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Background: Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease with a substantial genetic 

background. However, its underlying genetic architecture remains to be elucidated. 

Methods: In this study, we performed whole-exome sequencing in 282 familial and/or early-onset AD patients 

and 1086 cognitively normal controls in the Han Chinse populations. According to minor allele frequency, vari- 

ants were divided into common variants (MAF ≥ 0.01) and rare variants (MAF < 0.01). Common variant-based 

association analysis and gene-based association test aggregating rare variants were performed by PLINK 1.9 and 

Sequence Kernel Association Test-Optimal, respectively. We replicated the significant results by using the same 

AD samples and controls from whole genome sequencing ( n = 1879). Furthermore, we determined the functions 

of the novel AD risk genes in vitro . 

Results: Common variants association analysis revealed that APOE rs429358 reached statistical whole-exome 

significance. Gene-level aggregation testing identified that rare damaging variants in LMTK2 and CRB1 conferred 

risk to AD. All variants are located in highly conserved amino acid regions and are predicted to be damaging. 

Furthermore, functional studies showed that LMTK2 rare damaging variants (R234P and S974G) enhanced tau 

phosphorylation levels, tau aggregates formation, and A 𝛽 generation. Meanwhile, the CRB1 Y556X variant caused 

incomplete translation of CRB1 protein and increased the A 𝛽42 level and A 𝛽42/A 𝛽40 ratio. 

Conclusion: Our findings indicated that LMTK2 and CRB1 are two novel AD risk genes in Han Chinese, which 

may provide promising targets for diagnosis and intervention. 
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. Introduction 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative

isease and one of the most burdening diseases worldwide [ 1 ]. AD

s characterized by progressive cognitive impairment and a decline

n personal daily activities. The typical neuropathologic hallmarks

nclude extracellular 𝛽-amyloid (A 𝛽) plaque accumulation and in-

racellular neurofibrillary tangles of hyperphosphorylated Tau [ 2 ].

enetic, environmental, and aging factors contribute to AD, among

hich genetic factors play a strong role. According to age at onset

AAO), AD is classified into early-onset AD (EOAD, typically AAO < 65

ears) and late-onset AD (LOAD, typically AAO ≥ 65 years). LOAD is a
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omplex disease with a heritability of 58–79 %, while EOAD is almost

ntirely genetically determined, and heritability ranges from 92 %

o 100 % [ 3 ]. Using linkage analyses, three causal genes of AD were

dentified, namely APP (A 𝛽 precursor protein), PSEN1 (Presenilin-1),

nd PSEN2 (Presenilin-2) genes [ 4–6 ]. Our group previously identified

hat only 1.65 % of EOAD patients carried disease-causing variants in

he APP, PSEN1 , and PSEN2 genes in the Han Chinese population [ 7 ].

n the Caucasian population, roughly 1.35 % of EOAD patients carried

he disease-causing gene variants in these genes [ 8 ]. These studies

uggest that the proportion of causal gene variants in AD is relatively

ow, and there are still other causal and/or susceptibility genes to be

xplored. 
uth University, 87 Xiangya Rd, Changsha, PR China. 

 February 2025 

RDI Publisher. This is an open access article under the CC BY-NC-ND license 

https://doi.org/10.1016/j.tjpad.2025.100087
http://www.ScienceDirect.com/science/journal/22745807
http://www.elsevier.com/locate/tjpad
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tjpad.2025.100087&domain=pdf
mailto:Shilin_luo@csu.edu.cn
https://doi.org/10.1016/j.tjpad.2025.100087
http://creativecommons.org/licenses/by-nc-nd/4.0/


X. Xiao, H. Liu, R. Yao et al. The Journal of Prevention of Alzheimer’s Disease 12 (2025) 100087

 

e  

c  

c  

i  

m  

n  

l  

[  

p  

f  

l  

f  

t  

p  

t  

s  

n  

a  

o

2

2

 

t  

c  

i  

2  

c  

t  

a  

a  

d  

A  

c  

u  

d  

i  

s  

a  

c  

M  

B  

c

2

 

