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Data used in preparation of this article were
obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). As such, the investigators
within the ADNI contributed to the design and
implementation of ADNI and/or provided data
but did not participate in analysis or writing of
this report. A complete listing of ADNI
investigators can be found at:
http://adni.loni.usc.edu/wp-
content/uploads/how_to_apply/
ADNI_Acknowledgement_List.pdf

ZIB Consortium: A list of authors and their
affiliations appears at the end of the paper.
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1 | BACKGROUND

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder
characterized by cognitive deficits, eventually resulting in dementia
and death.! As the population ages, the prevalence of AD increases
rapidly, making it one of the most serious public health concerns in
the world.! The genetic etiology of AD is complex, and late-onset
AD (LOAD, the common form of AD) has a heritability of 58%-79%.2
Genome-wide association studies (GWAS) have identified more than
70 loci of common variants related to AD risk, mainly involving amyloid
and tau pathways.® Nevertheless, there is still a large portion of missing
heritability, which may be attributable to large-effect genetic variants,
such as rare variants.*

Advances in next-generation sequencing and genotyping tech-
nologies have made it possible to study large numbers of rare
genomic variants in parallel. In an exome microarray study of 37,022
LOAD cases and 48,402 controls performed in 2017, Sims and
colleagues found rare variants in Triggering Receptor Expressed
On Myeloid Cells 2 (TREM2), Phospholipase C Gamma 2 (PLCG2),
and ABI Family Member 3 (ABI3) that were genome-wide signifi-
cantly associated with AD.”> More recently, exome sequencing and
gene-based testing further discovered significant signals in ATP8B4
and ABCA1.° In addition, other sequencing studies have identi-
fied multiple other risk genes.”” 19 However, each study seemed
to capture only a part of the rare variant landscape of AD, as is
expected from the nature of their rare occurrences and the high
population heterogeneity.! A typical example is TREM2 p.R47H,
a recognized AD risk factor in Europeans but rarely found in East
Asian populations.}213 These advances emphasized the importance
of conducting more independent studies in multiple races, and the
demand for novel approaches that bypass the insufficient sample size
issue.

China has the highest number of AD patients in the world, but there
has been less research on the genetic causes of AD in Chinese cases

RESULTS: We identified 11 novel AD candidate genes, which captured AD-related
pathways and enhanced AD risk prediction performance. Key genes (RABEP1, VIPR1,
RPL3L, and CABIN1) were linked to cognitive decline and brain atrophy. Experiments
showed RABEP1 p.R845W inducing endocytosis dysregulation and exacerbating toxic
amyloid 8 accumulation, underscoring its therapeutic potential.

DISCUSSION: Our findings highlighted the contributions of rare variants to AD and

provided novel insights into AD therapeutics.

Alzheimer’s disease, biomarkers, rare variant, the endocytic pathway, whole-genome sequencing

* ldentified 11 novel AD candidate genes in a Chinese AD cohort.
* Correlated candidate genes with AD-related cognitive and brain imaging traits.
* |Indicated RABEP1 p.R845W as a critical AD contributor in the endocytic pathway.

compared to Caucasians. Previous studies have identified MLKL,#
C7,%> PDE11A,*¢ and ACAA1' as new risk genes in the Chinese AD
population. However, these studies predominantly focused on early-
onset or familial AD. Exploring rare variants in sporadic Chinese AD
cases, which have rich genetic diversity, might boost our understanding
of the genetic mechanisms of AD in a population-aware manner. Com-
pared with whole-exome sequencing (WES), whole-genome sequenc-
ing (WGS) avoids systematic bias from capture methods and offers
broader coverage, making it ideal for studying rare variants across the
genome. Due to its relatively high costs, which limit the sample size,
we opted for a hybrid approach combining prediction-powered variant
prioritization and gene-based statistical analysis to maximize efficacy.
In addition, we aimed to investigate the extent to which prioritized
rare disease-relevant variants contribute to AD-related cognitive and
brain imaging traits, as suggested by a recent whole-exome study on
AD cases of European origin.1®

In this report, we performed a WGS analysis on 988 Chinese indi-
viduals, including 239 cases with sporadic AD. We designed a variant
prioritization pipeline to identify rare likely-deleterious variants across
the genome. We then performed cross-ethnic optimal sequence kernel
association tests (SKAT-O) to identify novel AD-related genes, whose
biological plausibility was rigorously assessed by network analysis,
pathway enrichment, and endophenotype association. In addition, in
vitro experiments further elucidated the functional consequences of
the top candidate variant, which might serve as a promising therapeutic

target.

2 | METHODS
2.1 | Study cohort

The study cohort was derived from the Zhangjiang International

Brain BioBank (ZIB, https://zib.fudan.edu.cn), a platform specializing
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in multimodal research on brain diseases that provides extensive
molecular and phenotypic data. Overall, WGS was performed on
Deoxyribonucleic acid (DNA) samples from 1018 participants, yielding
qualified data from 988 subjects after quality control processes (see
later sections). These 988 subjects included 239 individuals with
AD, 250 with mild cognitive impairment (MCI), 198 with subjective
cognitive decline (SCD), 165 with slight cognitive symptom (SCS), and
136 normal controls (NC).

All participants underwent a battery of cognitive assessments,
including the Mini-Mental State Examination (MMSE),1? the Montreal
Cognitive Assessment-Basic (MoCA_B),2° and the Addenbrooke’s Cog-
nitive Examination-I11 (ACE-111),% to assess global cognition. Moreover,
standardized neuropsychological tests were administered to assess
objective cognitive impairment (Cl). These tests covered six measures
across three cognitive domains: (1) the Auditory Verbal Learning Test
(AVLT) for episodic memory?2; (2) the Animal Verbal Fluency Test
(AFT)2® and Boston Naming Test (BNT)2“ for language function; and
(3) the Shape Trail Test (STT-A and STT-B) for executive function.> All
tests for each participant were conducted during the same interview
session to ensure consistency.

