyte; CB, cerebellum; CGE, caudal ganglionic eminence; CNU, cerebral nuclei; CR, Cajal-Retzius; CT, corticothalamic; CTX, cerebral cortex;
DG, dentate gyrus; Epen, ependymal; ET, extratelencephalic; HB, hindbrain; HY, hypothalamus; HYa, anterior hypothalamic; IMN, immature
neurons; IT, intratelencephalic; L6b, layer 6b; LGE, lateral ganglionic eminence; LH, lateral habenula; LSX, lateral septal complex; MB, midbrain;
MGE, medial ganglionic eminence; MH, medial habenula; MM, medial mammillary nucleus; MY, medulla; NP, near-projecting; OB, olfactory
bulb; OEC, olfactory ensheathing cells; Oligo, oligodendrocytes; OPC, oligodendrocyte precursor cells; P, pons; TH, thalamus; Dopa,
dopaminergic; GABA, GABAergic; Glut, glutamatergic; Sero, serotonergic. (F) Correlation analysis of the expression of the six causal genes at
11p11.2 in brain tissues from WT (upper) and APP/PS (AD) mice (bottom). (G) Relative mRNA expression levels of the six causal genes in the
hippocampus of WT and APP/PS1 mice, measured by gRT-PCR (WT, n = 6; AD, n = 6). (H-1) Protein expression levels of the six causal genes at
11p11.2 in the hippocampus of WT and APP/PS1 mice (H) and corresponding quantitative analysis (I) (WT, n=3; AD, n = 3). Each symbol
denotes one mouse in (G) and (I); bar graphs represent mean * standard deviation (SD). Statistical significance was determined using a two-
tailed unpaired t-test (F, H); ns, not significant; *, P < 0.05; **, P<0.01.
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Fig. 2 Transcriptional alterations in U251-APP cells following individual or combined knockdown of MTCH2, ACP2, NDUFS3, and PSMC3.
(A) Schematic representation of individual and combined knockdown of causal genes at 11p11.2 in U251-APP cells. (B-D) Volcano plots
depicting DEGs following individual knockdown (KD) of MTCH2 (B), NDUFS3 (C), and PSMC3 (D). NDUF-related genes are highlighted in red. (E-
G) KEGG enrichment analysis of differentially expressed genes (DEGs) in U251-APP cells following knockdown of MTCH2 (E), NDUFS3 (F), and
PSMC(3 (G). (H-J) GO enrichment analysis of up-regulated (up) and down-regulated (down) DEGs following knockdown of MTCH2 (H), NDUFS3
(1), and PSMC3 (J). (K) Volcano plot depicting DEGs in U251-APP cells following ACP2 knockdown. (L) KEGG enrichment analysis of DEGs
following ACP2 knockdown. (M) GO enrichment analysis of up-regulated (up) and down-regulated (down) DEGs following ACP2 knockdown.
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and PSMC3, RNA-seq data from ACP2 knockdown U251-APP cells
were analyzed using the same analytical pipeline (Fig. 2K-M).
Unlike MTCH2, NDUFS3, and PSMC(3, differential gene expression
following ACP2 perturbation did not show significant enrichment
in AD-related pathways, neurodegeneration-associated networks,
or the oxidative phosphorylation and electron transport chain
pathways (Fig. 2L, M). Both KEGG and GO enrichment analyses
revealed distinct transcriptomic patterns following ACP2 knock-
down, diverging significantly from the patterns observed for the
other causal genes (Fig. 2L, M). Comparative analyses further
reinforced the stronger association of MTCH2, NDUFS3, and PSMC3
with AD pathogenesis. The enrichment of mitochondrial func-
tional pathways exclusively in cells subjected to MTCH2, NDUFS3,
and PSMC3 knockdown suggested their involvement in shared
mitochondrial regulatory mechanisms, potentially contributing to
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disease-related mitochondrial dysfunction. Based on these find-
ings, subsequent investigations focused on the synergistic effects
of MTCH2, NDUFS3, and PSMC3 to elucidate their collective role in
AD pathogenesis.

Synergistic regulation of caspase-7-mediated apoptotic
pathways by MTCH2, NDUFS3, and PSMC3

To investigate the synergistic effects of MTCH2, NDUFS3, and
PSMC3, a recently developed synergistic analysis model [14] was
employed (Fig. S3D). This analytical framework facilitates the
identification of downstream transcriptional convergence and
synergistic effects following gene perturbations and has been
successfully applied in studies of schizophrenia-associated risk
genes [14-16]. The expected transcriptomic effects under an
additive model, derived from individual gene knockdowns, were
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Fig. 3 Synergistic regulation of mitochondrial function and apoptosis by MTCH2, NDUFS3, and PSMC3. (A) Schematic representation of
synergistic effect analysis based on DEGs in U251-APP cells. Conditions include individual knockdown of MTCH2 (MTCH2_KD), NDUFS3
(NDUFS3_KD), and PSM(C3 (PSMC3_KD), and combined knockdown of all three genes (IMTCH2_KD, NDUFS3_KD, PSMC3_KD] (M2N3P3_KD)).
Comparison between expected additive model and measured combinational perturbation enables detection of synergistic effects on gene
expression [14]. (B) mRNA expression levels of mitochondrial complex |-V subunits and assembly factors following individual knockdown of
MTCH2 (MTCH2_KD), NDUFS3 (NDUFS3_KD), and PSMC3 (PSMC3_KD), or combined knockdown of all three genes (M2N3P3_KD). Control: U251-
APP cells transfected with control siRNA. (C-D) Competitive GSEA of DEGs from additive (C) and combinatorial (D) comparisons. (E) Bar charts
depicting 10 most significantly enriched gene sets in (C), ranked by FDR values. Red lines denote an enrichment FDR threshold of 0.1. (F) Bar
charts depicting 10 most significantly enriched gene sets in (D). Annotations are the same as (E). (G) Competitive GSEA of DEGs categorized as
“more up-regulated” (more up) and “more down-regulated” (more down), as defined in Supplementary Figure 3B. (H-1) Over-representation
analysis of DEGs categorized as “more down-regulated” (more down) (H) and “more up-regulated” (more up) (I) in (G). Top 10 enriched
pathways are ranked by FDR values, with red lines denoting an enrichment FDR threshold of 0.1. (J) Expression changes in genes associated
with apoptosis pathway, identified in (I), ranked by P-values adjusted by Benjamini-Hochberg correction. (K-L) mRNA expression levels of
CASP7 in U251-APP cells following individual or combined knockdown of MTCH2, NDUFS3, and PSM(3, based on RNA-seq data (K; Control:
n=3; MTCH2_KD: n=3; NDUFS3_KD: n=3; PSMC3_KD: n=2; M2N3P3_KD: n=3) of Fig. 2A and gRT-PCR validation (L; Control: n=7;
MTCH2_KD: n = 5; NDUFS3_KD: n = 5; PSMC3_KD: n = 5; M2N3P3_KD: n = 5). TPM, transcripts per million. (M-N) Protein expression levels of
caspase-7, caspase-3, MTCH2, NDUFS3, and PSMC3 in U251-APP cells following individual or combined knockdown of MTCH2, NDUFS3, and
PSM(C3 (M) and corresponding quantitative analysis (N) (n =3 per group). Values are presented as mean + SD. Statistical significance was

