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Abstract

INTRODUCTION: The SORL1 locus exhibits protective effects against Alzheimer’s

disease (AD) across ancestries, yet systematic studies in diverse populations are

sparse.

METHODS: Logistic regression identified AD-associated SORL1 haplotypes in East

Asian (N = 5249) and European (N = 8588) populations. Association analysis between

SORL1 haplotypes and AD-associated traits or plasma biomarkers was conducted. The

effects of non-synonymousmutations were assessed in cell-based systems.

RESULTS: Protective SORL1 variants/haplotypes were identified in the East Asian and

European populations. HaplotypeHap_A showed a strong protective effect against AD
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in East Asians, linked to less severeADphenotypes, higher SORL1 transcript levels, and

plasma proteomic changes. A missense variant within Hap_A, rs2282647-C allele, was

linked to a lower risk of AD and decreased expression of a truncated SORL1 protein

isoform.

DISCUSSION:Our transethnic analysis revealed key SORL1 haplotypes that exert pro-

tective effects against AD, suggesting mechanisms of the protective role of SORL1 in

AD.

KEYWORDS

amyloid load, APOE, association, East Asian, European, PET, Pittsburgh compound B, plasma
biomarker, protective

Highlights

∙ We examined the AD-protective mechanisms of SORL1 in the general population

across diverse ancestral backgrounds by jointly analyzing data from threeEastAsian

cohorts (ie, mainland China, Hong Kong, and Japan) and a European cohort.

∙ Comparative analysis unveiled key ethnic-specific SORL1 genetic variants and hap-

lotypes. Among these, the SORL1minor haplotype, Hap_A, emerged as the primary

AD-protective factor in East Asians. Hap_A exerts significant AD-protective effects

in both APOE ε4 carriers and non-carriers.
∙ SORL1 haplotype Hap_A is associated with cognitive function, brain volume, and the

activity of specific neuronal and immune-related pathways closely connected to AD

risk.

∙ Protective variants within Hap_A are linked to increased SORL1 expression in

human tissues.

∙ We identified an isoform-specific missense variant in Hap_A that modifies the

function and levels of a truncated SORL1 protein isoform that is poorly investigated.

1 BACKGROUND

Alzheimer’s disease (AD), characterizedbyaprogressivedecline in cog-

nitive andmemory functions, primarily affects the elderly population.1

The anticipated rise in the prevalence of AD due to population aging

will impose substantial socioeconomic burdens on both individuals and

society.1,2 However, there are currently few effective strategies to

manage or treat AD.3

As a heritable disorder, AD is attributed to multiple genetic risk

factors.4–7 Many genes that can affect the likelihood of developing

the disease have been discovered.8–14 This knowledge has provided

insights into how AD develops as well as possible intervention meth-

ods, including beta amyloid (Aβ)-targeting monoclonal antibodies15,16

and small molecules that modify apolipoprotein E (APOE) gene expres-

sion or protein function.17,18 Besides genetic factors that exert AD

risk effects, some genetic factors exhibit protective effects against

AD.19 One such candidate is SORL1, which is reported to have a pro-

tective effect against AD, highlighted by the identification of common

variants linked to reduced AD risk across diverse ancestries.20–22

However, its underlying genetic mechanism (or mechanisms) remains

unclear.

SORL1, a member of the vacuolar protein sorting receptor fam-

ily, is present in the central nervous system and can bind to apoE

protein.23,24 It is involved in the processing of amyloid precursor pro-

tein, clearance of Aβ, and regulation of neuronal functions.25–27 Asso-

ciation analysis in late-onset AD families, followed by genome-wide

association studies (GWASs) joining results from multiple AD cohorts,

identified SORL1 as a pivotal gene associated with AD, highlighted by

the discovery of common protective variants against AD.20,21,28

Apart from these protective variants, numerous studies have

emphasized the enrichment of rare coding variants in AD, including

SORL1 loss-of-function variants.24,29–32 Specifically, individuals car-

rying SORL1 loss-of-function mutations have been found to exhibit

more than a 10-fold increased risk of developing AD,30 suggesting

that altered SORL1 function due to haploinsufficiency may contribute

to AD pathogenesis.33 In addition, certain SORL1 missense variants

(including commonand rarevariants) associatedwithdecreased SORL1

expression also led to increased AD risk.20,34,35,36,37 Collectively, these
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findings underscore the significant impact of SORL1 protein function

and expression levels in AD onset and development, which are likely

influenced by SORL1 variants that contribute to AD risk.

Despite extensive research on SORL1 protein and its associated

pathways, there is a limited understanding of AD-protective SORL1

variants and their biological roles in the human system. Hence, com-

prehensively understanding theAD-protective variants of SORL1along

with their associated molecular mechanisms may help uncover molec-

ular targets for AD intervention. Given the variability in the prevalence

of SORL1 genetic variants and haplotypes across people of diverse

ancestral backgrounds, distinct variants or haplotypes may confer AD-

protective effects in people of different ancestral backgrounds. There-

fore, mapping SORL1 AD-protective variants and haplotypes across

diverse ancestral backgrounds may help identify key genetic factors

that exert significant protective effects in the general population.

Accordingly, we conducted a comprehensive genetic association

analysis using genetic data obtained from three AD cohorts of

East Asian individuals from mainland China, Hong Kong, and Japan

(N = 5249) as well as data from a European cohort (N = 8588). Our

analysis revealed the presence of variants and haplotypes in these

populations that exert significant protective effects against AD. In

particular, we identified a minor haplotype located within the SORL1

locus, Hap_A, which exhibits a major protective effect against AD

in the East Asian population (β = −0.379; meta-p = 1.32 × 10−10).

This haplotype is rare among individuals of European ancestry (fre-

quency= 0.001) but is muchmore common in individuals of East Asian

ancestry (frequency = 0.168). Furthermore, we demonstrated that

Hap_A also exerts protective effects against AD-associated endophe-

notypes, including cognitive function, brain volume, and plasma levels

of the amyloid, tau, and neurodegeneration (ATN) biomarkers (ie,

amyloid, tau, and neurodegeneration). Furthermore, we showed that

Hap_A is linked to increased SORL1 expression and may modulate bio-

logical pathways associatedwith both immune and neuronal functions.

Specifically, we identified a coding variant in Hap_A that may regulate

the function and levels of a specific truncated SORL1 isoform that has

not been extensively investigated.

2 METHODS

2.1 Study cohorts

This study included three cohorts of East Asian individuals from

mainland China, Hong Kong, and Japan, comprising a total of 5249

participants, including 2570 patients with AD and 2679 age- and sex-

matched normal controls (NCs). The data for themainlandChinese and

Hong Kong cohorts can be found in our previous publications.11,38,39

In brief, themainlandChinese cohort included 2042 participants (1128

patients with AD and 914 NCs), the Hong Kong cohort included 1239

participants (453 patients with AD and 786 NCs), and the Japanese

cohort included1968participants (989patientswithADand979NCs).

We also analyzed data from three cohorts of individuals of European

ancestry: the National Institute on Aging Alzheimer’s Disease Cen-

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the litera-

ture using traditional sources (eg, PubMed and Google

Scholar). While some studies report SORL1 genetic fac-

tors related to Alzheimer’s disease (AD) in East Asian and

European populations separately, no systematic compar-

ative analysis has considered the intrinsic differences in

the genomic structure of the SORL1 locus across different

ancestral backgrounds. The study cites relevant sources

and incorporates some prior data in the analysis.