The diagnosis of AD followed the guidelines of the National Insti-
tute on Aging-Alzheimer’s Association (NIA-AA).2¢ For individuals who
did not meet the diagnostic criteria for dementia, MCI was diagnosed
according to the Jak/Bondi criteria.?” The criteria required either (1)
impaired scores on both measures within the same cognitive domain,
or (2) one impaired score in each of three different cognitive domains.
Impairment was defined as scoring more than 1 standard deviation
(SD) below the age-adjusted normative mean. SCD was defined as
essentially normal performance on neuropsychological tests, but with
self-reported and concerned memory decline within the last 5 years,
based on the criteria proposed by Jessen et al.28 Patients with SCS
were determined according to our previously proposed framework.2?
In this study, individuals with MCI, SCD, or SCS were collectively
referred to as Cl patients. We recruited cognitively normal elderly
adults (age > 60) living in Shanghai between 2019 and 2023 as NC.
Additional inclusion criteria for NC were: (1) absence of a disease his-
tory or family history of other neurological or psychiatric diseases, such
as Parkinson’s disease, depression, epilepsy, and neurodevelopmental
delay; (2) absence of serious somatic diseases; and (3) having adequate
vision and hearing.

The procedures of this study were approved by the Ethics Commit-
tee of Shanghai Sixth People’s Hospital (approval number: 2019-032).
All participants or their legal guardians provided written consent for

research projects.

2.2 | Replication cohorts

We employed the sequencing data from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) and the Alzheimer’s Disease Sequenc-
ing Project (ADSP) as two replication cohorts. A detailed descrip-
tion and sample inclusion criteria can be found in Supplementary
Methods.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

RESEARCH IN CONTEXT

1. Systematic review: Our literature review using Google
Scholar and PubMed revealed: (1) a substantial missing
heritability in Alzheimer’s disease (AD) is likely attributed
to rare variants; (2) whole-genome studies of AD are less
common in East Asia compared to European populations;
(3) the effects of rare variants on cognitive functions and
brain imaging traits remain largely unknown.

2. Interpretation: Our research identified 11 potential AD-
related genes in a Chinese cohort, implicating known
AD pathways and capturing additional disease risks
beyond common variants. Further endophenotype anal-
yses linked these genes with cognitive functions and
AD-related brain imaging traits. Moreover, we experi-
mentally validated the role of the top locus, RABEP1
p.R845W, in the endocytic pathway and Amyloid Beta
Precursor Protein (APP) amyloid processing.

3. Future directions: Expanding studies to larger, same-
ethnic samples could enhance our comprehension of
AD inunderrepresented populations. Additionally, animal
studies could offer deeper insights into the mechanisms

of rare variants.

2.3 | WGS variant discovery and quality control

Genomic DNA was extracted from the peripheral blood samples. WGS
was performed on the Illumina Novaseq 6000 platform with 150-bp
paired-end reads, resulting in a mean sequencing depth of 33.46x.
The sequence alignment and variant calling followed the Broad Insti-
tute best practices implemented by the Sentieon Genomics software
(v202010.02).39 We then performed Variant Quality Score Recalibra-
tion (VQSR) to control base quality and conducted further quality
control at both the variant and individual levels. The details of each step

are presented in Supplementary Methods and Table S1.

2.4 | Variant prioritization

Single nucleotide variants (SNVs) and small insertions and deletions
(INDELs) were annotated using Ensembl Variant Effect Predictor (VEP
v109, based on ENSEMBL 109).31 We considered only variants located
on autosomes and defined the following criteria to identify rare likely-
deleterious variants: (1) the minor allele frequency (MAF) based on the
Genome Aggregation Database (gnomAD, v3.1.2), as well as the sub-
population Minor allele frequency (MAF) for the same race (e.g., East
Asian) in gnomAD, were both less than 1%°2; (2) the MAF based on
each research cohort was below 5% to avoid systematic errors; (3)
variants annotated by VEP that may affect protein function, includ-

ing nonsense, splice acceptor/donor, frameshift, and missense variants;

85U80| 7 SUOWIWIOD 3A1R8.D 3ol (dde ay) Aq pausenob 8fe sajofe YO 88N JO 3Nl Joj A%Iq1T8UIIUO AB]IA UO (SUORIPUOD-PUR-SWLBI W00 A3 | 1M Afeiq | puljuo//:Sdny) SUORIPUOD pUe swiie 1 8U1 88S *[5202/T0/20] uo A%eiqiauljuo AB|im 1uI0}IeD JO AISBAIIN AQ 7T ZIe/200T OT/I0p/Wo0 A8 1M Atelq 1 pul|uo'S UINO[-Z e//Sdiy WOy papeo|umoq ‘0 ‘6/252SST



il Alzheimer’s & Dementia®

CAOETAL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

(4) variants labeled as High confidence (“HC”) by Loss-Of-Function
Transcript Effect Estimator (LOFTEE) (categorized as predicted loss-
of-function [LoF]), or missense variants with the Rare Exome Variant
Ensemble Learner (REVEL) score > 0.75 or categorized as harmful by
at least three out of six tools: Combined Annotation Dependent Deple-
tion (CADD), Sorting Intolerant From Tolerant (SIFT), PolyPhen2, Like-
lihood Ratio Test (LRT), Mendelian Clinically Applicable Pathogenicity
(M-CAP), and MutationTaster (categorized as predicted deleterious
missense [DMis]). The predictions of these tools were obtained from
dbNSFP4.1a%334; (5) variants located in genes with a Gene Damage
Index (GDI) below 13.34 (the recommended cutoff based on the distri-
bution of all disease-causing human genes) or known to be AD-causing,
as highly mutated genes in healthy individuals would be less likely to be

disease-relevant.3”

2.5 | Identification of rare variants in the AD core
genes

Through a literature review, we compiled a list of 25 AD core genes
whose associations with AD risk have been extensively confirmed by
whole-genome association studies, sequencing, or in vitro experimen-
tal analyses (Supplementary Methods, Table S2). We screened LoF
variants in these genes and excluded benign variants that have been
reported in ClinVar with at least two stars.3¢ Fisher’s exact test was
used to assess the relative risk of the selected variants in disease
groups compared with NC. Ultimately, we excluded the variants carried
by NCs across all three cohorts and compiled final lists of variants.