A  

H  

t  

t  

W  

i  

m  

h  

(

T  

r  

A  

(  

p  

s  

m  

a  

(  

n  

[  

r  

c  

f  

0  

d  

m  

f  

≥  

o  

H  

w

2

 

v  

w  

1  

a  

t  

g  

b  

d  

t  

c  

t

2

 

t  

(  

T  

n  

(  

2  

#  

F  

A  

#  

t  

A

2

 

c  

h  

1  

h  

j  

f  

t  

a  

f

2

 

R  

a  

b  
Genome-wide association studies (GWASs) identified more than

ighty AD/dementia susceptibility loci. Nevertheless, most loci are lo-

ated in non-coding regions with small to moderate effect sizes and

apture a fraction of the heritability, and almost 59 % of AD heritabil-

ty remains unexplained. The missing heritability can be attributed to

any factors, including rare variants [ 9 ]. Thanks to the advances of

ext-generation sequencing technologies, dozens of rare variants with

arger effect sizes were identified in AD, such as UNC5C [ 10 ], TREM2

 11 ], and PLD3 [ 12 ]. However, most genetic studies are from Caucasian

opulations, and population heterogeneity exists towards genetic risk

actors. For example, even the most important risk gene, APOE , its risk

evel varies among different populations. The risk of APOE 𝜺 4 decreased

ollowing East Asian, White, Black, and Hispanic [ 13 ]. Thus, given that

he number of AD patients in China accounts for about 25 % of dementia

atients worldwide [ 14 ], it is important to investigate the genetic fac-

ors in the Chinese population. In this study, we conducted whole-exome

equencing (WES) of AD patients and health controls, and identified two

ovel susceptibility genes, LMTK2 and CRB1 , in the Chinese population,

s well as confirmed the variants in LMTK2 and CRB1 could induce the

nset of AD in the in vitro experiments. 

. Materials and methods 

.1. Subjects 

To increase the possibility of identifying true AD risk genes, an ex-

reme phenotype sampling strategy was applied in the WES stage ac-

ording to a previous report [ 15 ]. The inclusion criteria of AD patients

nclude (i) AAO ≤ 55 years old and/or (ii) with a positive family history.

82 AD patients met the criteria from Xiangya Hospital and 1086 health

ontrols from a community in Hunan, China. All of them were from Cen-

ral Southern China, including the provinces of Hunan, Jiangxi, Hubei,

nd Guizhou. We only included the probands for familial AD patients,

nd no other family members were enrolled. The AD patients were

iagnosed by two neurologists using the National Institute on Aging-

lzheimer’s Association criteria for probable AD [ 16 ]. Participants with

ausative variants for AD ( APP, PSEN1 , and PSEN2 ) had been excluded

sing Sanger sequencing. Several neuropsychological tests were con-

ucted on the AD patients by an experienced clinical neuropsychologist,

ncluding the Mini-Mental State Exam (MMSE), Montreal Cognitive As-

essment (MoCA), the activity of daily living (ADL), and Neuropsychi-

tric Inventory (NPI), and Clinical Dementia Rating (CDR). The health

ontrols showed no cognitive impairment using clinical inquiries and

MSE assessments. This study was approved by the Institutional Review

oard of Xiangya Hospital, Central South University. Written informed

onsent was obtained from each participant or their guardian. 

.2. Whole-exome sequencing and whole-genome sequencing 

Genomic DNA was extracted from peripheral blood leukocytes.

ll DNA samples were normalized to 100 ng/ 𝜇L. The SureSelect

uman All Exon Kit V6 (Agilent) captured whole-exome DNA on

he Illumina × 10 platform. The average depth was 129 ×, and

he percentage of base sequences ≥ 10 × reached more than 99 %.

hole-genome sequencing (WGS) was performed on each partic-

pant on the BGI-seq 500 platform (BGI, Shenzhen, China). The

ean WGS depth was 30 × per sample on average in our co-

ort. The low-quality reads of fastq data were removed by FastQC

 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ ). 