2. Interpretation: The findings reveal the existence of dis-

tinct pools of SORL1 genetic variants that underlie the

protective effects against AD in different ethnic groups;

these might be associated with divergent genetic mecha-

nisms. Furthermore, thediscoveryof SORL1Hap_A,which

exerts major protective effects against AD while modu-

lating immune and neuronal pathways in human tissues,

may be involved in a disease mechanism. Specifically, the

observed AD-protective effect of Hap_A, evident in both

APOE ε4 carriers and non-carriers, makes it a promising

intervention target for the disease. In addition, the dis-

covery of the isoform-specific missense SORL1 variant

rs2282647 expands our understanding of the regulation

and function SORL1 protein.

3. Future directions: The study provides insights into the

precise roles of SORL1 and its dysregulation in AD in

the general population. Future research endeavors will

be required to understand the roles of the newly identi-

fied truncated SORL1 protein and evaluate the viability

of targeting SORL1 as a disease intervention strategy.

ters cohort (henceforth ADC cohort, phs000372.v1.p1; 2603 patients

with AD and 1470 NCs), the Late-Onset Alzheimer’s Disease Family

Study cohort (LOAD cohort, phs000168.v2.p2; 1537 patients with AD

and 1711 NCs), and the Alzheimer’s Disease Neuroimaging Initiative

cohort (ADNI cohort, http://adni.loni.usc.edu/; 641 patients with AD

and 626 NCs). From those three cohorts we retained only unrelated

samples of European ancestry for analysis. In addition, within the ADC

cohort, we specifically included patients with a confirmed diagnosis (ie,

autopsy-confirmed cases) in the analysis.

The demographic data of these cohorts are presented in Table S1.

The details of the quality control and imputation processes are pre-

sented in the Supplementary Methods. This study was approved by

the Clinical Research & Ethics Committees of the Joint Chinese Uni-

versity of Hong Kong – New Territories East Cluster for Prince of

Wales Hospital (CREC Reference No. 2015.461), the Kowloon Central

Cluster/Kowloon East Cluster for Queen Elizabeth Hospital (KC/KE-

15-0024/FR-3), and the Human Participants Research Panel of the

Hong Kong University of Science and Technology (CRP No. 180 and
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CRP No. 225). The analysis of the Japanese subjects was approved by

the Institutional Review Board of Niigata University (G2017-0012 and

G2018-0034). All participants provided written informed consent for

both study participation and sample collection.

We obtained some of the data used in this study from the

Alzheimer’s Disease Neuroimaging Initiative (ADNI) database

(adni.loni.usc.edu). The ADNI was launched in 2003 as a public–

private partnership led by Principal Investigator Michael W. Weiner,

MD. The primary goal of the ADNI is to determine whether serial

magnetic resonance imaging (MRI), positron emission tomography

(PET), other biological markers, and clinical and neuropsychological

assessment can be combined to measure the progression of mild

cognitive impairment (MCI) and early AD. For up-to-date information,

see www.adni-info.org.

2.2 Identification of SORL1 variants associated
with AD

To identify SORL1 variants (chr11:121252314-121833763; GRCh38)

associated with AD in the three East Asian cohorts, we analyzed the

phased, imputed genotype information. We applied logistic regression

analysis for variants with a minor allele frequency >1% using PLINK

software (version 1.9), with age, sex, and population structure repre-

sented by the top five principal components included as covariates;

the top five principal components were estimated by PLINK using the

“– pca” function.40 We then conducted meta-analysis using METAL

software.41 We applied multiple test correction with the Bonferroni

correction method using the “p.adjust()” function in R. We considered

variants with a corrected p value less than .05 to be significantly asso-

ciated with AD in the East Asian population. We retained variants that

passed the significance threshold and had a call rate greater than 0.70

across all analyzed individuals for downstream analysis.

To examine the AD associations of the identified variants in the

European population, we obtained the results of a large, recently pub-

lished GWAS by Kunkle et al.42 We considered variants with p values

below the suggestive threshold of 1×10−4 as being associatedwith AD
in the European population and used them for downstream analysis.

2.3 Prevalence, linkage disequilibrium, and
haplotype analysis of variants associated with AD

To determine whether different sets of variants contributed to AD in

people of European and East Asian ancestry, we obtained the preva-

lence of the AD-associated variants identified in the East Asian and

European populations from the gnomAD database (version 2.1.1).43

We calculated the linkage disequilibrium (LD) between the identified

variants within the respective populations (ie, 585 East Asian and 632

European participants from the 1000 Genomes Project Phase 3 data)

using the “LD()” function in the gaston package in R. For analysis, we

included the variants that remained significant after Bonferroni cor-

rection in the meta-analysis of the East Asian population as well as the

variants surpassing the suggestive threshold in the results of the AD

GWAS in the European population.44

As the variants included for haplotype and LD analysis were derived

from association analysis results using different inclusion criteria for

different ancestral backgrounds, they may exhibit different frequen-

cies, haplotype structures, and complex LD patterns. Such complex LD

patterns are difficult to resolve through traditional approaches with

manual inspection. Accordingly, to identify variants and haplotypes

that are key contributors to AD in each ancestral background, we con-

ducted unsupervised k-means clustering on pairwise LD information

from the analyzed variants using the “kmeans()” function in the R stats

package; thus, we grouped variants that share strong pairwise LD in

each ancestral background. We determined the numbers of variant

clusters using the “fviz_nbclust()” function in the R factoextra pack-

age. To visualize and identify variant clusters, we projected the variants

onto a two-dimensional plane by applying uniform manifold approxi-

mation and projection (UMAP) to the pairwise LDmatrix of the studied

variants using the “umap()” function in the R umap package.

To identify AD-associated haplotype structures present in both

European and East Asian ancestries or those uniquely present in one

ancestral background, we performed haplotype detection by leverag-

ing the phasing information present in the phased Variant Call Format

(VCF) file, as previously described.45 In brief, we selected specific

variants within haplotype blocks or variant clusters and extracted

their phased information from the VCF files. We then determined the

allele composition of each haplotype by analyzing the phased allele

information for each variant included in haplotype analysis.

2.4 Identification of SORL1 haplotypes associated
with AD

We performedmultivariate regression analysis to estimate the effects

of haplotypes on phenotypes and gene expression levels. First, we gen-

erated an N × (M + 1) matrix, where N is the number of individuals

andM is the number of detected haplotypes with frequencies greater

than 1% that are detected in the corresponding ancestral background

in the 1000 Genomes Phase 3 data. Cells with matrix-stored values

of 0, 1, or 2 represent zero, one, or two copies of specific haplotypes,

respectively. We included an additional column that sums haplotypes

with frequencies less than 1% (labeled “others”) to ensure each row

sums to 2 tomatch individuals’ diploid genomes.We excluded common

haplotypes (usually those containingmajor alleles) from the regression

model during association testing. Thus, the estimated effect sizes (ie, β
values) from themodel are relative to the common haplotype.