2.6 | Discovery of novel AD-associated genes by
SKAT-O

We aggregated the rare likely-deleterious variants for each gene and
applied the gene-based SKAT-O to assess their association with AD
risk.3” Separate models were constructed for the LoF and DMis vari-
ants, comparing the AD and NC groups within each cohort. The set of
covariates consisted of gender, age, age squared, the first five genetic
principal components, and the number of apolipoprotein E (APOE) £4
alleles. Education years were included as covariates only for cohorts
where this information was available. The analysis was conducted using
the R package SKAT (v2.2.5) with the method set to “SKATO”, while
other parameters were kept at default settings. Genes with fewer than
two variants or with a cumulative minor allele count (MAC) of less
than two were excluded from the association analyses. When genes
surpassed the nominal significant level (P < 0.05), logistic regression
models were fitted to estimate effect sizes and directions.

For genes with SKAT-O P < 0.01 in the ZIB_AD cohort, additional
meta-analyses were performed separately on the ZIB_AD cohort with
the two replication cohorts. These analyses were accomplished utiliz-
ing the R package MetaSKAT (v0.82) with the “method” parameter set
to “optimal”.3® Due to differences in ancestry between the discovery
and replication cohorts, we used group-specific MAFs for weight calcu-
lation and allowed for heterogenous genetic effects. This was achieved

by setting “is.separate” to “TRUE” and “combined.weight” to “FALSE".
Ultimately, genes were considered candidates if they showed the same
effect direction in both the ZIB_AD cohort and a replication cohort and
had a false discovery rate (FDR) of less than 0.05 in the meta-analysis.

2.7 | Polygenic risk scores and random forest
models

Details of calculating polygenic risk scores (PRS) and building ran-
dom forest models are given in Supplementary Methods. Briefly,
we employed two external datasets to calculate PRS, including the
AD GWAS summary data from the Japanese population to match
ethnicity,®? and a larger GWAS summary data from the Caucasian
population.*®

We developed random forest models to predict the diagnosis of
each participant, using the ZIB_AD cohort as the training set. We chose
another small AD cohort of 134 participants from ZIB as an indepen-
dent test set, including 88 AD cases and 46 NC, with no sample overlap
with the training set. Random forest models were trained using fea-
tures such as PRS values, the number of variants in each AD core gene,
the number of variants in each AD candidate gene, or a combination of

them.

2.8 | Network connectivity and enrichment
analysis

We used the human gene connectome (HGC) to define biologically
plausible distances between two genes.*! For each candidate gene, we
calculated the mean of their distances to each AD core gene. We then
conducted 10,000 permutation tests, each with an equal number of
genes randomly chosen from all SKAT-O examined genes, to evaluate
whether the average distance between the candidate genes and core
genes was lower than expected. Furthermore, we applied hierarchi-
cal clustering to all AD core genes and candidate genes, using Ward’s
minimum variance criterion, based on the pairwise distances between
them. Sub-clusters of genes were then obtained based on the distance
to the root node.

Gene Ontology (GO) enrichment analysis was performed using the
gprofiler2 R package with default parameters, and only GO terms

labeled “highlight” were considered.*2

2.9 | Endophenotype analysis

We conducted the gene-based SKAT-O with cognitive and Mag-
netic resonance imaging (MRI) measurements as outcomes, employing
all available participants in the ZIB_AD cohort, as detailed in Sup-
plementary Methods. For differential expression analysis, we used
results from the RNA Sequencing (RNAseq) Harmonization Study,
supported by the Accelerating Medicines Partnership-Alzheimer’s Dis-
ease (AMP-AD) consortium, which uniformly processed RNAseq data
from the ROSMAP, Mayo, and MSBB studies (https://github.com/
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Sage-Bionetworks/amp-rnaseq). We selected results of the differen-
tial expression model that compared the AD group with NC of all
genders, defining AD by harmonized criteria such as cognitive scores,
Braak staging, and tau pathology.

2.10 | In vitro experiments for the RABEP1
p.R845W variant

We generated the CBE plasmid used for the RABEP1 p.R845W muta-
tion, followed by stable cell line generation in HEK293T cells. These
cells were cultured, transfected, and selected to isolate clones with the
desired mutation for functional assays.

We evaluated cell proliferation using the Cell Counting Kit (CCK)-
8 assay, apoptosis and cell cycle via flow cytometry, and protein
expression through Western blotting. Immunofluorescence staining
was performed to visualize protein localization, and amyloid 8 (AB)
levels were quantified using enzyme-linked immunosorbent assay
(ELISA). Detailed reagent and protocol specifics are available in the

Supplementary Methods.