determined using one-way ANOVA (L, N); ns, not significant; *, P < 0.05; **, P<0.01; ***, P <0.001; **** P < 0.0001.
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compared to the observed transcriptional changes following triple
knockdown of MTCH2, NDUFS3, and PSMC3 (Fig. 3A). This
approach enabled the identification of gene expression alterations
that exceeded the predicted additive effects, providing evidence
for functional synergy among these genes. Knockdown efficiency
was confirmed to be consistent across single and triple knock-
down conditions (Fig. S3B). Given that the individual knockdown
of MTCH2, NDUFS3, and PSMC3 significantly enriched genes
involved in oxidative phosphorylation (OXPHOS) and electron
transport chain (which links nutrient oxidation to ATP production
by OXPHOS and consists of complexes |-V in the mitochondrial
inner membrane) pathways (Fig. 2H-J), the expression patterns of
mitochondrial complexes subunits and assembly factors [49] were
examined in detail. We observed a synergistic up-regulation trend
in  mRNA expression in several NDUF (NADH: ubiquinone
oxidoreductase subunit) genes encoding mitochondrial complex
I components following individual and triple gene knockdowns
(Fig. 3B), suggesting that these three genes individually or
collectively modulate mitochondrial complex | function through
an uncharacterized mechanism. We speculated that synergistic
up-regulation of the related NDUF genes upon individual or triple
knockdown of MTCH2, NDUFS3, and PSMC3 would offer a
compensatory effect for the impaired mitochondrial respiratory
function.

Transcriptomic analysis using the synergistic analysis model
revealed that about 11% of genes exhibited expression changes
greater than those predicted under the additive model, with 678
genes showing enhanced up-regulation (more up, n=678) and
703 genes exhibiting greater down-regulation (more down,
n=703; synergy false discovery rate (FDR)<0.1) (Fig. S4A-G).
Competitive GSEA using datasets from the GSEA-MSigDB data-
base (https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp),
demonstrated that DEGs from both the additive model and the
triple-knockdown condition were significantly enriched in mito-
chondrial and proteasome-related pathways, consistent with the
established subcellular localization of MTCH2, NDUFS3, and PSMC3
(Fig. 3C-F). Among synergistically dysregulated pathways, apop-
tosis by epoxomicin (proteasome inhibitor) up [50] emerged as
the most significantly enriched process, alongside pathways
related to cell adhesion, AD, and glial cell function (Fig. 3G-I).
The enrichment of this proteasome inhibition-induced apoptosis
aligned with previous studies showing association of proteasome
dysfunction with AD [51-53]. Given the well-established role of
proteasome dysfunction in AD pathogenesis, epoxomicin-induced
apoptosis—as a well-established model of proteasome impair-
ment—is directly relevant to the neurodegenerative processes
underlying AD. Further examination of apoptosis-related DEGs
revealed that CASP7 was the most prominently up-regulated gene
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following triple knockdown (Fig. 3J, K). These findings were
experimentally validated in U251-APP cells using gRT-PCR and
Western blotting (Fig. 3L-N, Fig. S4H-I). As apoptosis is primarily
executed by caspase-3 or/and caspase-7, both of which cleave
essential cellular substrates to initiate programmed cell death
[54, 55], the specificity of caspase-7 activation was further
investigated. Western blot analysis showed that the caspase-3
protein levels unaltered, whereas caspase-7 activation was the
most pronounced following triple gene knockdown, followed by
individual knockdown of PSMC3 (Fig. 3M, N and Fig. S4H-I).
Notably, the cleaved caspase-9 was also remarkably increased
following triple gene knockdown (Fig. S4H-I). Together, these
findings indicate that the simultaneous reduction of MTCH2,
NDUFS3, and PSMC3 disrupts mitochondrial complex | function,
potentially triggering apoptosis through activation of caspase-7,
thereby contributing to AD pathogenesis.

Validation of the synergistic regulation of MTCH2, NDUFS3,
and PSMC3 in mitochondrial function and apoptosis
Mitochondrial complex |, the largest component of the respiratory
chain, serves as the primary site for ROS generation [56]. To
investigate the regulatory roles of MTCH2, NDUFS3, and PSMC3 in
mROS production, mROS levels were assessed using the
fluorescent probe MitoSOX, with fluorescence signals quantified
by confocal microscopy and flow cytometry (Fig. 4A, B). Cells
treated with oligomycin and antimycin A (OA), known inducers of
mROS [26, 57, 58], exhibited a substantial increase in fluorescence
intensity, confirming assay sensitivity (Fig. 4A-D). MitoSOX
fluorescence intensity was markedly elevated following individual
gene knockdown, with further intensification observed in the
triple knockdown cells (Fig. 4C). However, flow cytometry analysis
of MitoSOX" cells demonstrated increased mROS levels in all
individual gene knockdown groups but failed to show further
enhancement in the triple knockdown group (Fig. 4D). This
discrepancy may reflect limitations in transfection efficiency,
warranting further optimization in future studies. To further
demonstrate a cooperative role of MTCH2, NDUFS3, and PSMC3
in regulating mROS, we overexpressed the three genes in U251-
APP cells and treated with or without OA. We found that triple
gene overexpression led to a significant reduction in mROS
compared to individual gene overexpression (Fig. S5A-C). These
results demonstrated that overexpression of these genes amelio-
rates the oxidative stress phenotype, supporting their cooperative
role in mitochondrial protection.