2.5 Cognitive function, biomarker, and
endophenotype data

We measured the cognitive performance of participants from the

mainland Chinese andHong Kong cohorts using theMini-Mental State

Examination (MMSE) and theMontreal CognitiveAssessment (MoCA),

 15525279, 0, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.14214 by H

ong K
ong U

niversity O
f, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.adni-info.org


ZHOU ET AL. 5

respectively. The scores from these tests served as indicators of their

cognitive performance. We obtained T1-weighted MRI data from 216

individuals (including 110 individuals with AD and 106 NCs) from

Prince of Wales Hospital. To quantify brain region volumes, we sub-

jected the raw imaging files to AccuBrain IV1.2 (BrainNow Medical

Technology). We retrieved plasma proteomic data from a previously

reported Hong Kong cohort, including Aβ42, Aβ40, tau, p-tau181, and
neurofilament light chain (NfL) levels measured by SIMOA assay for

377 individuals (including 184 individuals with AD and 193 NCs),

as well as 1160 proteins quantified by Olink Proteomics for 264

individuals (including 154 individuals with AD and 110NCs).46

We assessed brain Aβ load in 90 participants by PET with Pitts-

burgh compound B (PiB). Among them, we included 48 individuals with

APOE ε3 homozygosity for analysis, including 32 individuals carrying

SORL1 haplotype Hap_A and 16 non-carriers. We quantified individ-

ual Aβ load as the global (ie, whole brain) retention of PiB 35 min after

administration. To investigate the association between brain Aβ load

and cognitive functionmeasured byMoCA score, we performed robust

regression analysiswith age, sex, education level, and SORL1 haplotype

as covariates in both the Hap_A carrier and non-carrier groups.

2.6 Genotype–endophenotype and
genotype–expression association analyses of
identified haplotypes

We performed robust multivariate regression analysis to examine

the associations of SORL1 haplotypes with endophenotypes and gene

expression levels using the “lmrob()” function in the robustbase pack-

age in R. Before regression analysis, we normalized continuous vari-

ables that did not follow a normal distribution by rank-based, inverse

normal transformation using the “rankNorm()” function in the RNOmni

package in R. All association analyses were adjusted for age, sex, and

genomic structure represented by the first three principal compo-

nents. We also adjusted for additional confounding factors for specific

endophenotypes, including education level for cognitive performance,

intracranial volume for brain volume measured by MRI, and cardio-

vascular disease history for plasma proteins. For the Genotype-Tissue

Expression (GTEx) data, we included the first five principal compo-

nents, sex, sequencing platform, and sequencing protocol aswell as the

inferred covariates.We performedGeneOntology analysis by subject-

ing a list of identified proteins to the “clusterProfiler()” function in the

clusterProfiler R package.47 Gene Ontology terms with a q value (ie,

false discovery rate) less than 0.05 are presented.

2.7 Functional annotation of AD-associated
variants

We annotated genetic variants associated with the identified AD-

associated variants using candidate cis-regulatory elements (cCREs)

sourced from the SCREEN (Search Candidate cis-Regulatory Elements

by ENCODE) database.48 These cCREs were derived from an analysis

of the epigenetic profile across multiple tissues and thereby indicated

a broad regulatory influence on gene expression. To explore their reg-

ulatory effects in the brain, we extended our analysis to include the

annotations of genetic variants within the cCREs using a publicly avail-

able database of brain single-cell ATAC-seq (assay for transposase

accessibility by sequencing).49

2.8 In silico analysis of putative function of
Trp15Cys coding variant

We obtained the amino acid sequence for the SORL1 isoform,

ENST00000527934.1, from the UniProt database (accession no.:

E9PKB0). We visualized the genomic location of the rs2282647 vari-

ant inENST00000527934.1using theUCSCGenomeBrowser (https://

genome.ucsc.edu/).50 Weconducted in silicopredictionof variant func-

tion by submitting the amino acid sequence of the wild-type (WT) and

mutated proteins to the corresponding database. We predicted disul-

fatebondsusingDIpro software (version2.0) fromScratchProteinPre-

dictor (https://scratch.proteomics.ics.uci.edu/),51 disorder score using

flDPnn (https://biomine.cs.vcu.edu/servers/flDPnn/; December 2021

version),52 and signal peptide regions and cleavage sites using SignalP

6.0 (https://services.healthtech.dtu.dk/services/SignalP-6.0/).53

2.9 Confirmation of presence of truncated SORL1
isoform by long-read RNA sequencing

We retrieved the mapped Binary Alignment Map (BAM) file for

Nanopore long-read RNA sequencing data for the NA12878 lym-

phoblastoid cell line from GitHub (https://github.com/nanopore-wgs-

consortium).54 We employed the Integrative Genomics Viewer (ver-

sion2.17.4) to visualize the regionalBAMfile containingmapped reads.

We used the UCSC Human BLAT Search tool (https://genome.ucsc.

edu/cgi-bin/hgBlat) to align a read representing the candidate trun-

cated SORL1 isoform (ie, SORL1-206 or ENST00000527934.1) to the

GRCh38 human reference genome.55

2.10 Overexpression of WT and truncated SORL1
protein in HEK293T cells

We cultured HEK293T cells (ATCC) by seeding 300,000 cells onto

35-mm plates 1 day prior in DMEM (Life Technologies, 12800-017)

supplemented with 10% heat-inactivated fetal bovine serum (Corning,

35-079-CV).We transfectedHEK293T cells using Lipofectamine 3000

(Life Technologies, L3000001) with 1, 1.5, or 2 µg of either WT and

mutant SORL1plasmids.Wegenerated the SORL1plasmids by synthe-

sizing the SORL1 sequence and cloned it into thepCDNA3.1-HAvector

by Genescript.

Following transfection, we lysed HEK293T cells (>3×105 cells

per well, approximately 0.3 mg protein per well) in 1× RIPA buffer

containing protease inhibitors for 30 min using a Ferris wheel
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apparatus. We determined the protein concentration in the lysate

using the Bradford dye method (Bio-Rad, 5000006). We mixed the

protein lysate with sample buffer and 1× RIPA and then denatured

the sample by boiling at 100◦C for 5 min. We subsequently loaded

20 µg denatured protein per sample onto SDS-acrylamide gels and per-

formed electrophoreses at 50 A (25 A per gel) for 2 h. We then trans-

ferred the resolved proteins onto nitrocellulose membranes. We car-

ried out immunodetection using anti-HA tag antibody (Cell Signaling

Technology, 2367S, 1:500) and anti-α-tubulin antibody (Sigma, T9026,

1:5000).We visualized the signals using enhanced chemiluminescence

substrate and blotting using a ChemiDoc MP Imaging System (Bio-

Rad). We quantified protein abundance using Adobe Photoshop (CS6)

to analyze the mean intensity as summarized in the histogram pan-

els.Weconductedbackground subtractionby considering the intensity

from surrounding regions in the gel blots. The cDNA sequences for

both the WT and mutated proteins as well as a list of reagents and

their respective sources are presented in the Supplementary Data and

the SupplementaryMethods sections in the Supplementary Information.

2.11 Data visualization

We generated regional plots to visualize the results of the SORL1

association analysis using Locuszoom (https://my.locuszoom.org/). We

generated volcano plots and scatter plots for variant locations using

the R ggplot2 package. We generated LD plots using the “LD.plot()”

function in the R gaston package. Finally, we generated dot plots,

heatmaps, and bar charts using GraphPad Prism (version 8). We

obtained the multitissue expression quantitative trait loci (eQTL) plot

from the GTExwebsite (https://www.gtexportal.org/).