2.11 | Statistical analysis

Statistical analysis was conducted using R software version 4.2.3.
Fisher’s exact tests were utilized to compare categorical variables,
while for continuous variables, normality was assessed with the
Shapiro-Wilk test before comparison. If the data conformed to a nor-
mal distribution, t-tests were applied; otherwise, the non-parametric
Mann-Whitney U tests were conducted. The associations of genes with
AD and AD-relevant traits were assessed using SKAT-O, accompanied
by logistic regression models to determine effect sizes and directions.
The Benjamini-Hochberg procedure was employed to control the FDR
for multiple testing corrections. Permutation tests were used to assess

the distance of candidate genes from the core genes in the HGC.

2.12 | Data and code availability

The variation data reported in this paper have been deposited in
the Genome Variation Map (GVM) in the National Genomics Data
Center, Beijing Institute of Genomics, Chinese Academy of Sciences
and China National Center for Bioinformation, under accession num-
ber GVM000652. The ADSP WES data were acquired under the
phs000572.v8.p4 dbGAP study accession number (approved number:
93910-9). The ADNI data can be accessed at https://adni.loni.usc.edu/
upon approval. The Japanese AD GWAS summary data can be down-
loaded from the National Bioscience Database Center (NBDC) Human
Database (Research ID: hum0237v1). The summary data for Euro-
pean AD GWAS can be downloaded from the GWAS Catalog under the
accession number GCST90012878. The expressions of genes in brain
tissues are available in the AMP-AD portal (synapse ID: syn14237651).
All other data supporting the results of this study can be obtained from
the authors upon reasonable request.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

The commercial or open-source tools used in this study followed
their standard guidelines. In-house scripts and pipelines can be found
at https://github.com/ZhaoXM-Lab/AD_SNV.

3 | RESULTS
3.1 | Description of the study cohort

The research cohort, termed the ZIB_AD, was part of the ZIB. Follow-
ing initial quality control, WGS data from 988 unrelated participants
of East Asian descent were further analyzed, including 239 individ-
uals with sporadic AD, 613 with varying degrees of Cl (250 with
MCI, 198 with SCD, and 165 with SCS), and 136 NC (Methods;
Table S1). The diagnosis of AD followed widely accepted and well-
validated protocols.2é NC were cognitively normal, with no major
serious illnesses, and were age- and sex-matched to the AD group.

Additionally, we incorporated two replication cohorts to validate
initial findings from the ZIB_AD cohort: the ADNI WGS cohort, which
had a comparable number of participants to ZIB_AD, and the ADSP
WES cohort with a larger scale. Only the majority group (European
ancestry) among the two replication cohorts was kept for the analysis
(Figure S1). A detailed description of the study and replication cohorts
can be found in Table 1.

3.2 | Prioritization of rare likely-deleterious
variants

We designed a variant annotation, prediction, and prioritization
pipeline to uncover rare and high-impact variants (Figure 1; Meth-
ods). Briefly, we focused on protein-coding variants with MAF less than
1%. Multiple in silico tools were then applied to assess their potential
deleteriousness. These efforts led to the identification of 100,215 rare
likely-deleterious variants within the ZIB_AD cohort, comprising 8555
LoF variants and 91,660 DMis variants. On average, 166.71 DMis vari-
ants and 15.57 LoF variants were found per person, with no difference
observed between AD/CI cases and NCs (Figure S2). These indicated
that rare variants conferring AD risk were limited to specific genes or
pathways, rather than exerting a genome-wide collective effect.

To validate the proposed role of rare variants in this disorder,
we first examined rare likely-deleterious variants in the 25 well-
established AD core genes before further exploration and candidate
gene detection (Methods; Table S2). We focused primarily on LoF vari-
ants, as they are more damaging and convincing than other types.
As expected, rare LoF variants in the known AD core genes exhib-
ited higher prevalence in the AD and Cl groups compared to NCs
(Figure 2A). Similar trends were observed in the replication cohorts fol-
lowing the same procedure, collectively supporting the involvement of
rare and high-impact variants in AD pathology (Figure 2A).

We then excluded variants present in NC across all three cohorts
and kept 10 located in five AD core genes, including 4 frameshift, 4
stop-gain, and 2 splicing variants (Figure 2B; Table S3). These variants
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TABLE 1 Participants characteristics in this study.

Discovery cohort

Replication cohorts

ZIB_AD WGS (EAS, n = 988)

ADNIWGS (EUR, n = 419) ADSP WES (EUR, n = 10,103)

MCI (250)
SCD (198)
SCS (165)

66.80%
70.20%
73.33%

Age 71.77 70.02 (5.41) 67.91(7.14)
(7.45) 65.74(7.08)
65.58 (7.85)

10.94 (3.43)
11.74(2.87)
12.39(3.09)

MMSE 16.88 28.06(1.89) 26.31(2.08)
(5.08) 27.03(2.00)
27.70(1.52)

22.40%
19.19%
21.82%

AD (239)
Female 61.51%

NC (136)
61.03%

Characteristic

Edu years 9.87(4.27) 12.27 (3.68)

APOE4 45.61% 19.85%

AD (245) NC (174) AD (5,550) NC (4,553)
40.00% 51.72% 57.40% 58.67%
74.15(7.16) 74.36 (5.61) 75.36 (8.50) 86.56(3.57)
15.96 (2.84) 16.55(2.65)

19.05 (6.30) 28.81(1.49)

61.22% 22.99% 42.56% 14.15%

Note: Data are sourced from the ZIB_AD, the ADNI, and the ADSP. Each cell represents percentage or mean (standard deviation).