To validate the impact of individual and triple gene knock-
downs on apoptotic pathways identified through the synergistic
analysis model, apoptosis levels were evaluated using Annexin
V-FITC/PI double staining and flow cytometry. Triple gene
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knockdown significantly promoted apoptosis in U251-APP cells
(Fig. 4E-F). To determine whether apoptosis was driven by
excessive  mROS production, OA (mROS inducer) [57, 58],
melatonin (mitochondrial antioxidant) [59-61], and Q-VD-OPh
(caspase inhibitor with potent caspase-7 inhibition) [39, 40] were
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used as experimental controls. Consistent with expectations, Q-
VD-OPh significantly suppressed apoptosis, while melatonin
showed a modest protective effect under basal conditions but
markedly reduced apoptosis in OA-treated cells (Fig. S5D-E). These
findings support the hypothesis that excessive mROS contributes
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Fig. 4 Synergistic regulation of mROS levels and apoptosis by MTCH2, NDUFS3, and PSMC3. (A-B) Representative confocal microscopy
images (A) and flow cytometry plots (B) of MitoSOX staining in U251-APP cells following individual knockdown of MTCH2 (MTCH2_KD),
NDUFS3 (NDUFS3_KD), and PSM(C3 (PSMC3_KD), as well as combined knockdown of all three genes (M2N3P3_KD). Control: U251-APP cells
transfected with control siRNA. (C) Quantification of MitoSOX fluorescence intensity from (A). Each group was analyzed across 15-20 fields
from three independent slides (control, n =20 fields; control + OA, n=15 fields; MTCH2_KD, n =16 fields; NDUFS3_KD, n=17 fields;
PSMC3_KD, n = 16 fields; M2N3P3_KD, n = 17 fields). OA, Oligomycin 4 Antimycin A. (D) Quantification of MitoSOX™ cells from (B) via flow
cytometry analysis. Each group contains four biological replicates. (E) Flow cytometry of U251-APP cells following individual knockdown of
MTCH2 (MTCH2_KD), NDUFS3 (NDUFS3_KD), and PSMC3 (PSMC3_KD), as well as combined knockdown of all three genes (M2N3P3_KD). Cells
were double-stained with Annexin V and propidium iodide (PI). Cells underwent early and late stages of apoptosis were defined as Annexin
V* PI"and Annexin V' PI™, respectively. (F) Quantification of apoptosis rate in (E) (n = 8 per group). (G-H) Representative flow cytometry plots
(G) and quantification (H) of JC-1 staining in U251-APP cells following individual knockdown of MTCH2 (MTCH2_KD), NDUFS3 (NDUFS3_KD),
and PSM(C3 (PSMC3_KD), and triple gene knockdown (M2N3P3_KD) (n = 8 per group). Control, U251-APP cells transfected with control siRNA.
CCCP was used as a positive control. (I-J) Levels of AB;_4; in culture supernatant (I) and pTau-396 in cell lysate (J) of U251-APP cells following
individual knockdown of MTCH2 (MTCH2_KD), NDUFS3 (NDUFS3_KD), and PSMC3 (PSMC3_KD), as well as combined knockdown of all three
genes (M2N3P3_KD). ABy.4> and pTau-396 levels were measured by ELISA (n=5 per group). Data in (C-D, F and H-J) are presented as

mean * SD, quantified by one-way ANOVA; ns, not significant; *, P <0.05; **, P <0.01; ***, P < 0.001; ****, P <0.0001.
<

to apoptosis in U251-APP cells [62]. We validated these findings
using human neuroblastoma cell line SH-SY5Y with individual and
triple gene knockdowns, and assessed the levels of cleaved
caspase-7 and apoptosis. Consistent with U251-APP cells, triple
gene knockdown of MTCH2, NDUFS3, and PSMC3 in SH-SY5Y cells
led to significantly elevated levels of cleaved caspase-7 protein
and apoptosis (Fig. S6A-D).

We further investigated the upstream apoptotic events linking
mitochondrial dysfunction to caspase-7 activation, and examined
MMP loss and mitophagy in U251-APP cells following single and
combined knockdown of MTCH2, NDUFS3, and PSM(C3. We
observed that triple gene knockdown induced a more pro-
nounced decrease in MMP compared to any single-gene knock-
down (Fig. 4G, H). However, we found no significant differences in
the mitochondrial levels of the key mitophagy regulators (PINK1
and Parkin) between individual and triple gene knockdown
(Fig. S6E-F). These findings indicated that mitochondrial impair-
ment may serve as an upstream event in our models.

Our previous study demonstrated that knockdown of MADD,
PSMC3, or MTCH2 alone significantly increased AP;.4, levels in
U251-APP cells, whereas knockdown of MTCH2 or PSM(C3 alone did
not alter phosphorylated tau (pTau-396) levels [13]. Here, triple
knockdown of MTCH2, NDUFS3, and PSMC3 not only significantly
increased AB;4, levels but also led to a significant elevation in
pTau-396 levels (Fig. 41, J and Fig. S7A-B). These observations
suggest that the simultaneous down-regulation of these genes
exerts a stronger impact on AD pathogenesis than individual gene
perturbations, reinforcing the concept that polygenic synergistic
effects play a critical role in disease progression.

Q-VD-OPh administration ameliorates cognitive deficits in
APP/PS1 mice

Given the observed synergistic regulation of caspase-7-mediated
apoptosis by MTCH2, NDUFS3, and PSMC3, we hypothesized that
suppressing caspase-7 activity may ameliorate AD pathology.
Several lines of evidence support this hypothesis. First, a rare
missense variant in CASP7 has been reported to be associated with
familial late-onset AD [63]. Second, CASP7 expression was sig-
nificantly increased in various brain regions in AD patients [29] and
was also significantly elevated in AD mice (homozygous TASTPM
mice) older than 8 months of age [44] (Fig. 5A, B). In contrast, CASP3
expression in different brain regions of AD patients remained
comparable to that of healthy individuals, and this gene showed no
expressional change after the massive emergence of AD pathology
(8 months) in AD mice, despite being elevated in younger AD mice
(Fig. S8A-B). The pathologies of AR and Tau were positively
correlated with the expression level of Casp7, but not with the
expression of Casp3 in AD mice (Fig. 5C and Fig. S8C-D). Third, the
expression of CASP7 showed an increasing trend during aging in
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humans, while CASP3 showed a decreasing trend (Fig. 5D and
Fig. S8E). Collectively, these findings suggest that caspase-7-
mediated apoptosis may contribute to AD pathogenesis.

To test whether pharmacological inhibition of caspase-
mediated apoptosis could ameliorate cognitive impairment, Q-
VD-OPh was administered to APP/PST mice (Fig. 5E). Notably, Q-
VD-OPh had no effect on body weight (Fig. 5F). Cognitive function
was assessed in 6-month-old APP/PS1 mice after 1 month of Q-
VD-OPh treatment using the NOR test (Fig. 5E). APP/PS1 mice
exhibited a significantly lower recognition index compared to WT
controls, indicating impaired recognition memory. However, this
deficit was partially rescued by Q-VD-OPh treatment (Fig. 5G, H).
Importantly, there were no significant differences in movement
velocity or total distance traveled between treated and untreated
APP/PST mice, confirming that the improvement in recognition
index was not due to changes in general locomotor activity
(Fig. 5G, H).

To further evaluate spatial learning and memory, the MWM
test was performed [17, 24]. During the training phase,
swimming velocity did not differ significantly among APP/PS1
mice, Q-VD-OPh-treated APP/PS1 mice, and WT controls (Fig. 5l),
indicating no differences in general activity. However, untreated
APP/PS1 mice exhibited a longer escape latency compared to
WT mice, which was reduced following Q-VD-OPh treatment
(Fig. 5J). In both the 4-h and 72-h probe trials, untreated APP/
PS1 mice showed fewer platform crossings and spent less time
in the target quadrant, whereas Q-VD-OPh-treated APP/PS1 mice
exhibited more frequent crossings and prolonged target
quadrant exploration, demonstrating improved memory reten-
tion (Fig. 5K, L).