3 RESULTS

3.1 Identification of SORL1 variants protective
against AD in East Asian population

SORL1 genetic variants exerting AD-protective effects are present

across diverse populations. However, most studies involve popula-

tions of European ancestry. Therefore,we first systematically screened

for variants in the SORL1 locus that are associated with AD in the

East Asian population. Meta-analysis of three East Asian AD cohorts

(N = 5249, including 2570 patients with AD and 2679 NCs; Table

S1) revealed robust AD-protective signals in the SORL1 locus (ie,

chr11:121252314-121833763; GRCh38), tagged by the sentinel vari-

ant, rs11604897 (β = −0.354, meta-p = 3.80 × 10−11; Figure 1A).

An additional 75 variants passing Bonferroni correction were also

identified (correctedmeta-p< .05, Table S2).

While AD-protective variants in the SORL1 locus are found in indi-

viduals of European ancestry,12,42 the sentinel AD-associated variant

of SORL1 is rs11218343. However, in the East Asian population, we

identified rs11604897, which is located in the intronic region of the

gene, as the primary AD-associated variant of SORL1 (Figure 1A).

This suggests that East Asians harbor a set of AD-protective variants

in SORL1 that differs from that in individuals of European ancestry.

Therefore, to investigate whether East Asian and European popu-

lations had distinct sets of AD-protective variants and how they

exerted their effects in AD, we obtained AD GWAS data from a

recent study conducted in a population of European ancestry (“Euro-

pean AD GWAS” population hereafter).42 Intriguingly, the sentinel

AD-associated SORL1 variant identified in the East Asian population,

rs11604897, did not pass the suggestive threshold (p<1×10−4) in the

European AD GWAS population but was still significantly associated

withAD (p=4.81×10−3; Figure1B, Table S3).Moreover, of the75vari-

ants associatedwith AD in the East Asian population, only five variants

– rs11218343, rs9665907, rs3781832, rs1784920, and rs3824969 –

reached the suggestive threshold (p < 1 × 10−4) in the European AD

GWASpopulation (Figure1B, Table S3). These findings suggest that dis-

tinct sets of AD-protective genetic variants are present in populations

of East Asian and European ancestry.

3.2 Characterization of SORL1 variants protective
against AD in East Asian and European populations

The presence of distinct pools of AD-protective SORL1 variants in

the East Asian and European populations suggests the existence of

different SORL1 haplotype structures that are associated with AD in

both ancestral backgrounds. To investigate how these distinct SORL1

haplotypes conferred AD-protective effects with respect to ancestral

background, we selected variants associated with AD in both groups

for subsequent analysis. Specifically, we retained variants that were

significantly associated with AD from the meta-analysis of the East

Asian population or the European AD GWAS data for subsequent

comparative analysis (Table S3). We stratified those variants accord-

ing to the significance of the association with AD in each group. This

yielded five, 70, and 20 variants significantly associated with AD in

bothgroups, only in theEastAsianpopulation, andonly in theEuropean

population, respectively (Table S3).

To compare the possible variations of those AD-associated variants

between the East Asian and European populations, we queried the

gnomAD database for the allele frequencies of the 95 identified AD-

associated SORL1 variants and compared their prevalence between

ancestral backgrounds.38 The results revealed notable differences in

the allele frequencies of these variants. Remarkably, some of the newly

discovered AD-associated variants identified in the East Asian popu-

lation were substantially more common in the East Asian population

(frequency> 0.10) than in the European population (frequency< 0.01)

(Figure S1, Table S4).

We then conducted our LD analysis of the 95 identified AD-

associated variants within each population using genomic data from

the 1000Genomes Project.56 We excluded five variants from the anal-

ysis owing to their low frequency (minor allele frequency< 0.01) in the

East Asian population (Table S4). Accordingly, we recovered distinct

LD blocks among these 90 variants in both populations and observed

complex and different LD patterns between groups (Figures 2A and
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ZHOU ET AL. 7

F IGURE 1 Comparative analysis of SORL1 genetic variants associated with Alzheimer’s disease (AD) in the East Asian and European
populations. (A) Regional association plot of meta-analysis results for variants in SORL1 locus in East Asian population (N= 5249). The sentinel
variant, rs11604897, is highlighted. (B) Comparison of effects of variants onmodifying AD risks between East Asian (EAS) and European (EUR)
populations. The p values for AD associations in European population are fromGenome-Wide Association Study summary statistics fromKunkle
et al.42 Blue and red dashed lines represent Bonferroni-corrected p value cutoffs of .05 in EUR population andmeta-p value cutoff of 1×10−4,
respectively.

S2). Of note, specific AD-associated variants exhibited stronger LD in

the East Asian population than in the European population (Figure 2A).

This suggests that the AD-associated SORL1 variants may form unique

variant clusters as well as different haplotypes in each population,

which may account for the differing AD-protective effects of those

SORL1 variants between populations.

Therefore, to examine the clustering of SORL1 AD-associated vari-

ants in each population, we conducted unsupervised k-means cluster-

ing analysis to stratify those 90 AD-associated variants into variant

clusters according to their LD patterns (ie, pairwise correlations mea-

sured by R2). Based on the k-means clustering results, we classified

the 90 variants into four variant clusters in the East Asian population

(designated “EA_1” to “EA_4”) and six variant clusters in the European

population (designated “EU_1” to “EU_6”) (Figure 2A, Table S5). Com-

parative analysis of these SORL1 variant clusters in the East Asian and

European populations showed that the variants within a given cluster

in the East Asian population were present in different variant clusters

in theEuropeanpopulation (eg, variants in cluster EA_3werepresent in

clusters EU_1, EU_4, or EU_5) (Figure S3, Table S5). These results sug-

gest that the haplotype structures in the SORL1 locus exhibit complex

patterns between populations. Taken together, our results suggest that

SORL1 is an AD-protective genetic factor in both the East Asian and

Europeanpopulations,while different sets of variants contribute to the

AD-protective mechanism in these populations.

3.3 Analysis of variants and haplotypes
associated with protective effect of SORL1 against
AD in East Asian and European populations

The results discussed above indicate thatAD-associated variants in the

SORL1 locus form distinct variant clusters in the East Asian and Euro-

pean populations (Figure S2). Therefore, to investigate which variant

clusters (or variants) play vital roles in AD-protective effects, we con-

ducted LD and haplotype analysis to independently identify common

haplotypes (ie,minor allele frequency>1%) present in the variant clus-

ters in the twopopulationsusing the1000GenomesProject data (Table

S6).

Accordingly, in the East Asian population, LD analysis identified

five haplotype blocks within the variant clusters EA_1 to EA_4. We

excluded two variants owing to their low LD with other variants in

the East Asian population (Table S5). Notably, we subdivided variant

cluster EA_4 into EA_4a and EA_4b based on the strong LD patterns

observed within each cluster (Figures 2A and S4). Subsequent hap-

lotype and association analysis revealed that variant clusters EA_1,

EA_2, EA_3, and EA_4a exhibited AD-protective effects as indicated

by significant associations of the minor haplotypes within each variant

cluster with AD (effect size: −0.365 to −0.238, Bonferroni-corrected
meta-p < .05; Figure 2B, Tables S7 and S8). Notably, among the four

variant clusters, the minor haplotype in variant cluster EA_3 exerted

the strongest AD-protective effect (β = −0.365, Bonferroni-corrected
meta-p = 3.76 × 10−9; Table 1, Figure 2B, Tables S7 and S8). This

finding is corroborated by the results of multivariate lasso regression,

wherein the minor haplotype in EA_3 consistently exhibited dominant

AD-protective effects over other minor haplotypes from other variant

clusters (Figure S5, Table S9). Thus, we determined that the variants in

cluster EA_3 exerted major protective effects against AD in the East

Asian population.