Abbreviations: AD, Alzheimer’s disease; ADSP, Alzheimer’s disease sequencing project; ANDI, Alzheimer’s disease neuroimaging initiative; APOE4,
apolipoprotein E ¢4 allele carrier; EAS, East Asian; EUR, European; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; SCD, subjec-
tive cognitive decline; SCS, slight cognitive symptom; WES, whole-exome sequencing; WGS, whole-genome sequencing; ZIB AD, Zhangjiang international

brain biobank AD cohort.

were found in 10 AD cases (4.18%) within the ZIB_AD cohort, with
more than half (six) being APOE ¢4 negative, suggesting these vari-
ants contribute independently of the known AD risk APOE ¢4 allele
(Figure 2B). Two of these variants (ABCA7 p.E919* and PSEN1 c.869-
2A > G) were previously reported to be pathogenic for AD (Table S3).
For instance, the LoF variant PSEN1 c.869-2A > G was found in Euro-
pean AD cases and carried by a 50-year-old female with AD in our
cohort.*3** This variant, located in the splice acceptor site in intron
8, has been shown to cause the skipping of exon 9, resulting in an
aberrant exon 8-10 junction (Figure 2C).*® Interestingly, despite the
proband’s relatively young age, brain MRI revealed a more severe right
hippocampal atrophy than other AD cases, consistent with a previous
study linking PSEN1 mutations to hippocampal atrophy (Figure 2D).
Notably, 5 of the 10 prioritized LoF variants were absent in gnomAD
non-East Asian populations, indicating they are ultra-rare and possibly
population-specific (Table S3). In summary, our variant prioritization
pipeline demonstrated the potential contribution of rare variants to
AD.

3.3 | Cross-cohort gene-based SKAT-O revealed 11
AD candidate genes

With AD core genes representing only a small portion of the genome
and serving as proof of concept, our next goal is to identify AD candi-
date genes more likely to be affected by rare likely-deleterious variants

in AD than in controls. As described earlier, it is challenging to attain

sufficient statistical power in a medium-sized population. To address
this, we adopted a two-step approach: First, we performed gene-based
SKAT-O between AD and NC groups in the ZIB_AD cohort to iden-
tify genes with suggestive significance. Next, we integrated additional
cohorts, such as ADNI and ADSP, to conduct a meta-analysis for these
genes to identify significant candidates. Independent models were
developed for LoF and DMis variants, as detailed in the Methods.

In total, 90 genes reached a suggestive significance threshold in the
ZIB_AD cohort (SKAT-O P < 0.01) (Figures S3-54; Table S4). Among
these, 11 genes passed the significant threshold in a meta-analysis
with at least one replication cohort (MetaSKAT-O FDR < 0.05 and in
the same direction as in ZIB_AD), thus being referred to as candidate
genes (Figure 2E; Table S5). When performing a larger meta-analysis
by combining data from all three cohorts, 8 of the 11 candidate genes,
with the exception of TLX3, AARSD1, and SMADé, remained significant
(FDR < 0.05), demonstrating the robustness of our findings (Figure 2E;
Table S5).

Among the candidate genes, RABEP1 and CRADD have been previ-
ously reported as AD risk genes in prior GWAS studies, while SMAD6
and AHCTF1 have been associated with Cl, as identified through GWAS
Catalog.*® The remaining seven genes are novel findings in this study.
HNMT, one of these novel genes, emerged as the top-ranked gene in the
meta-analysis (MetaSKAT-Ozg_ap-apni FDR = 1.08 x 10~5; Figure 2E).
This gene encodes a histamine-metabolizing enzyme essential for the
regulation of the histaminergic system in the central nervous system
(CNS).*7 Interestingly, this enzyme is also an inhibitory target of an

early AD drug, tacrine.*® Previous studies have demonstrated that
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FIGURE 1 Theoverall study design. WGS analysis was conducted on a Chinese cohort of 988 individuals. European participants from the
ADNI and the ADSP cohorts were included as replication samples. Comprehensive variant prioritization strategies were employed to identify rare
likely-deleterious protein-coding variants. First, as a proof of concept, an initial screening evaluated the rare LoF variants in 25 known AD core
genes. Next, cross-cohort SKAT-O between the AD and NC groups identified 11 candidate genes. The associations with AD were further
supported by AD classification models, biological network analyses, and endophenotype analyses. Finally, cellular experiments validated the
functional impact of a top locus in AD. AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADSP, Alzheimer’s Disease
Sequencing Project; Cl, cognitive impairment; DMis, predicted deleterious missense; LoF, predicted loss-of-function; MAF, minor allele frequency;
NC, normal control; SKAT-O, optimal sequence kernel association test; WGS, whole-genome sequencing.

variants in HNMT are associated with neurological disorders, such
as intellectual disability and Parkinson’s disease.*?>% Although there
were limited reports regarding their association with AD, post mortem
studies revealed elevated HNMT mRNA expression in the prefrontal
cortex of female AD cases.! Here, we identified two DMis variants in
HNMT within the ZIB_AD cohort, carried only by NCs. The DMis vari-
ants in HNMT were also significantly depleted in AD in both replication
cohorts. These findings therefore supported the involvement of neu-
ronal histamine in AD pathology and provided possible protective loci
in HNMT.>2

Another top gene, RABEP1, stood out among genes with non-
protective loci (MetaSKAT-Ozjg ap-apsp FDR = 1.18 x 1073;
Figure 2E). Rare DMis variants of this gene showed an increased
burden in the AD group in our cohort as well as the two replication
cohorts. As a crucial gene in the early endosome, RABEP1 encodes a
Rab5 effector protein and plays a role in endocytic membrane docking
and fusion.>3 It is widely expressed in numerous tissues, particularly

in the nervous system.’* Interestingly, RABEP1 was nominated as

one of the causal genes in a previous study integrating AD GWAS
and myeloid genomes, but the functional mechanism in AD remained
unclear.®® In this sense, the identification of rare variants provided
new perspectives on the involvement of this gene in AD.

Overall, we employed cross-cohort SKAT-O to identify 11 poten-
tially AD-associated genes, with HNMT and RABEP1 as the top
protective gene and causative gene, respectively.