To assess the long-term effects of Q-VD-OPh, behavioral testing
was repeated following 3 months of treatment. Results mirrored
those obtained after the 1-month treatment period. In the NOR
test, WT and Q-VD-OPh-treated APP/PS1 mice spent significantly
more time exploring the novel object, whereas untreated APP/PS1
mice exhibited no preference (Fig. S9A-B). Swimming speed
remained comparable across all groups (Fig. S9C), but a
significantly impaired learning ability was observed in APP/PS1
mice compared to WT mice, and this trend was alleviated by the
Q-VD-OPh treatment (Fig. S9D). Similarly, during the 4-h and 72-h
probe trials, untreated APP/PS1 mice displayed shorter target
quadrant exploration times and fewer platform crossings, while Q-
VD-OPh-treated APP/PST mice performed significantly better,
indicating enhanced spatial memory (Fig. S9E-F). Collectively,
these findings indicate that Q-VD-OPh enhances both recognition
and spatial memory in APP/PS1 mice. However, given that
memory impairment typically worsens with disease progression,
its long-term efficacy remains uncertain. As APP/PS1 mice were
treated early and behavioral assessments were conducted at
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6 months of age, multiple factors may have influenced cognitive
and spatial memory outcomes. Further studies using refined
methodologies are needed to clarify the sustained impact
of prolonged Q-VD-OPh administration on memory function in

APP/PS1 mice.
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APP/PS1 mice

Q-VD-OPh reduces apoptosis and AB plaque deposition in

To assess the systemic effects of Q-VD-OPh treatment, major
organ weights were analyzed, revealing no significant differences

in organ indices (organ weight/body weight) among WT, APP/PS1,
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Fig. 5 Apoptosis inhibitor Q-VD-OPh mitigates cognitive and memory impairments in APP/PS1 mice. (A) mRNA expression levels of CASP7
in the entorhinal cortex, frontal cortex, temporal cortex, and hippocampus of AD patients (AD) and healthy controls (Control), based on
compiled datasets [29]. Values are presented as mean + SD; statistical significance was determined using a two-tailed unpaired t-test; ns, not
significant; **, P<0.01; **** P<0.0001. (B) mRNA expression levels of Casp7 in brain tissues of WT and homozygous TASTPM mice
(homozygous APP67ONME71L 5nd pSENTM46Y mutations) at different ages (2 months, WT, n = 8, TASTPM, n = 4; 4 months, WT, n = 7, TASTPM,
n=4; 8 months, WT, n=28, TASTPM, n=4; 18 months, WT, n=7, TASTPM, n = 2), retrieved from the MouseAC dataset [44]. Values are
presented as mean + SD, quantified by two-way ANOVA with Sidak’s multiple comparisons test; ns, not significant; *, P < 0.05; **, P<0.01.
(C) Correlation analysis of Casp7 mRNA levels with Ap pathology (left) and Tau athology (right) in AD mice. Data for CasP7 MRNA levels and Ap
pathology were obtained from APP mutant mice (13 homozygous APP*¢OVMS71L" 14" homozygous APP*S7ONMS7IL pGENTMI46Y and 16
heterozg%ous APPKS7ONME71L poEN1M148V ytant mice), while data for Casp7 mRNA levels and Tau pathology were obtained from 14
MAPTP3®T mutant mice, retrieved from the MouseAC dataset [44] for Pearson’s correlation test. (D) Developmental and age-related expression
patterns of CASP7 mRNA in the human brain, based on the HBT dataset [98]. (E) Experimental timeline for WT and APP/PS1 mice treated with
or without Q-VD-OPh. (F) Body weight measurements of WT and APP/PS1 mice with or without Q-VD-OPh administration (WT + Vehicle,
n=10; APP/PS1 + Vehicle, n = 7; APP/PS1 + Q-VD-OPh, n = 8). Data are presented as mean + standard error of the mean (SEM), quantified by
one-way ANOVA. (G-H) Recognition index, total distance traveled, and average velocity during novel object recognition test at the 4-h (G) and
24-h (H) probe trials in the same cohort as (F). (I-J)) Swimming speed (I) and escape latency (J) of APP/PS1 and WT mice during the training
phase of the Morris water maze test. Data are presented as mean = SEM, quantified by one-way ANOVA; ns, not significant; *, P < 0.05. (K-L)
Number of target crossings and time spent in the target quadrant of the Morris water maze during 4-h (K) and 72-h (L) probe trials. TQ, target
quadrant; OQ, opposite quadrant. Data in (G-H and K-L) are presented as mean + SD, quantified by one-way ANOVA, ns, not significant; *,

P<0.05; **, P<0.01.
<

and Q-VD-OPh-treated APP/PS1 mice (Fig. STOA). Routine blood
analysis showed no marked differences in white or red blood cell
counts among groups; however, platelet counts were significantly
reduced in APP/PS1 mice compared to WT controls (Fig. S10B).
This observation is consistent with previous findings linking
platelet abnormalities to AD pathology [64], suggesting that
platelet indices may serve as potential AD biomarkers. Addition-
ally, serum levels of key biochemical markers, including aspartate
aminotransferase, alanine aminotransferase, total protein, albu-
min, and globulin, remained unchanged across groups (Fig. S10C).
Histological analysis of liver and kidney tissues confirmed the
absence of Q-VD-OPh-induced pathological alterations in APP/PS1
mice (Fig. S10D-E), supporting its systemic safety profile.

To investigate whether Q-VD-OPh modulates apoptosis in the
AD brain, caspase-7 and caspase-3 protein levels were examined
in the hippocampus and cortex of APP/PS1 mice. Western blot
analysis revealed that cleaved caspase-7 levels were significantly
elevated in hippocampus of APP/PS1 mice relative to WT controls,
and this increase was effectively attenuated by Q-VD-OPh
administration (Fig. 6A, B). Similarly, cleaved caspase-3 levels
were also significantly reduced following Q-VD-OPh treatment
(Fig. 6A-D), indicating a robust anti-apoptotic effect. Given that A
plague accumulation is a key pathological hallmark of AD,
immunofluorescence analysis was performed to determine the
potential influence of Q-VD-OPh treatment on AP deposition in
APP/PS1 mice. While western blot analysis revealed a non-
significant trend toward lower APP protein levels in the
hippocampus and cortex following treatment (Fig. 6A-D), 4G8*
immunofluorescence staining showed a significant reduction in
AB plague burden in both regions after Q-VD-OPh administration
(Fig. 6E and G-H). These findings suggest that Q-VD-OPh mitigates
AB pathology in the APP/PS1 mouse model. Neuronal apoptosis
plays a critical role in AD progression [65-67]. To assess whether
Q-VD-OPh treatment preserved neuronal populations, NeuN-
positive cells were quantified in the hippocampal CA3 region.
Results indicated that the number of NeuN-positive cells was
significantly lower in APP/PST mice compared to WT controls and
Q-VD-OPh-treated APP/PS1 mice (Fig. 6F and I), suggesting that Q-
VD-OPh attenuates hippocampal neuronal loss in AD mice.