We conducted a similar analysis in the European population using

data from the ADNI, LOAD, and ADC cohorts (N = 8588 individuals,

including 4781 patients with AD and 3807 NCs; Table S1). As variants

from variant cluster EU_1 did not exhibit LD in individuals of Euro-

pean ancestry (Figure S2), we only assessed the AD associations of the

five key variants – rs11218343, rs9665907, rs3781832, rs1784920,

and rs3824969 – which are significantly associated with AD in both

the East Asian and European populations (Figures S2 and S4). Meta-

analysis indicated that variant rs11218343 andoneminor haplotype in

variant cluster EU_5 exerted significant AD-protective effects in indi-

viduals of European ancestry (meta-p < .05; Table 1, Figure 2C, Table

S10). Thus, we successfully replicated the AD-protective effects of
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8 ZHOU ET AL.

F IGURE 2 Identification of distinct variant clusters in SORL1 locus associated with AD in East Asian and European populations. (A) Linkage
disequilibrium plots of candidate variants in East Asian population (upper panel) and European population (lower panel). Data are from
high-coverage, whole-genome sequencing data from the 1000Genomes Project Phase 3. Colors denote the pairwise R2 values among the selected
variants. Middle panel: Attributes of variants from clusters EA_1 to EA_4 in East Asian population and clusters EU_1 to EU_6 in European
population, specifically their associations with AD. Cluster EA_4 is subdivided into EA_4a and EA_4b owing to linkage disequilibrium patterns in
corresponding variants. (B)Meta-analysis results of effects of minor haplotypes with the lowest p values from each variant cluster on AD
(N= 5249). Meta-p values after Bonferroni correction calculated fromHan and Eskin’s random effects model are shown. (C)Meta-analysis results
of effects of minor haplotypes, with lowest p values from each variant cluster and five variants on AD association (*p< .05, Han and Eskin’s random
effects model). (B, C) Data aremean± 95% confidence intervals. Adj, adjusted; Both, variants significantly associated with Alzheimer’s disease in
both East Asian and European populations; Chr, chromosome; EAS, East Asian population; EUR, European population; kb, kilobase.

variant rs11218343 in the European population. Moreover, we iden-

tified a distinct variant cluster, EU_5, containing a minor haplotype

that confers protection against AD in individuals of European ancestry

(Table 1, Figure 2C, Tables S8 and S10).

3.4 Identification of SORL1 AD-protective
haplotypes

We revealed the specific variant clusters within the SORL1 locus

that are associated with major protective effects against AD in the

East Asian population (ie, EA_3) and European population (ie, EU_5

and rs11218343) (Figure 2). To comprehensively evaluate the genetic

factors of SORL1 that protect against AD in the general popula-

tion, we combined the findings from both populations, that is, we

combined the variants from variant clusters that exert dominant AD-

protective effects in both populations. In addition, we kept variants

rs9665907, rs3781832, and rs1784920 from EU_1, which are in LD

with rs11218343 in the East Asian population and are significantly

associated with AD in both the East Asian and European popula-

tions. Thus, we selected 31 variants for downstream analysis, including

rs2282647, which is present in both EA_3 and EU_5 (Figure 3A, Table

S11).

LD analysis among the 31 selected variants revealed that most vari-

ants exhibited strong LD in the East Asian population, suggesting the

presence of haplotypes associated with AD (Figure 3A). Again, these
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ZHOU ET AL. 9

TABLE 1 Associations between Alzheimer’s disease and key variants or haplotypes in each SORL1 variant cluster.

Random effects model Heterogeneity

Cluster Haplotype/SNP Study # β SE OR (95%CI) p (RE) p (RE2) I2 (%) p (Q)

East Asian

EA_1 ACTAAGGTCCGTGA 3 −0.332 0.056 0.717 (0.643−0.801) 3.79E−09 5.46E−09 0 0.896

EA_2 ACGATGCGTTTCTATA

CTACTTCATCTTG

3 −0.238 0.058 0.788 (0.704−0.883) 3.95E−05 5.30E−05 0 0.456

EA_3 TTAACGGTACAGATT

AGAC

3 −0.365 0.057 0.694 (0.621−0.776) 1.05E−10 1.64E−10 0 0.983

EA_4a AGCG 3 −0.274 0.056 0.760 (0.681−0.849) 8.82E−07 1.21E−06 0 0.505

EA_4b GGGGTCTTCGGGTT

CCCGGGGA

3 0.274 0.082 1.315 (1.120−1.545) 8.12E−04 1.07E−03 0 0.949

European

EU_1 rs9665907 3 0.349 0.989 1.418 (0.204−9.850) 7.24E−01 7.68E−01 0 0.999

EU_1 rs11218343 3 −0.238 0.105 0.788 (0.642−0.968) 2.26E−02 2.86E−02 0 0.732

EU_1 rs3781832 3 0.226 1.019 1.254 (0.170−9.237) 8.25E−01 8.69E−01 0 0.999

EU_1 rs1784920 3 0.559 1.058 1.749 (0.220−13.911) 5.97E−01 6.48E−01 0 0.998

EU_1 rs573605 3 −0.015 0.108 0.985 (0.797−1.217) 8.92E−01 9.96E−01 26.1 0.258

EU_4 AACGGTCATA 3 −0.214 0.11 0.807 (0.651−1.002) 5.29E−02 6.54E−02 0 0.760

EU_5 CAGGTCCGT 3 −0.226 0.107 0.798 (0.647−0.984) 3.50E−02 4.37E−02 0 0.726

EU_6 AAAAGCCTAATGCTTTA 3 −0.196 0.137 0.822 (0.628−1.075) 1.52E−01 1.82E−01 0 0.541

Abbreviations: AD, Alzheimer’s disease; CI, confidence interval; OR, odds ratio; Q, Cochran’s Q statistic; RE, random effects meta-analysis model; RE2, Han

and Eskin’s random effects meta-analysis model; SE, standard error; SNP, single-nucleotide polymorphism.

variants exhibiteddifferent LDpatterns in theEastAsian andEuropean

populations, suggesting that the types and frequencies of haplotypes

defined by those 31 variants vary between these groups (Figure 3A).

Accordingly, we conducted haplotype analysis using the phased

genotypes of the 31 variants from the studied AD cohorts and iden-

tified eight common haplotypes (ie, frequency > 1%) that are present

in the East Asian and/or European population (Figure 3B, Table S12).

Notably, haplotype Hap_A comprises all of the AD-protective alleles of

the 31 variants (Figure 3B). Considering the possible aggregate effects

of these protective variants, Hap_A may exhibit the strongest AD-

protective effects in the general population and may therefore be a

primary contributor to the AD-protective effect of SORL1 (Figure 3B).