3.4 | Enhanced capture of AD risks through rare
variants in the candidate genes

To demonstrate the robustness of the association between the can-
didate genes and AD, we evaluated their potential to distinguish AD
cases from NCs in an independent Chinese AD cohort using random
forest models (Methods). Prior to this, we quantified the effects of
common variants using PRS as basic features of the models. Consistent

with previous studies, the PRS-driven model showed modest clas-
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FIGURE 2 Rarelikely-deleterious variants in the AD core and novel genes. (A) The burden of rare LoF variants in the AD core genes in case
groups compared to NC. Midpoints and error bars represent the OR and their 95% confidence intervals. The dashed vertical red line indicates an
OR of 1. (B) The distribution of different types of LoF variants exclusive to AD cases across AD core genes. Each bubble’s position reflects the
presence of a specific mutation type in a gene. The size of each bubble corresponds to the number of mutations observed, with the numerical
values inside providing the exact count of mutations for each gene-mutation type combination. (C,D) Example of the PSEN1 gene splice-site LoF
variant c.869-2A > G. (C) This variant alters the basic region at the 3’ boundary of intron 8, resulting in the skipping of exon 9 and introducing an
aberrant exon 8-10 junction. (D) The carrier of this variant was only 50 years old but suffered from unusually severe hippocampal atrophy. The box
spans the first to third quartiles; the whiskers extend 1.5 times the interquartile range; and the middle line represents the median. P values
between the AD and NC groups were calculated using Mann-Whitney U tests. The red dots represent this specific carrier. (E) The MetaSKAT-O
results for the 11 novel candidate genes. Each bar represents the negative logarithm MetaSKAT-O FDR for each gene, with the MACs annotated
on top. The color of the bar indicates the direction of each gene’s effect. The eight genes that remained significant in the three-cohort
meta-analysis are highlighted by gray diagonal stripes. The red dashed horizontal line indicates an FDR of 0.05. (F) Performance of random forest
models used to distinguish AD cases from NC. Models with different types of variant sets as features are represented by differently colored
receiver operating characteristic curves. ***p < 0.001. AD, Alzheimer’s disease; AUC, area under the receiver operating characteristic curve; FDR,
false discovery rate; LoF, loss-of-function; MACs, minor allele counts; Mut, mutation carrier; NC, normal controls; OR, odds ratio; SKAT-O,
sequence kernel association tests.

sification ability for AD (Figure 2F).°%°’ Interestingly, performance 3.5 | Highlighted AD-relevant pathways and

improved when incorporating rare likely-deleterious variants as fea- endophenotypic traits

tures, indicating that such rare variants carried risks not accounted for

by common loci (Figure 2F). In particular, the inclusion of rare likely- To further investigate the functional plausibility of the candidate
deleterious variants in the candidate genes, in addition to those in the genes in AD mechanisms, we assessed their biological connections
core genes, as features yielded the best performance, underscoring with the AD core genes using the HGC.#! As expected, the candidate
their potential to offer additional information beyond known AD risk genes showed significantly shorter average distances from the core
factors (Figure 2F). In summary, our findings demonstrated that the genes compared to random sampling (10,000 times permutation test,
candidate genes identified through rare variants could indeed capture P=2.19 x 1072; Figure 3A). Furthermore, hierarchical clustering based
risks for AD that were not explained by previously reported risk signals. on pairwise distances revealed that these genes were well-mixed with
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FIGURE 3 Validation of the AD candidate genes via network and endophenotype analysis. (A) The density plot shows the average distances
from AD core genes for all genes, tested across 10,000 permutations; the vertical dashed line denotes the average distances between the 11 AD
candidate genes and the AD core genes. (B) Hierarchical clustering (left) of AD candidate genes (red) and core genes (blue) according to HGC.
Different background colors represent gene modules divided based on hierarchical clustering. Heatmaps illustrate the negative logarithm of

p values for the gene-based association tests of MMSE scores, subcortical volumes, and differential gene expression across multiple brain regions.
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the core genes, resulting in three gene modules (Figure 3B). Notably, all
three modules were significantly enriched in established AD pathways
such as A metabolism (M1, M2, and M3), lipid metabolism (M2), and
neuroinflammation (M1 and M3) (Figure 3C).°® These observations
underscored a recapitulation of known AD mechanisms through novel
rare likely-pathogenic variants, reinforcing the biologically significant
relationships between the candidate genes and AD.

We then examined the associations of these genes with AD-relevant
endophenotypic traits, including cognitive performance and brain vol-
umetric MRI measurements, using multi-modal data available for the
ZIB_AD cohort (Methods). As shown in Figure 3B, SKAT-O revealed
that four candidate genes (RPL3L, VIPR1, CABIN1, RABEP1) were sig-
nificantly associated with changes in the MMSE score (FDR < 0.05),
surpassing random expectations (Fisher’s exact test, P = 2.46 x 1073).
Among these genes, RABEP1 and VIPR1 exhibited the most significant
detrimental effects on cognition (Figure 3B).

We employed the same approach to assess the association of the
candidate genes with the volume of subcortical regions. Notably,
RABEP1, VIPR1, and RPL3L showed nominally significantly associated
with the reduced volumes of multiple regions, including the hippocam-
pus and amygdala, which are well-recognized imaging markers of AD
(Figure 3B).>?¢0 |n addition, carriers of rare likely-deleterious vari-
ants in RABEP1 were accompanied by severe putamen and thalamus
atrophy, which was also observed in AD patients in a previous study
(Figure 3B).61

We evaluated the expression of the candidate genes in various
brain tissues using transcriptomic data from the AMP-AD consortium
(Methods).527¢> A total of seven candidate genes were dysregulated
(FDR < 0.05) in AD cases in at least one brain region compared to
NC, especially in the parahippocampal gyrus (PHG), temporal cortex
(TCX), and superior temporal gyrus (STG) (Figure 3B). These brain
regions are involved in learning and memory and correspond to the
early stages of AD pathology.®® Taken together, these convergent
findings based on the aforementioned multimodal information fur-
ther supported the potential roles of the candidate genes in AD
pathogenesis.