hen, paired-end sequence reads were aligned to the human

eference genome (UCSC hg19) using the Burrow-Wheeler

ligner software ( http://bio-bwa.sourceforge.net) [ 17 ]. Picard

 http://broadinstitute.github.io/picard/ ) was used to remove du-

licate sequence reads, generate the converse format, and index the

equencing data. The base quality-score recalibration, local realign-

ents around possible insertions/deletions (indels), variant calling,
2

nd filtering were conducted with the Genome Analysis Toolkit

 https://software.broadinstitute.org/gatk/ ) [ 18 ]. The variants were an-

otated using ANNOVAR ( https://hpc.nih.gov/apps/ANNOVAR.html )

 19 ] and VarCards ( http://genemed.tech/varcards/ ) [ 20 ], such as

egions, amino acid alterations, and allele frequencies. Variants were

lassified into common variants and rare variants based on minor allele

requencies (MAF) at a threshold of 0.01 (common variants: MAF ≥

.01; rare variants: MAF < 0.01). In our study, ReVe, an algorithm

eveloped by our group, and CADD were used to predict deleterious

issense variants. The damaging variants were defined by loss-of-

unction (LoF) or missense variants with ReVe ≥ 0.5 [ 20 ] and CADD

 20 [ 21 ]. LoF variants involved variants resulting in stop, frameshift,

r splice-site disruption. The variants were named according to the

uman Genome Variation Society guidelines [ 22 ]. Sanger sequencing

as carried out in patients with significant genes. 

.3. Quality control 

The VCF data were recoded into PLINK format for variant and indi-

idual quality control using PLINK v1.9 [ 23 ]. We filtered out variants

ith genotyping rate < 95 %, Hardy–Weinberg equilibrium P value <

 × 10− 6 in the controls, genotype quality ≤ 30, depth ≤ 20, allelic bal-

nce out of 25 %/75 % ratio of referent and alternate allele reads in

he heterozygote, and allelic balance out of 95 % ratio in the homozy-

ote. Individuals were excluded if they had conflicting sex assessments

etween recorded sex and inferred sex, cryptic relatedness (identity by

escent > 0.125), too much missing genotype data ( > 5 % missing geno-

ypes), and deviating heterozygosity ( ± 3 standard deviations). The prin-

ipal component analysis (PCA) was conducted on the remaining par-

icipants to remove the outliers. 

.4. Antibodies 

The following primary antibodies were used: anti-Flag (Protein-

ech, #66008–4-lg), anti-Tau5 (Invitrogen, #13–6400), anti-p-Tau T181

Invitrogen, #701530), anti-p-Tau S202 (Abcam, #ab108387), anti-p-

au S396 (Invitrogen, #44–752 G), anti-p-PP1 𝛼 (Cell signaling Tech-

ology, #2581), anti-PP1C (Abcam, #AB134947), anti-p-GSK3 𝛽 Ser9

Cell signaling Technology, #5558), anti-BAX (Proteintech, #50599-

-lg), anti-Bcl2 (Proteintech, #12789-1-AP), anti-GAPDH (Proteintech,

60004-1-lg), anti-GSK3 𝛽 (Cell Signaling Technology, #12456), anti-

lag (Proteintech, #20543-1-AP), anti-APP (Abcam, #32136), anti-

DAM10 (Cell Signaling Technology, #14194), anti-BACE1 (Abcam,

ab108394), anti-PSEN1 (Proteintech, 16163-1-AP), anti-PSEN2 (Pro-

eintech, 116168-1-AP), and anti- 𝛽-tubulin (Proteintech, #10,094–1-

P). 

.5. Cell lines and transfection 

HEK293, HEK293-APPswe, and HEK293-Tau RD (repeat domain)

ells were cultured in high-glucose DMEM and SH-SY5Y-APPswe cells in

igh-glucose DMEM/F12. The cultural medium was supplemented with

0 % FBS and penicillin (100 units/mL)/streptomycin (100 μg/mL). All

igh-expression plasmids were constructed by Genscript Biotech (Nan-

ing, China) with pcDNA 3.1 backbone. The cell transfection was per-

ormed using Lipofectamine 3000 (Invitrogen, #L3000075) according to

he manufacturer’s protocol with Opti-MEM (Invitrogen, #31,985,070)

s the transfection solution. Transfected cells were incubated at 37 °C

or 48 h and harvested for further experiments. 