Therefore, to investigate the AD-protective effects of the identified

haplotypes, we again conducted multivariate logistic regression anal-

ysis to examine their associations with AD in individual AD cohorts

(Table S12). In the East Asian population, Hap_A exhibited consis-

tent and significant AD-protective effects in all three AD cohorts as

expected (nominal p values=3.08×10−5, 2.80×10−3, and 6.19×10−5

in the mainland Chinese, Hong Kong, and Japanese cohorts, respec-

tively; Figure 3C, Table S12). Meta-analysis of the three East Asian

cohorts confirmed the significant AD-protective effects of Hap_A

(β = −0.379, meta-p = 1.32 × 10−10; Tables 2 and S13). Thus, the

results indicate that Hap_A is the primary genetic factor that exerts

AD-protective effects in the East Asian population (Figure 3C, Table

S13). In contrast, Hap_A is significantly less common in the Euro-

pean population (frequency = 0.001) than in the East Asian population

(frequency = 0.168). In addition, in the European population, hap-

lotypes Hap_C and Hap_H showed trending relationships with AD

(meta-p = 0.086 and 0.096, respectively; Figure 3C, Table S13). Meta-

analysis summarizing the results from all six cohorts again showed that

only Hap_A was significantly associated with AD (β = −0.379, meta-

p = 1.15 × 10−10, Table S13). Notably, the AD-protective effect of

Hap_A remained significant in individuals after stratifying by APOE ε4
genotype in the East Asian population (β = −0.508 and −0.319, meta-

p=5.30×10−5 and1.64×10−10 forAPOE-ε4carriers andnon-carriers,
respectively; Tables 2 and S14). Hence, our findings suggest that the

AD-protective effects of SORL1 haplotype Hap_A persist irrespective

of APOE ε4 genotype.

3.5 SORL1 haplotype Hap_A is associated with
AD-associated endophenotypes

The identification of SORL1 haplotype Hap_A provides valuable

insights into the genetic basis of the AD-protective effects of SORL1

(Figure 3). Nevertheless, it is unclear how Hap_A exerts this protec-

tive effect and which biological processes are affected. Therefore, to

investigate the biological effects of Hap_A on the human system, we

examined the associations between the allele dosage of Hap_A and

multiple AD-associated endophenotypes, including cognitive function,

brain regionvolumes, and theplasmaATNbiomarkers (ie,Aβ, p-tau181,
and NfL) (Figures 4A and S6). Accordingly, the presence of Hap_A

was associated with better cognitive performance as measured by the

MMSE score in themainland China cohort (β= 0.088, p= 2.28× 10−2).
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10 ZHOU ET AL.

F IGURE 3 Identification of AD-protective SORL1 haplotypeHap_A. (A) Linkage disequilibrium plots in East Asian population (upper panel) and
European population (lower panel) for 31 variants from variant clusters EA_3 and EU_5, four variants from EU_1 (including rs11218343), and an
additional three variants (ie, rs9665907, rs3781832, and rs1784920) in linkage disequilibriumwith rs11218343. Data are high-coverage,
whole-genome sequencing data from the 1000Genomes Project. Color denotes pairwise R2 values among the 31 selected variants. (B) Common
haplotypes (ie, frequency> 1%) defined by the selected 31 variants identified in East Asian and European populations (ie, “Major” andHap_A to
Hap_G); the “Major” haplotype denotes themost common haplotype present in the general population. Lowercase letters denote the
AD-protective alleles of corresponding variants. Purple letters denote variants associated with AD in both the East Asian and European
populations. Boldface letters denote the rs2282647 variant, which is present in both variant clusters EA_3 and EU_5. (C) Heatmap of association
results of identified haplotypes in individual cohorts as well as meta-analysis results in different ethnic groups and across all cohorts. Colors
indicate association Z-scores calculated as effect size divided by standard error. For individual cohorts, nominal p values obtained from logistic
regression are displayed; for meta-analysis results, p values fromHan and Eskin’s random effects model are displayed (***p< .001, **p< .01,
*p< .05; p values from .05 to .1 are displayed as digits). AD, Alzheimer’s disease; Both, variants exhibiting significant associations with AD in both
East Asian and European populations; EAS, East Asian population; EUR, European population; kb, kilobase; LD, linkage disequilibrium.

TABLE 2 Associations between Alzheimer’s disease and SORL1 haplotype Hap_A stratified by APOE ε4 genotype.

Random effects model Heterogeneity

Group Study no. β SE OR (95%CI) p (RE) p (RE2) I2 (%) p (Q)

All participants 3 −0.379 0.058 0.685 (0.611−0.768) 8.42E−11 1.32E−10 0 .896

APOE ε4 carriers 3 −0.508 0.115 0.602 (0.481−0.753) 3.95E−05 5.30E−05 0 .355

APOE ε4 non-carriers 3 −0.319 0.097 0.727 (0.601−0.878) 1.05E−10 1.64E−10 0 .183

Note: Data are shown for the East Asian population.
Abbreviations: AD, Alzheimer’s disease; CI, confidence interval; OR, odds ratio; Q, Cochran’s Q statistic; RE, random effects meta-analysis model; RE2, Han

and Eskin’s random effects meta-analysis model; SE, standard error.

In addition, we observed a similar trend of association between Hap_A

allele dosage and MoCA score in the Hong Kong cohort (β = 0.067,

p = 1.35 × 10−1; Figures 4A and S6, Table S15). Concordantly, in the

Hong Kong cohort, Hap_A was also significantly associated with a

larger volume of the caudate, which is affected during AD progression

(β = 0.313, p = 2.18 × 10−2), elevated plasma Aβ42/40 ratio (β = 0.279,

p= 1.22 × 10−2), and decreased p-tau181 level (β=−0.204, p= 3.36 ×
10−2) as well as a trend of elevated Aβ42 (β = 0.175, p = 7.69 × 10−2)

(Figures 4A and S6, Table S15). Overall, these findings corroborate

the observed AD-protective effects of Hap_A, which further suggests

possible associatedmolecular mechanisms.

It is noteworthy that in patients with AD in the Hong Kong cohort,

the presence of Hap_A was also associated with larger volumes of the

caudate (β=0.482, p=1.84×10−2) and amygdala (β=0.648, p=1.32×
10−3) aswell as a lower level of plasma tauprotein (β=−0.295, p=3.49

× 10−2) (Figures 4A and S6, Table S15). These findings suggest that

besides modifying AD risk, Hap_A may also modulate AD progression

after onset.

To test this hypothesis, we examined the association between Aβ
load measured by PET using PiB and cognitive performance measured

by MoCA score in an independent AD cohort from Hong Kong com-

prising individuals homozygous for APOE ε3 (n = 48). Interestingly,
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ZHOU ET AL. 11

F IGURE 4 Effects of SORL1AD-protective haplotype on AD endophenotypes and biological processes. (A) Heatmap summarizing associations
between AD-protective haplotype (Hap_A) and AD-associated endophenotypes, including cognitive function (MMSE: n= 1392 frommainland
Chinese cohort, including 1082 individuals with AD and 310NCs;MoCA: n= 1210 fromHong Kong population, including 429 individuals with AD
and 781NCs), volumes of specific brain regions (n= 216, including 110 individuals with AD and 106NCs), and levels of plasma ATN biomarkers
(n= 377, including 184 individuals with AD and 193NCs). The color scale corresponds to t values obtained from the association analysis (robust
regression, *p< .05; p values from .05 to .1 are displayed as digits). (B) Association betweenMoCA score and Aβ brain load detected by PET in
APOE ε3 homozygous individuals harboring haplotype Hap_A (n= 32) or without haplotype Hap_A (n= 16) (robust regression, ***p< .001; Z-score
test, #p< .05). (C) Volcano plot showing association between plasma proteomes and allele dosage of haplotype Hap_A in NCs (n= 110). Proteins
with a nominal p value less than .05 (robust regression) aremarked in red (positive association) or blue (negative association). Key genes that
exhibit strong associations or significant level changes aremarked in the plot. (D) Bar charts displaying biological processes in plasma proteome
that are associated with haplotype Hap_A. Red and blue denote biological processes that are positively or negatively associated with haplotype
Hap_A, respectively. Aβ, beta amyloid; AD, Alzheimer’s disease; ATN, amyloid, tau, and neurodegeneration; C-PiB, carbon-11 – labeled Pittsburgh
compound B;MMSE,Mini-Mental State Examination;MoCA,Montreal Cognitive Assessment; NC, normal control; NfL, neurofilament light chain;
p-tau181, phosphorylated tau protein at threonine 181; PET, positron emission tomography.

brain Aβ loadwas strongly negatively associatedwith cognitive perfor-
mance in AD patients without Hap_A (β = −15.489, p = 5.85 × 10−4).