3.6 | Endosomal dysfunction and accumulation of
neurotoxic Ag induced by RABEP1 p.R845W

Given the positive contribution of the candidate genes to AD patho-
physiology, we decided to explore individual loci with large effect sizes,
which might serve as promising intervention targets. Across the 11

candidate genes, we identified 52 rare likely-deleterious variants in the

ZIB_AD cohort, 8 (15.38%) of which were also found in the replication
cohorts (Table S6). Among the other 44 variants, 24 were found to be
exclusive to East Asians, according to gnomAD.

Notably, RABEP1 p.R845W was present in the largest number of AD
cases (five) but not in any NC (Table Sé). Interestingly, RABEP1 was also
highlighted in our previous association and endophenotype analyses.
In addition, the p.R845W variant was absent in the ADSP and ADNI
cohorts of non-East Asian participants, although both cohorts did have
other RABEP1 variants.

The p.R845W variant alters from hydrophilic arginine to hydropho-
bic tryptophan, accompanied by a loss of charge, which is a large
change and highly unfavored in terms of conserved amino acid prop-
erties. To validate the potential pathological contributions of RABEP1
p.R845W to AD-related phenotypes, we established cell models carry-
ing RABEP1R845W/+ in human embryonic kidney (HEK293T) cell lines
by base editing (Methods). Surprisingly, the proliferation ability of
RABEP1R845W/+ cells decreased significantly compared to wild-type
cells (Figure 4A). We further observed significantly increased early and
late apoptosis in RABEP1R845W/+ cel|s with the Annexin V-FITC apop-
tosis assay by flow cytometry (Figure 4B,C). Additionally, cell cycle
analysis revealed G2 arrest in RABEP1R845W/+ cells (Figure S5). Taken
together, our results confirmed that RABEP1 p.R845W was detrimen-
tal to cell proliferation, which might be attributed to enhanced cell
apoptosis and dysregulated cell cycle processes.

Endosomal defects have been proven to be one of the most typi-
cal cellular phenotypes of AD.6” As RABEP1 is involved in endocytic
membrane docking and fusion, we asked whether the p.R845W vari-
ant interfered with endosomal processes. Western Blot showed that
expression of Rab5, a key protein in the early endosome, was signif-
icantly upregulated in RABEP1R845W/+ cells (Figure 4D,E; Figure S6).
Other key proteins, Rabex-5 and Rabaptin-5, the latter encoded by
RABEP1, also showed upregulation trends (Figure 4D,E; Figure Sé).
Notably, immunofluorescence of early endosome antigen 1 (EEA1)
revealed that the diameter of the EEA1-positive early endosome was
increased in RABEP1R845W/+ cells (Figure 4F,G). The enlarged endo-
some meant endosomal dysfunction,®® which is consistent with the
early manifestations of AD.67¢8

The early endosome serves as the first major sorting station for
Amyloid Beta Precursor Protein (APP) and the primary site of A3 pep-
tide generation.®? We hypothesized that mutation-induced endosomal
abnormalities would affect A metabolism. As expected, enzyme-
linked immunosorbent assays showed elevated AB42 and a moderately
reduced AB40 in RABEP1R843W/+ cells as compared to wild-type cells,
resulting in significantly increased ratios of AB42 to AB40 (Figure 4H,).
These findings indicated that the RABEP1 p.R845W mutation inter-

Only tests with unadjusted p values less than 0.05 are colored and indicated by varying degrees of transparency. Asterisks indicate the significance
levels of associations after controlling for FDR in candidate genes. Borderless blocks signify either missing data or tests that do not meet the
SKAT-O test criteria. (C) The top significantly enriched biological process terms for each gene module, displaying up to the top 10. ***FDR < 0.001;
***FDR < 0.01; *, FDR < 0.05. AD, Alzheimer’s disease; CBE, cerebellum; DLPFC, dorsolateral prefrontal cortex; FDR, false discovery rate; FP,
frontal pole; HGC, human gene connectome; IFG, inferior frontal gyrus; MMSE, Mini-Mental State Examination; PHG, parahippocampal gyrus;
STG, superior temporal gyrus; SKAT-O, sequence kernel association tests; TCX, temporal cortex.
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FIGURE 4 Functional validation of the RABEP1 p.R845W variant. (A) The proliferative capacity of cells measured by the CCK8 assay. (B,C)
Images (B) and quantification (C) of the apoptosis assay by flow cytometry. (D,E) Western blot analysis (D) and quantification (E) in RABEP1R845W/+
cells and wild-type HEK293T cells. (F,G) Immunofluorescence (F) and quantification (G) of EEA1-positive early endosomes. Representative
immunofluorescence images were stained with EEA1 (red) and nuclei (blue). The diameters of EEA1-positive endosomes were quantified by
fluorescence intensity. Scale bar, 50 pm. (H,l) Concentration of AB42 and AB40 (H), and the ratio of AB42 to AB40 (1) detected by ELISA. P values
were calculated using unpaired two-sample t-tests if the data conformed to a normal distribution; otherwise, the non-parametric Mann-Whitney
U test was used. *p < 0.05; **p < 0.01; ns, not significant; CCK8, Cell Counting Kit-8; WT, wild-type HEK293T cells; R845W, HEK293T cells

carrying RABEP1R845W/+

fered with the APP pathway and led to the abnormal accumulation of
neurotoxic AB.7°

Overall, we experimentally validated the AD-related cellular pheno-
types of RABEP1 p.R845W and highlighted that endocytosis dysregula-

tion might be an important causative factor for AD.