.6. Transduction of cells with PFFs 

Tau-RD domain (K18, 1 mg/mL) was transduced into HEK293-Tau

D cells according to the previously described method [ 24 ]. Briefly,

fter the plasmid transfection for 24 h, one microgram of K18 was com-

ined with Opti-MEM and then added to another tube with 96 μL of

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://bio-bwa.sourceforge.net\051
http://broadinstitute.github.io/picard/
https://software.broadinstitute.org/gatk/
https://hpc.nih.gov/apps/ANNOVAR.html
http://genemed.tech/varcards/
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pti-MEM and 4 μL of Lipofectamine 3000. The reagents were incu-

ated for 20 min and then added to the culture medium. To observe

au aggregates, cells were fixed with 4 % paraformaldehyde for 10 min

t room temperature, followed by DAPI staining for 5 min. The cell sec-

ions were mounted to take pictures on a microscope (Leica Thunder). 

.7. Western blotting 

To prepare whole-cell lysates, the mouse brain tissues were lysed

n RIRA buffer (NCM, #WB3100) containing a mixture of protease and

hosphatase inhibitors on ice for 15 min. Lysates were centrifuged at

5,000 rpm for 15 min at 4 °C, and then the supernatant was collected

nd subjected to protein concentration determination by BCA assay. An

qual amount of protein was loaded for immunoblotting with specific

ntibodies indicated. 

.8. A 𝛽42/A 𝛽40 quantification 

The quantification of A 𝛽40 and A 𝛽42 was measured using an

nzyme-linked immunosorbent assay (ELISA). The SH-SY5Y-APPswe

ells culture medium was collected from each test group and cen-

rifuged. The supernatants were collected, and the levels of A 𝛽40 and

 𝛽42 were determined in accordance with the operating instructions

f the human A 𝛽40 ELISA kit (Elabscience, #E-EL-H0542) and human

 𝛽42 ELISA kit (Elabscience, #E-EL-H0543), respectively. 

.9. Statistical analysis 

For common variants, logistic regression analysis was performed

o test the allele dosage difference between AD patients and controls.

or rare variants, using the Sequence Kernel Association Test-Optimal

SKAT-O test) [ 25 ], the gene-based association tests were performed by

ggregating rare variants with a MAF threshold of ≤ 1 % and a minor

llele count ≥ 2 between AD patients and controls [ 26 ]. Rare variants

ere classified into several groups: rare damaging variants, rare dam-

ging missense variants, rare LoF variants, and rare missense variants.

ge, sex, APOE 𝜀 4 status ( APOE 𝜀 4 + , APOE 𝜀 4–), and the first five prin-

ipal components were adjusted in the common and rare variant asso-

iation analyses. A cutoff P value ∗ n < 0.05 was statistically signifi-

ant (n is defined by the number of variants or genes). All experimental

ata were expressed as mean ± SEM from three or more independent

xperiments. Histological data were analyzed using either Student’s t -

est (two-group comparison) or one-way ANOVA with Tukey’s multiple-

omparisons test. The threshold for significance for all experiments was

et ∗ P < 0.05, and smaller P values are represented as ∗ ∗ P < 0.01 and
 ∗ ∗ P < 0.001. 

. Results 

.1. Demographic and clinical information 

We applied an extreme phenotype sampling strategy to perform WES

o increase the likelihood of identifying the true risk variants. A total of

82 unrelated AD patients with an early AAO (AAO ≤ 55) and/or family

istory. Among them, there are 168 participants with AAO ≤ 55 years

ld, 40 of whom have a positive familial history. Also, 1086 normal con-

rols were enrolled. The average AAO of AD patients was 59.70 years,

nd the average age of controls was 68.00 years. There was a significant

ifference between AD patients and controls concerning age ( P < 0.001).

he MMSE scores of AD patients were significantly lower than those of

ontrols ( P < 0.001), and the average MoCA, CDR, ADL, and NPI scores

ere 7.52, 1.27, 32.05, and 16.80, respectively (Supplementary Table

). Meanwhile, we enrolled 1879 controls for replication using WGS.

he average enrolled age was 65 years old, which was also lower than

he AAO of the AD patients ( P < 0.001). Similarly, the mean MMSE score

as 26 and higher than that of the AD group ( P < 0.001). The controls

f WGS did not overlap with those of WES. 
3

.2. Common variant association test 

After sample quality control, 5 AD patients and 45 controls were

xcluded. Thus, a total of 277 AD patients and 1041 controls were in-

luded in subsequent association analysis. For common variants, after

ariation quality control, a total of 121,333 common variants were in-

luded in the analysis. The plot of PCA indicated that the population

tructure of AD and control group was consistent (Supplementary Fig.