However, the cognitive performance of individuals with Hap_A was

not associated with increased brain Aβ load (p = .56; Figure 4B, Table

S16).Moreover, therewas a significant difference in the slope between

Hap_A carriers and non-carriers regarding the association between

cognitive performance and Aβ load, suggesting that individuals with

Hap_A are less affected by brain Aβ load in terms of their cognitive

function (p = 4.04 × 10−2; Figure 4B, Table S16). These results collec-

tively indicate that SORL1 haplotype Hap_A is associated with lower

AD severity and accompanying cognitive decline.

3.6 Biological processes modulated by SORL1
haplotype Hap_A

The foregoing results suggest that Hap_A has modulatory effects on

various AD-related biological events, especially protective effects on

cognitive performance in the presence of increased Aβ burden. To

understand the mechanisms whereby SORL1 haplotype Hap_A exerts

such effects, we subsequently identified which biological processes it

influenced.

Accordingly, we collected high-throughput plasma protein data

from 110 cognitively NCs, including data on the abundance of 1160

plasma proteins assayed by proximity extension assay in the Hong

Kong AD cohort. Genotype–expression association analysis identified

112 proteins that were significantly associated with Hap_A, including

14 and 98 exhibiting positive and negative associations, respectively

(p < .05; Figure 4C, Table S17). The key proteins whose plasma protein

levels are modulated by Hap_A (ie, low p values or large effect sizes)

include SIGLEC10 (β = −0.678, p = 1.52 × 10−4), which is involved

in immune cell signaling, CLMP (β = −0.727, p = 4.39 × 10−4), which

is involved in osteoblast differentiation and angiogenesis, and PRTG

(β = 0.693, p = 9.85 × 10−4), which is involved in the regulation of cell

division and growth (Figure 4C, Table S17).

To further characterize the biological processes that are modulated

by Hap_A, we performed Gene Ontology analysis of the 112 dysreg-

ulated proteins. The results indicate that the corresponding genes of

the 98 downregulated plasma proteins in Hap_A carriers are involved

in multiple immune-related pathways, including “mononuclear cell
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12 ZHOU ET AL.

migration” (q = 1.20 × 10−6), “leukocyte chemotaxis” (q = 3.94 ×
10−6), and “response to tumor necrosis factor” (q = 3.48 × 10−4)

(Figure 4D, Table S18). Meanwhile, the corresponding genes of the

14 plasma proteins upregulated in Hap_A carriers are involved in

neuronal-related pathways, including “neuronal migration” (q = 2.32

× 10−3), “synaptic structure and activity” (q = 3.85 × 10−2), and

“synapse organization” (q = 3.85 × 10−2) (Figure 4D, Table S18). These

findings and the results indicating the association between Hap_A

and volumetric changes in specific brain regions collectively suggest

that Hap_A modulates neuronal pathways. Moreover, the results

imply the involvement of SORL1 in the modulation of immune-related

processes.

3.7 SORL1 variants protective against AD are
linked to increased SORL1 expression

Recent studies suggest a correlation between increased SORL1 expres-

sion and decreased AD risk.20–22 Given that most variants within

Hap_A are located in non-coding regions, they may be associated with

altered gene expression of SORL1. Therefore, we examined whether

any variants ofHap_Awere locatedwithin the regulatory regions using

the SCREENdatabase. Interestingly, someof theseAD-protective vari-

ants, such as rs75279208, reside in the pre-annotated cCREs, which

also occupy open chromatin regionswithin brain cells (Figure 5A, Table

S19).

Next, to investigate whether the AD-protective alleles were linked

to altered SORL1 transcript levels, we queried the GTEx database for

seven variants from Hap_A that reside in cCREs (Table S19). Notably,

the protective alleles of variants rs3781831 and rs75279208, which

are both located inHap_A, were associatedwith increased SORL1 tran-

script levels in humanneural tissues (Figure5B,C, Table S19). Extending

the analysis to SORL1 AD risk variants identified from the meta-

analysis results of the East Asian population uncovered four SORL1AD

risk variants showing suggestive associations with AD (nominal meta p

values from 1.68×10−4 to 4.48×10−4, Table S19); all of the risk alleles
of these variantswere associatedwith decreased SORL1 transcript lev-

els in human tissues (Figure 5D,E, Table S19). Therefore, our analysis

suggests a potential mechanism underlying the AD-protective effects

of Hap_A, specifically upregulation of the basal expression of SORL1 in

human tissues.

3.8 Isoform-specific Trp15Cys coding variant in
Hap_A

The foregoing results indicate a protective role of Hap_A in miti-

gating AD risk. To investigate the underlying biological mechanisms,

we scrutinized the functional aspects of variants within Hap_A. Of

note, we identified variant rs2282647 as an isoform-specific coding

variant situated in the exonic region of a specific SORL1 isoform,

ENST00000527934.1 (also termed “SORL1-206”), which encodes a

truncated SORL1 protein. This variant results in an amino acid sub-

stitution from tryptophan to cysteine at the 15th position (Trp15Cys,

Figure S7A).

Subsequent in silico analysis of the WT and mutated proteins indi-

cated that the rs2282647 variant (ie, Trp15Cys) had the potential to

introduce new disulfide bonds between the 11th and 15th residues

in the mutated protein (Figure S7B). Meanwhile, the variant appears

to contribute to the stabilization of the secondary structure of the

SORL1 protein isoform, as suggested by a lower disorder score in the

mutated protein compared to the WT protein in the variant proximity

regions (Figure S7C). Furthermore, given the proximity of the variant

to the N-terminal of the protein isoform, we conducted additional in

silico analyses for the signal peptide and cleavage site prediction in

both the WT and mutated proteins. Intriguingly, we identified a sig-

nal peptide and corresponding SPase I cleavage site in the mutated

protein that was not present in the WT protein (Figure S7D). Thus,

the Trp15Cys mutation may modify the localization or stability of the

truncated SORL1 protein isoform.

We extended our investigation to the Nanopore long-read RNA

sequencing data derived from the NA12878 lymphoblastoid cell line

and confirmed the existence of this truncated isoform in the human

system (Figure S8). In addition, to assess the influence of the Trp15Cys

mutation in a biological context, we created vectors expressing dis-

tinct HA-tagged versions of both WT and truncated mutated SORL1

proteins each harboring the Trp15Cys mutation. We then transfected

these constructs into HEK293T cells. Interestingly, the level of trun-

cated mutated SORL1 protein exhibited a noteworthy decrease, being

approximately 17% lower than that of the WT protein (p = .0094;

Figure 6A,B). Collectively, these results suggest the putative roles of

rs2282647 (Trp15Cys) in conferring a protective effect against AD

by specifically altering protein function and the level of one SORL1

isoform.