To further delineate the molecular effects of Q-VD-OPh, RNA-
seq analysis was conducted on cortical and hippocampal tissues.
DEG analysis revealed distinct transcriptomic alterations following
Q-VD-OPh treatment (Fig. S11A-B). KEGG and GO enrichment
analyses identified significant enrichment in neurodegenerative-
related pathways, including AD, Parkinson’s disease, and Hunting-
ton’s disease, as well as pathways involved in MAPK signaling and
synapse organization (Fig. 6J-M; Table S3). DEGs associated with
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AD and apoptosis pathways were further characterized in APP/PS1
mice with and without Q-VD-OPh treatment (Fig. 6N-O). Notably,
mMRNA levels of Ctsh and Ctsl were markedly up-regulated in the
hippocampus of APP/PS1 mice, in line with our recent study [68].
However, Q-VD-OPh treatment significantly reduced Ctsh and Cts/
mRNA expression. As members of the cathepsin superfamily, CTSH
and CTSL are lysosomal proteins involved in protein degradation
via proteolysis, suggesting that Q-VD-OPh-mediated inhibition of
apoptosis may involve lysosomal pathways. We further investi-
gated the potential feedback effects of Q-VD-OPh treatment on
the protein levels of MTCH2, NDUFS3, and PSMC3 in APP/PS1
mice. The results showed that treatment of Q-VD-OPh had no
apparent effect on protein levels of MTCH2, NDUFS3, and PSMC3
in the cortex and hippocampus tissues of APP/PST mice with or
without Q-VD-OPh (Fig. ST1C-F). This result indicated that the
observed benefits of Q-VD-OPh are unlikely to be mediated by
altered expression of these proteins. Taken together, these
findings highlight a potential mechanism by which Q-VD-OPh
modulates lysosomal function to improve AD-related phenotypes.

DISCUSSION

GWAS and multi-omics analyses have identified thousands of
genes associated with AD, yet the precise functional roles of most
risk genes remain unclear [4, 5, 69]. While APP, PSEN1, and PSEN2
are well-established causal genes in early-onset familial AD
[2, 10-12, 70-72], pathogenic mutations in these genes account
for less than 5% of total AD cases. In contrast, late-onset sporadic
AD, which comprises over 95% of cases, is driven by a polygenic
architecture, involving a large number of risk genes exerting
weaker individual effects [4, 5, 73-75]. Given that the influence of
a single low-risk gene on AD pathogenesis is minimal and that
each risk locus harbors multiple functionally relevant genes, it is
plausible that synergistic interactions among genes within the
same locus play a more substantial role in disease progression.
Our previous study identified multiple functional variants at the
11p11.2 locus that regulate the expression of several causal genes,
including MTCH2, ACP2, NDUFS3, PSMC3, C1QTNF4, and MADD [13].
The present findings provide experimental evidence supporting
the synergistic role of multiple causal genes (MTCH2, NDUFS3, and
PSM(3) at this locus in regulating mROS production and apoptosis,
key mechanisms implicated in AD pathogenesis (Fig. 7). These
results support the hypothesis that multiple genetic variants and
causal genes within a single locus collectively contribute to AD risk
rather than acting independently. To our knowledge, this is the
first systematic experimental validation of polygenic synergism
within a single risk locus in AD genetics research. While prior
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studies have largely focused on individual risk genes or
independent variant effects [4-9, 69], we demonstrate that
multiple causal genes at 11p11.2 exhibit coordinated down-
regulation in AD patients and mouse models, and that simulta-
neous downregulation of MTCH2, NDUFS3, and PSMC3
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synergistically exacerbates AD pathology via mitochondrial
impairment and the caspase-7-mediated apoptosis. This multi-
genic synergy within a single GWAS locus has been largely
overlooked in AD research, and our work (this study and our
previous one [13]) thus shifts the paradigm from a “one gene per
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Fig. 6 Q-VD-OPh inhibits apoptosis and reduces Ap plaque deposition in APP/PS1 mice. (A-B) Western blot analysis of APP, caspase-7, and
caspase-3 protein levels in the hippocampus of WT and APP/PS1 mice with or without Q-VD-OPh administration for 3 months (A). Protein
quantification was performed in four mice per group (WT + Vehicle (Veh), APP/PS1 + Vehicle (Veh), APP/PS1 (AD) + Q-VD-OPh) (B). (C-D)
Western blot analysis of APP, caspase-7, and caspase-3 protein levels in the cortex (C) and corresponding quantitative analysis (D) using the
same cohort as (A-B). (E) Representative immunofluorescence images of Ap plaques in brain tissues using 4G8 antibody (left, scale bar = 500
um; right, scale bar = 100 pm). CC, corpus callosum. (F) Representative immunofluorescence images of NeuN" neurons in the hippocampus
(up, scale bar = 100 pm; bottom, scale bar = 50 pm). (G-H) Quantification of Ap plaque burden in the cortex and hippocampus (n = 3 mice per
group). (I) Quantification of NeuN" cells in the CA3 region of the hippocampus (n =3 mice per group). Each mouse in (G-) was analyzed
across three brain slices, with average value representing the individual animal. (J-K) KEGG enrichment analysis of DEGs in the cortex (J) and
hippocampus (K) of APP/PS1 mice with and without Q-VD-OPh administration. (L-M) GO enrichment analysis of DEGs in cortex (L) and
hippocampus (M) of APP/PS1 mice with and without Q-VD-OPh treatment. (N-O) Volcano plots depicting DEGs in the cortex (N) and
hippocampus (O) of WT and APP/PS1 mice in (A), highlighting AD- and apoptosis-related genes. Values are presented as mean £+ SD in (B, D
and G-). Statistical analyses were conducted one-way ANOVA (B, D, I) and two-tailed unpaired t-test (G, H); ns, not significant; *, P < 0.05.
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Fig. 7 Proposed mechanism underlying the role of MITCH2, NDUFS3, and PSMC3 down-regulation in AD. AD pathogenesis is driven by the
cumulative effects of multiple risk genes. Simultaneous down-regulation of MTCH2, NDUFS3, and PSMC3 at 11p11.2 leads to increased mROS,
which, in turn, promotes caspase-7-mediated apoptosis, thereby exacerbating AD-related phenotypes.

locus” view to a cooperative network model, offering a new
framework for dissecting the complex genetic architecture of AD.

Several critical questions remain unresolved: (1) Do specific
genes within a synergistic network exert dominant effects, while
others play auxiliary roles? In the regulation of apoptosis, MTCH2,
NDUFS3, and PSM(C3 did not contribute equally, with PSMC3
exhibiting a seemingly stronger effect. Further research is required
to determine whether a hierarchical regulatory structure exists
among these genes. Moreover, RNA-seq-based synergistic analysis
predicted that combined knockdown of MTCH2, NDUFS3, and
PSMC3 would yield effects greater than the sum of individual
perturbations, and our functional validation confirmed that triple
knockdown consistently produced more severe mitochondrial and
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apoptotic phenotypes than any single-gene knockdown. This
cooperativity, while not strictly fitting the mathematical definition
of synergy, might reflect a biological reality: the simultaneous loss
of these three genes pushes cells past a threshold point, leading
to disproportionately severe pathological outcomes. (2) How does
multigene synergism influence complex AD pathogenesis across
different cell types? The current study focused on synergistic gene
regulation within a single cell type, yet AD is characterized by
complex intercellular interactions across various brain regions. The
cell-type-specific expression patterns of these genes and their role
in intercellular signaling warrant further investigation.