4 | DISCUSSION

In the present study, we depicted the rare variant landscape of the
sporadic Chinese AD cases, revealing increased burdens of rare LoF

variants in the AD core genes. We nominated 11 candidate genes

and reinforced their association with AD through network cluster-
ing, endophenotype analyses, and gene expression. Our prediction
model showed that rare variants could capture additional AD risks not
accounted for by previously established common loci. Additionally, we
provided RABEP1 p.R845W as a potential therapeutic target, under-
scoring the significance of the endocytic pathway in AD. Our findings
gave new insights into the genetic mechanisms of AD and emphasized
that population-specific rare variants could enrich the understanding
of the AD molecular basis.

The screening for rare likely-deleterious variants enriched our com-
prehension of AD inheritance. We observed significant enrichment of

LoF variants in the AD core genes across all cohorts, despite these
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genes being predominantly identified in studies of Caucasian pop-
ulations. Notably, rare variants demonstrated promising predictive
capabilities for AD risk beyond PRS, implying their ability to capture
disease risks beyond common variants. Given the modest sample size
of our study, we opted to collapse rare variants into the gene level
to increase statistical power and conducted meta-analyses for valida-
tion. These approaches enabled us to identify novel candidate genes
enriched in well-established AD pathways, such as amyloid processing
and tau pathology, reinforcing the biological relevance of our findings.
In the meta-analysis of all three cohorts, we observed reduced sig-
nificance for a few candidate genes, which exhibited different effect
directions across cohorts. This was driven primarily by the low rate of
shared variants rather than differences in the frequencies of the same
variants across populations. This emphasizes that the low frequency of
rare variants may lead to sampling differences, as these variants are
often underrepresented or entirely absent in certain cohorts. Despite
these cohort-specific variations, the convergence of rare variants into
shared genes and pathways suggests that rare variants might con-
tribute to AD risk through converging biological mechanisms across
populations.

The identification of candidate genes offered promising new
insights for AD genetics. Notably, RABEP1 stood out in association
analyses and in vitro experiments, underscoring the significant role
of endocytosis in AD. Endocytic organelles are the primary sites of

5367 where APP is sequentially cleaved by

APP amyloid processing,
B- and y-secretases, ultimately forming toxic AB.”! Previous studies
observed an increased burden of rare variants in the endocytic path-
way in AD cases.”273 Qur findings reinforced this conclusion and
nominated RABEP1 p.R845W as a possible causal locus. RABEP1 acts
as an effector of the small GTPase Rab5 in early endosomes, the major
amyloid processing site for APP.>3¢7 The increased AB42 to AB40
ratio in RABEP1R845W/+ cells indicated the variant-induced excessive
amyloid cleavage of APP and the accumulation of toxic AS peptides.
Interestingly, the p.R845W variant was highly detrimental to cell pro-
liferation and survival and induced expanded early endosomes. These
strikingly abnormal cellular phenotypes, along with the upregulation of
Rab5 protein, might indicate the continuous overactivation of Rab5, as
demonstrated in previous studies.”#”> Notably, multiple AD core genes
(i.e., BIN1, SORL1, and PICALM) were also involved in the endocytic
pathway and harbored rare likely-deleterious variants in the ZIB_AD
cohort, further supporting the potential of the endocytic pathway as a
therapeutic target.”¢-78

Functional analysis of candidate genes encouraged us to inves-
tigate previously less-studied AD mechanisms. Rare variants in
HNMT, an essential gene for histamine degradation, showed consis-
tent protective effects against AD in all three cohorts. Histamine
functions as a neurotransmitter in the CNS that regulates learning,
memory, cognition, and motor functions, all of which are severely
impaired in AD.”?89 Moreover, AD patients exhibited alterations in
the histaminergic system, such as reduced histamine levels in various
brain regions.®! Therefore, extensive efforts have been undertaken
to increase brain histamine levels by inhibiting HNMT as a novel

approach for AD treatment.?? In this sense, the identification of

AD-protective loci in HNMT could guide the development of relevant
inhibitors.

Consistent with previous studies,® although we observed relatively
similar patterns at the gene and pathway levels across three cohorts,
high-impact rare variants were less frequently shared between Chi-
nese and European AD populations, no matter in the AD core genes or
candidate genes. This suggests that the specific rare variants driving
gene-disease associations may differ across populations, likely due to
the genetic heterogeneity of AD and differences in population genetic
structure.* Nevertheless, our results highlight the value of studying
AD in the underrepresentation populations, which may provide novel
candidate variants, genes, and mechanistic insights for the disease.

The current research also has some limitations. Given the genetic
heterogeneity of AD and the low statistical power of rare variants,
the current sample size is insufficient to detect much rarer disease-
associated genes. Additionally, the underrepresentation of East Asian
populations in AD studies also limited the cross-cohort replication
of variants.®3 This emphasizes the need for larger, more ethnically
homogenous cohorts to validate these associations more reliably. It is
also worth noting that rare variants located in non-coding regions may
also bear disease risk. Nevertheless, deciphering their functionality and
risk contribution is still challenging, necessitating more robust meth-
ods and large-scale screening experiments. Moreover, other forms of
variants, such as structural variants, could also contribute to AD and
warrant further investigation.

In conclusion, we explored the role of rare likely-deleterious
variants in a Chinese AD population, nominated promising candi-
date genes, and validated a top candidate through base editing and
functional experiments. These findings may contribute to further
understanding of the genetic mechanisms of AD and provide new
insights into the development of targeted therapies.
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