4 DISCUSSION

Genetic analysis of AD can help predict disease risk, assist diagnosis,

and develop interventions. Many recent studies focus on genetic

factors associated with an increased risk of AD, such as APOE and

TREM2.57–59 Of note, recent research on AD-protective variants,

including SPI1 haplotypes and APOE coding mutations (eg, the

Christchurch and Jacksonville mutations), have revealed biological

pathways thatmay be associatedwith a reduced risk of AD.60–63 These

findings provide valuable insights into the development of intervention

strategies for AD. Of note, SORL1 is a leading AD GWAS candidate

whose common variants exert AD-protective effects in multiple

ethnic groups.20–22 Accordingly, in the present study, we conducted

transethnic, fine-mapping analysis of SORL1 AD-protective genetic

factors in both East Asian and European populations.38 Our analysis

identified variants and haplotypes that exert strong AD-protective

effects but have not been covered by large-scale GWASs.64 Specifi-

cally, we identified SORL1 haplotype Hap_A, which confers dominant

AD-protective effects in the general population. Meanwhile, the

results of our meta-analysis of the East Asian population corroborate
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ZHOU ET AL. 13

F IGURE 5 Effects of SORL1AD-protective and risk alleles onmodulation of SORL1 transcript expression. (A) Visualization of SORL1AD risk
and AD-protective variants that sit in candidate cis-regulatory regions and brain cell active chromatin regions. The AD risk and protective variants
are denoted in red and blue, respectively. The track visualizes the SORL1 isoforms, location of AD-protective and risk variants, and signals of brain
single-cell ATAC-seq data retrieved fromCorces et al.49 (B) Association of AD-protective variant, rs75279208, with elevated SORL1 transcript
levels across different tissues in GTEx dataset. (C) SORL1 transcript levels in nerve tissue among rs75279208 carriers (n= 23) and non-carriers
(n= 509) (robust linear regression, ***p< .001). (D) Association of AD risk variant, rs1792125, with reduced SORL1 transcript levels across
different tissues in GTEx dataset. (E) SORL1 transcript levels in esophageal tissue stratified by rs1792125 genotype (n= 105, 225, and 135 for
homozygous non-carriers, heterozygous carriers, and homozygous carriers, respectively; robust linear regression, **p< .01, ***p< .001). AD,
Alzheimer’s disease; ATAC-seq, assay for transposase accessibility by sequencing; eQTL, expression quantitative trait loci; GTEx, Genotype-Tissue
Expression Project; NES, normalized effect size.

F IGURE 6 Impact of isoform-specific Trp15Cys coding variant onmodulation of truncated SORL1 protein levels. (A)Western blots depicting
expression levels ofWT andmutated (W15C) HA-tagged truncated SORL1 proteins transfected into HEK293T cells with 1-, 1.5-, or 2-µg plasmids.
The truncated SORL1 protein was detected using HA antibody, with α-tubulin concurrently blotted as loading control. (B) Dot plot illustrating
relative expression levels betweenWT andW15CHA-tagged truncated SORL1 proteins. The expression of mutated SORL1 protein is normalized
to both α-tubulin andWT SORL1 protein. Amixed-effects model (ie, REML) was employed to examine the impacts of both batch effects and
mutation on themodulation of the truncated SORL1 protein. **p< .01 indicates a significant effect of the Trp15Cysmutation on themodulation of
protein level. SORL1-HA, HA-tagged truncated SORL1 protein;W15C, mutated truncated SORL1 protein with Trp15Cysmutation;WT, wild type.
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14 ZHOU ET AL.

findings reported in the literature, revealing significant associations at

many of the reported AD-associated sites (Tables S20 and S21). Taken

together, our analysis reveals specific genetic factors in the SORL1

locus that confer AD-protective effects.

Previous functional studies of SORL1 protein in the context of AD

primarily focus on its role in modulating amyloid precursor protein

trafficking.27 SORL1 directs the trafficking of amyloid precursor pro-

tein toward recycling pathways, thereby influencing the production

of Aβ.20 Concordantly, a recent study using SORL1-depleted human

induced pluripotent stem cells suggests that SORL1 is crucial for

endosomal trafficking in human neurons.65 Notably, our genotype–

proteome association analysis suggests that SORL1 modulates both

synaptic- and immune-associated pathways (Figure 4D). These find-

ings corroborate previous studies indicating the presence of novel

SORL1 isoforms in neuronal dendrites66 as well as the roles of SORL1

in the human microglial endolysosomal system.26 Therefore, further

investigation is required to elucidate how SORL1 impacts synaptic

and immune functions as well as its potential relationships with AD

pathogenesis and progression.

Notably, our analysis revealed the isoform-specific coding variant

rs2282647, resulting in a tryptophan-to-cysteine substitution at the

15th position within a less-explored truncated SORL1 protein (Figure

S7). Importantly, this variant stands out as the sole variant present

in minor haplotypes associated with AD in both the European pop-

ulation (ie, in variant cluster EU_5) and East Asian population (ie, in

variant cluster EA_3; Figure 3), underscoring its potentially pivotal role

in conferring AD-protective effects. Furthermore, our in silico analy-

sis indicates a probable role of rs2282647 in modulating the structure

and function of this relatively unexplored SORL1 isoform (Figure S7).

Subsequent examination of long-read sequencing data supportedd the

presence of this isoform in the human system (Figure S7), and our cell-

based experiment further elucidated its role in modulating the levels

of truncated SORL1 proteins (Figure 6). Hence, studies involving pre-

cise functional assessmentwill be required to delineate the roles of this

SORL1 isoform in both normal physiological and disease contexts.

The FDA-approved Aβ monoclonal antibodies, aducanumab and

lecanemab, bring side effects specifically in APOE ε4 carriers, who

constitute a sizable population with an elevated risk of developing

AD.16,67 For instance, in the CLARITY AD trial for lecanemab, the inci-

dence of amyloid-related imaging abnormalities varied among APOE

ε4 non-carriers (5.4%), APOE ε4 heterozygotes (10.9%), and APOE ε4
homozygotes (32.6%).68 This highlights the need for further explo-

ration of alternative intervention strategies tailored specifically to

APOE ε4 carriers. Our current analysis demonstrates a consistent pro-

tective effect of SORL1 haplotype Hap_A irrespective of APOE ε4
genotype (Table S19). Notably, the AD risk associated with APOE ε4
appears to be lower among Hap_A carriers than non-carriers, with

odds ratios of 3.39 and 3.77, respectively (Table S19). This protective

effect may be due to the modulation of SORL1 expression or func-

tion of SORL1 protein. Consequently, targeting SORL1 expression or

related pathways is emerging as a promising intervention strategy for

AD, particularly among APOE ε4 carriers, who face heightened risks

when undergoingmonoclonal antibody therapy.

Accumulating evidence underscores the importance of studying

genetic disease risks in people who are not of European ancestry.69–71

Interactions between diverse genomic structures and ethnic back-

grounds can produce genetic findings that are not generalizable to

other populations. In addition to uncovering previously unknown

genetic risks that contribute to diseases, the present study also show-

cases the utility of transethnic genetic analysis, which refines analyses

of known genetic risk loci and reveals key population-specific genetic

factors. Consequently, further investigation ofADgenetic risks inmore

diversepopulationswill advanceourunderstandingof currently known

genetic risk factors. In turn, thismay facilitate the integrationof genetic

data into routine clinical practice and therapeutic development.
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