Neuronal cell death is a hallmark feature of neurodegenerative
diseases, including AD [66, 67, 76-78]. Extensive research has
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demonstrated a strong association between apoptosis and AD
progression, with numerous apoptosis-related proteins, such as
Bcl-2, Bax, and caspase-8, exhibiting altered expression patterns in
AD patient brains [66, 79-81]. In this study, simultaneous down-
regulation of MTCH2, NDUFS3, and PSMC3 influenced AD devel-
opment via caspase-7-mediated apoptosis regulation, consistent
with reports linking a rare CASP7 missense variant to familial late-
onset AD [63]. Furthermore, alternative processing of APP led to
caspase-7-mediated cleavage of the C31 fragment, a potentially
neurotoxic APP-derived C-terminal fragment [63, 82, 83]. While the
precise role of caspase-7 in AD pathogenesis remains to be
determined, targeting apoptosis has been explored as a potential
therapeutic strategy. Several apoptosis inhibitors have demon-
strated neuroprotective potential in AD models. Humanin, a
potent antiapoptotic peptide, inhibits Bax activation [84-87],
thereby mitigating Ap-induced cognitive impairment and inflam-
matory responses in rodent models [80, 84]. Hesperidin, a citrus-
derived flavanone, protects against cognitive deficits by modulat-
ing oxidative stress and apoptosis [88]. Similarly, vanillin, a natural
phenolic compound, reduces oxidative stress, caspase-3 activity,
and AR deposition, thereby alleviating AD-like symptoms in
aluminum chloride and D-galactose-induced models [89]. In this
study, pharmacological inhibition of caspase-7-mediated apopto-
sis using Q-VD-OPh effectively reduced neuronal apoptosis,
decreased amyloid burden, and improved memory function in
APP/PS1 mice, further highlighting apoptosis modulation as a
potential therapeutic target in AD. Importantly, our results showed
that early Q-VD-OPh treatment (in APP/PS mice at 6 months of
age) produces sustained behavioral improvement up to 9 months
of age. It would be valuable to investigate whether Q-VD-OPh
remains effective at later, more advanced stages of pathology
(e.g., 9 months of age). This question is clinically relevant, as it
addresses the potential for stage-specific therapy in AD and
warrants further investigation. Notably, previous studies showed
that apoptosis inhibition alone is not sufficient to fully reverse AD-
related phenotypes, emphasizing the need for multifactorial
treatment strategies [90]. Indeed, advances in genetic epidemiol-
ogy suggest that targeting multiple disease pathways may offer
greater therapeutic potential than single-target approaches
[13, 91-93]. Multiple causal genes within the same genetic risk
locus often contribute to distinct yet interconnected biological
processes. For instance, MTCH2, NDUFS3, and PSMC(C3, the three
causal genes at 11p11.2, are involved in mitochondrial function
and proteasomal degradation, both of which are critical for
neuronal survival. Coordinated regulation of these genes through
shared regulatory elements may enable the simultaneous
modulation of multiple cellular functions, providing a potential
avenue for mitigating cellular dysfunction in AD. Similarly,
Caspase-7 is an effector of mitochondrial apoptosis by activating
downstream of mitochondrial outer membrane permeabilization
and cytochrome c release [94, 95], and its activation is directly
linked to mitochondrial dysfunction in AD pathogenesis.

In short, this study provides direct experimental evidence that
synergistic interactions among multiple causal genes (MTCH2,
NDUFS3, and PSMC3) at the 11p11.2 locus contribute to AD
pathogenesis by disrupting mitochondrial function and promoting
apoptosis. Pharmacological inhibition of caspase-7-mediated
apoptosis using Q-VD-OPh attenuated neuronal apoptosis,
reduced AP plaque deposition, and ameliorated memory deficits
in APP/PS1 mice. These findings highlight the importance of
targeting polygenic synergism in AD therapy and provide novel
insights into the complex pathogenic mechanisms underlying
neurodegeneration.
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Supplementary Figures and Legends
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Supplementary Figure 1. Expression changes in six causal genes at the 11p11.2
locus in AD and their correlation with AD-related pathology.

(A) Expression profiles of six causal genes at 11p11.2 across different brain cell types
in AD patients, based on publicly available single-cell datasets [1].

(B) Correlation analysis of the expression of the six causal genes in multiple cell types



from healthy individuals and AD patients.

(C) Relative mRNA expression levels of six causal genes in the cortex of WT and
APP/PS1 mice, quantified by qRT-PCR (WT: n = 3; AD: n =3). Data are presented as
mean + standard deviation (SD), analyzed using two-tailed unpaired #-test; ns, not
significant; *, P <0.05.

(D-E) Protein levels of six causal genes at 11p11.2 in the cortex of WT and APP/PS1
mice (D) and corresponding quantitative analysis (E) (WT: n = 3; AD: n =3). Data are
presented as mean + SD, quantified by two-tailed unpaired ¢-test; ns, not significant; *,
P <0.05,** P<0.01.

(F) Relative mRNA expression of six causal genes at 11p11.2 in brain tissues of WT
and homozygous TASTPM mice at different ages (2 months, WT, n = 8, TASTPM, n
=4; 4 months, WT, n="7, TASTPM, n = 4; 8 months, WT, n =8, TASTPM, n =4, 18
months, WT, n =7, TASTPM, n = 2), based on MouseAC dataset [2]. Values are
presented as mean = SD, quantified by two-way ANOVA with Sidak’s multiple
comparisons test; ns, not significant; *, P <0.05; *** P <0.001.

(G-H) Correlation between mRNA levels of six causal genes and A pathology (G) or
Tau pathology (H) in AD mice. Original data for mRNA levels and A pathology
were obtained from APP mutant mice (13 homozygous APPX7ONM67IL "4
homozygous APPX67ONM67IL_pSENMI46V 16 heterozygous

APPKO7TONMSTIL_pQEN M4V mytant mice), while data for mRNA levels and Tau
pathology (14 MAPT! mutant mice) were retrieved from the MouseAC dataset [2].
Pearson’s correlation test was used for statistical analysis.
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Supplementary Figure 2. Integrated interaction analyses of MTCH2, NDUFS3,
and PSMC3.

(A) Promoter capture Hi-C (pcHi-C, upper panel) and proximity ligation-assisted
ChiP-seq (PLAC-seq, lower panel) showing interactions among MTCH2, NDUF'S3,
and PSMC3. The pcHi-C data of iPSC-derived hippocampal DG-like neurons,
1PSC-induced cortical excitatory neurons, and human primary fetal astrocytes were
downloaded from the GEO database with accession number GSE113481 [3].



Proximity ligation-assisted ChiP-seq (PLAC-seq, lower panel) data [4] of microglia,
neurons and oligodendrocytes were obtained from the UCSC
(https://genome.ucsc.edu/s/nottalexi/glassL.ab BrainCellTypes hgl9). Interactions
with score > 5 (corresponded to P < 1 x 107) were retained. Interactions among
MTCH2, NDUFS3, and PSMC3 were highlighted in red.

(B) Protein-Protein interaction (PPI) network for MTCH2, NDUFS3, PSMC3, ACP2,
MADD, and C1QTNF4. The PPI network was generated using the online analysis
tool STRING (https://string-db.org/) with default parameters.

(C-E) Co-immunoprecipitation (Co-IP) assays validating pairwise interactions among
MTCH2, NDUFS3, and PSMC3. Whole-cell lysates were immunoprecipitated with
the indicated antibodies.
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Supplementary Figure 3. Individual or triple gene knockdown of MTCH?2,
NDUFS3, PSMC3, and ACP2 using siRNAs.

(A) Comparison of knockdown efficiency of three siRNAs for MTCH?2 (siMTCH2),

NDUFS3 (siNDUFS3), PSMC3 (siPSMC3), and ACP2 (siACP2). siMTCH2-1,
siNDUFS3-1, siPSMC3-2, and siACP2-1 were selected for subsequent experiments
(siNC: n=3; siMTCH2-1: n=2; siMTCH2-2: n =3; siMTCH2-3: n =3;
siNDUFS3-1: n =3; siNDUFS3-2: n = 3; siNDUFS3-3: n =2; siPSMC3-1: n = 3;

o =N w

[N

siPSMC3-2: n=2; siPSMC3-3: n = 3; siACP2-1: n = 2; siACP2-2: n = 3; siACP2-3:

n =3). siNC: U251-APP cells transfected with control siRNA.

(B) Efficiency of individual knockdown of MTCH2 (MTCH2 KD), NDUFS3
(NDUFS3_KD), and PSMC3 (PSMC3 _KD), or triple gene knockdown

(M2N3P3 KD) using siRNA (Control (siNC): n=3; MTCH2 KD: n=3;
NDUFS3 KD: n=3; PSMC3 KD: n=2; M2N3P3 KD: n =3). Data in (A-B) are
presented as mean = SD, quantified by one-way ANOVA; ns, not significant; *, P <
0.05, **, P <0.01, *** P <0.001, **** P <0.0001.

(C) RNA-seq heatmap of individual or combined knockdown of MTCH2, NDUFS3,



and PSMCs3.
(D) Workflow for assessing synergistic interactions among MTCH2, NDUFS3, and
PSMC3 (adapted from [5]).
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Supplementary Figure 4. Supplementary analyses of synergy-driven gene
expression regulation.

(A) Histogram displaying distribution of P-values along with corresponding statistical
data.

(B) Pie chart illustrating the number and proportion of genes classified into each
synergistic category in the combinatorial model compared to the additive model.
(C-G) Difterentially expressed values (in log2FC) and hierarchical clustering across
all synergistic categories, comparing the additive model to the combinatorial
perturbation model.

(H-I) Protein expression levels of caspase-7, caspase-9, MTCH2, NDUFS3, and
PSMC3 in U251-APP cells following individual knockdown of MTCH?2
(MTCH2_KD), NDUFS3 (NDUFS3 KD), and PSMC3 (PSMC3_KD), pairwise
knockdown of 2 of three genes (MTCH?2 and NDUFS3 knockdown, M2N3 KD;



MTCH?2 and PSMC3 knockdown, M2P3 KD; NDUFS3 and PSMC3 knockdown,
N3P3 KD), or triple gene knockdown (M2N3P3 KD) (H) and corresponding
quantitation (I) (n = 3 per group). Values are presented as mean + SD. Statistical
significance was determined using one-way ANOVA (I); ns, not significant; *, P <
0.05; ** P <0.01; *** P <0.001; **** P <0.0001.
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Supplementary Figure 5. Regulation of mROS by MTCH2, NDUFS3, and
PSMC3.

(A) Western blotting for U251-APP cell lysates showing the efficiency of individual
overexpression of MTCH2, NDUFS3, and PSMC3 and triple gene overexpression
(M2N3P3).

(B) Representative flow cytometry plots of MitoSOX staining in U251-APP cells
following individual overexpression of MTCH2, NDUFS3, and PSMC3, and triple
gene overexpression (M2N3P3). Transfected cells were treated with and without OA.
(C) Quantification of MitoSOX" cells from (B) (n = 8 per group).

(D) Flow cytometry analysis of U251-APP cells following melatonin, Q-VD-OPh, or
OA treatment. Cells were double-stained with Annexin V and propidium iodide (PI).



Cells undergoing early and late apoptosis were defined as Annexin V* PI" and
Annexin V' PI", respectively.

(E) Bar charts showing quantification of apoptosis rate (n = 6 per group).

Data are presented as mean + SD, quantified by one-way ANOVA (C and E); ns, not
significant; *, P <0.05, **, P <0.01, *** P <0.001.
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Supplementary Figure 6. Synergistic induction of apoptosis by combined
knockdown of MTCH2, NDUFS3, and PSMC3 in SH-SYSY cells.

(A-B) Protein expression levels of caspase-7, MTCH2, NDUFS3, and PSMC3 in
SH-SYS5Y cells following individual knockdown of MTCH2, NDUF'S3, and PSMC3
or triple gene knockdown (M2N3P3 KD) (A). (B) Quantitation of protein levels in (A)
(n =3 per group).

(C) Flow cytometry of SH-SYSY cells following individual knockdown of MTCH?2
(MTCH2_KD), NDUFS3 (NDUFS3 KD), and PSMC3 (PSMC3_KD), and triple
gene knockdown (M2N3P3 KD). Cells were double-stained with Annexin V and
propidium iodide (PI). Cells underwent early and late stages of apoptosis were
defined as Annexin V' PI" and Annexin V' PI*, respectively.

(D) Percentage of cells with apoptosis in (C) (n = 8 per group).

(E-F) Protein levels of PINK 1, Parkin, COX-IV, and GAPDH in mitochondrial and



cytosolic fractions of U251-APP cells following individual gene knockdown (MTCH?2
knockdown, MTCH2 KD; NDUFS3 knockdown, NDUFS3 KD; PSMC3 knockdown,
PSMC3 KD) or triple gene knockdown (M2N3P3) (E). (F) Quantitation of protein
levels in (E) (n = 3 per group).

Data in (B, D and F) are presented as mean + SD, quantified by one-way ANOVA; ns,
not significant; *, P <0.05; **, P <0.01.
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Supplementary Figure 7. Modulation of ABi-42 and pTau-396 by individual,
pairwise, and triple knockdown of MTCH2, NDUFS3, and PSMC3 in U251-APP
cells.

(A-B) Levels of ABi42 in culture supernatants (A) and pTau-396 in cell lysates (B) of
U251-APP cells following individual knockdown of MTCH2 (MTCH2_ KD),
NDUFS3 (NDUFS3 KD), and PSMC3 (PSMC3_KD), pairwise knockdown of
MTCH?2 + NDUFS3 (M2N3 KD), MTCH?2 + PSMC3 (M2P3 _KD), or NDUFS3 +
PSMC3 (N3P3 KD), and triple gene knockdown (M2N3P3 KD). AB142 and
pTau-396 levels were measured by ELISA (n = 5 per group).

Data in (A and B) are presented as mean + SD, quantified by one-way ANOVA; ns,
not significant; *, P <0.05; **, P <0.01.
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Supplementary Figure 8. Alterations in CASP3 mRNA levels in brain tissues of
AD patients and AD mice.

(A) mRNA expression levels of CASP3 in the entorhinal cortex, frontal cortex,
temporal cortex, and hippocampus of AD patients (AD) and controls (Control) based
on compiled datasets [6]. Values are presented as mean + SD, quantified by two-tailed
unpaired #-test; ns, not significant.

(B) mRNA expression level of Casp3 in brain tissues from WT and homozygous
TASTPM mice (homozygous APPX7ONMO7IL and PSEN1M!49Y mutations) at different
ages (2 months, WT, n =8, TASTPM, n = 4; 4 months, WT, n =7, TASTPM, n=4; 8
months, WT, n =8, TASTPM, n =4; 18 months, WT, n =7, TASTPM, n = 2), based
on MouseAC dataset [2]. Values are presented as mean + SD, quantified by two-way
ANOVA with Sidak’s multiple comparisons test; ns, not significant; **, P <0.01.
(C-D) Correlation between Casp3 mRNA expression and AP pathology (C) and
between Casp3 mRNA expression and Tau pathology (D) in AD mice. Original data
for Casp3 mRNA expression and AP pathology of APP mutant mice (13 homozygous
APPKOTONMSTIL 14 homozygous APPKO7ONMSTIL pQENIMI46V and 16 heterozygous
APPKO7TONMOTIL_pQEN M4V mytant mice) and for Casp3 mRNA expression and Tau
pathology (14 MAPT ! mutant mice) were retrieved from the MouseAC dataset [2].
Pearson’s correlation test was used for statistical analysis.

(E) CASP3 mRNA expression pattern during development and aging in human brain
based on the HBT dataset [7].
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Supplementary Figure 9. Behavioral assessments following 3 months of
Q-VD-OPh treatment.

(A-B) Recognition index, total distance, and average velocity recorded during novel
object recognition test at the 4-h (A) and 24-h (B) probe trials (WT mice + vehicle, n
=10; APP/PS1 + vehicle, n = 7; APP/PS1 + Q-VD-OPh, n = 7). Data are presented as
mean + SD, quantified by one-way ANOVA, ns, not significant; *, P <0.05, and **, P
<0.01.

(C-D) Swimming speed (C) and escape latency (D) measured during training phase of
the Morris water maze test in the same cohort as (A). Data are presented as mean +
standard error of the mean (SEM), quantified by two-way ANOVA, ns, not significant;
*, P<0.05.

(E-F) Number of target platform crossings and time spent in target quadrant during
the 4-h (E) and 72-h (F) probe trials. TQ, target quadrant; OQ, opposite quadrant.
Data are presented as mean + SD, quantified by one-way ANOVA, ns, not significant;
*, P<0.05, ** P<0.01, *** P <0.001.
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Supplementary Figure 10. Routine blood examination and biochemical indicator
detection in APP/PS1 mice after Q-VD-OPh administration.
(A) Weights of heart, liver, spleen, lung, and kidney of WT and APP/PS1 mice with or



without Q-VD-OPh administration (WT + vehicle, n = 10; APP/PS1 + vehicle, n = 7;
APP/PS1 + Q-VD-OPh, n = 7). Organ index, organ/body weight ratio.

(B) Routine blood examination of mice described in (A).

(C) Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), total
protein (TP), albumin (ALB), and globulin (GLO) levels in mice described in (A).
(D-E) Histological analysis of liver and kidney tissues in WT and APP/PS1 mice with
or without Q-VD-OPh administration.

Data are presented as mean + SD, quantified by one-way ANOVA (A, B, C), ns, not
significant; *, P <0.05, and **, P <0.01.
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Supplementary Figure 11. Additional RNA-seq analysis and Western blotting of
hippocampus and cortex tissues from wild-type (WT) and APP/PS1 mice with or
without Q-VD-OPh administration.

(A-B) RNA-seq heatmap of cortex (A) and hippocampus (B) in WT and APP/PS1
mice with or without Q-VD-OPh administration (n = 3 per group).

(C-D) Western blotting for MTCH2, NDUFS3, and PSMC3 proteins in the cortex
tissues of WT and APP/PS1 mice with or without Q-VD-OPh administration (C).
Protein quantification was performed in four mice per group (WT + Vehicle (Veh),
APP/PS1 + Vehicle (Veh), APP/PS1 (AD) + Q-VD-OPh) (D).

(E-F) Western blotting for MTCH2, NDUFS3, and PSMC3 proteins in the
hippocampus tissues of WT and APP/PS1 mice with or without Q-VD-OPh
administration (E). (F) Quantification of protein levels in (E).

Values are presented as mean + SD in (D and F). Statistical analyses were conducted
one-way ANOVA (D and F); ns, not significant.



Supplementary Table S1. Small interfering RNA (siRNA) sequences.

siRNA for gene siRNA Sequence (5°-3’)
siMTCH2-1 GGCAGAGAATCCAAGTACT
MTCH?2 siMTCH2-2 GGAAGAGGGCATTCTAGGA
siMTCH2-3 ACGTGAAAGTGCTCATCCA
siACP2-1 GTTCACCAGTGAAGACATA
ACP2 siACP2-2 GGGTTTGGTCAGTTAACCA
siACP2-3 GCTATCACGGCTTCCTAAA
siNDUFS3-1 GGATCCGTGTGAAGACCTA
NDUFS3 siNDUFS3-2 GCCCAAGTATGTCCAACAA
siNDUFS3-3 GAAAGACTTTCCTCTATCT
siPSMC3-1 GGAGGATGGTGCCAATATT
PSMC3 siPSMC3-2 CCACGAGGACTACATGGAA
siPSMC3-3 CAAGTGTGCTGTGATCAAA




Supplementary Table S2. Primer pairs for qRT-PCR analyses of mouse and

human genes

Primer pairs

Sequence (5°-3’)

Mouse

Forward for Gapdh TGGCCTTCCGTGTTCCTAC
Reverse for Gapdh GAGTTGCTGTTGAAGTCGCA
Forward for Mtch?2 TGGGCGACAAGTATGTCAGC
Reverse for Mtch?2 AGGACTCCTGAACACAGTCTT
Forward for Ndufs3 CTGTGGCAGCACGTAAGAAG
Reverse for Ndufs3 GCTTGTGGGTCACATCACTCC
Forward for Psmc3 GACCGTGTGGGATGAAGCTG
Reverse for Psmc3 CGCTGGACAATCTCTTCCGTG
Forward for Acp?2 CTGATCCCAACCAAGCCTGA
Reverse for Acp?2 TATGTAAACCAGGGCAGCCAG
Forward for Clgtnf4 TGCAGGCCATGATTTACGAC
Reverse for Clgtnf4 CCATCGTGATCGTGGCTAAGTA
Forward for Actb TGAGCTGCGTTTTACACCCT
Reverse for Actb GCCTTCACCGTTCCAGTTTT
Forward for Madd TTCCGGAGAGACCCTTGGAG
Reverse for Madd GGCGCTTGTAGCAGAATTGG
Human

Forward for GAPDH GACAGTCAGCCGCATCTTCT
Reverse for GAPDH GCGCCCAATACGACCAAATC
Forward for CASP7 CGGTCCTCGTTTGTACCGTC

Reverse for CASP7

CGCCCATACCTGTCACTTTATCA
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