A), and the genomic inflation factor was 0.957. The QQ plot showed no

bvious stratification in the population (Supplementary Fig. 1B). After

djusting for confounding factors, including sex, age, APOE 𝜀 4 carrier

tatus ( APOE 𝜀 4 + and APOE 𝜀 4 − ), and principal components, only

POE rs429358 reached the level of statistical difference across the ex-

me ( P = 4 0.10 × 10–7 ) (Supplementary Fig. 1C). 

.3. Gene-level aggregation testing identified LMTK2 and CRB1 as novel 

D risk genes 

After quality control, rare variants were collapsed together and the

KAT-O test analyzed their joint effects. When analyzing the rare dam-

ging missense variants, 10,627 genes were left, and we identified that

MTK2 reached statistical significance between AD patients and con-

rols (adjusted P = 3.37 × 10–6 ) ( Fig. 1 A). Specifically, two rare dam-

ging missense variants, p.R234P and p.S974G existed in two and three

D patients, respectively. However, these variants were absent in con-

rols ( Fig. 1 B). Furthermore, in the rare damaging variant group, 7317

enes were included for analysis. Among them, CRB1 is significantly as-

ociated with AD (adjusted P = 5.33 × 10–8 ) ( Fig. 2 A). A total of four

are damaging variants were found in the CRB1 gene. Among them,

.E153 K was identified in 14 AD patients and 9 controls. Both p.Y655X

nd p.C1124R were detected in two AD patients and absent in controls.

oreover, one AD patient and one control carried p.A1304D in the CRB1

ene ( Table 1 ) ( Fig. 2 B). LMTK2 and CRB1 rare variants were confirmed

y Sanger sequencing. All of the abovementioned variants are located

n highly conserved amino acid regions ( Figs. 1 C and 2 C), among which

he missense variants are classified as damaging by ReVe and CADD. Us-

ng a public brain single-nuclei RNA sequencing (RNA-seq) study from

D patients and controls, we found that LMTK2 and CRB1 are expressed

n almost all kinds of cells, including neurons and neurogliocytes (Sup-

lementary Fig. 2). 

.4. Replication of the association of LMTK2 and CRB1 with AD 

To verify the association of LMTK2 and CRB1 with early-onset and fa-

ilial AD, we screened these variants using the same AD patients from

ES ( n = 282) and controls from WGS ( n = 1879). We successfully

eplicated the association of LMTK2 and CRB1 rare variants with AD.

pecifically, rare variants of LMTK2 (adjusted P = 1.88 × 10–6 ) and

RB1 (adjusted P = 1.54 × 10–5 ) conferred risk to AD in the replica-

ion stage. In the combined analysis with all samples, including 282 CE

atients and 1082 controls in the WES stage, as well as 1879 controls

rom the WGS stage, which demonstrated that both LMTK2 (adjusted

 = 3.52 × 10–9 ) and CRB1 (adjusted P = 5.83 × 10–7 ) rare variants

ere associated with AD risk ( Table 1 ). Additionally, we successfully

eplicated the LMTK2 and CRB1 rare damaging variants by using the

ame AD patients and replacing controls from gnomAD and ChinaMAP

 P < 0.05) (Supplementary Table 2). 

.5. LMTK2 rare variants augment tau phosphorylation and A 𝛽 generation 

To investigate the effects of LMTK2 rare variants on tau phosphory-

ation, Different Flag-LMTK2 plasmids (vector, WT, R234P, and S974G )

ere co-transfected with equal human HA-Tau into HEK293 cells. Im-

unoblotting showed that overexpression of LMTK2 WT significantly

educed p-Tau T181, S202, and S396 levels compared to that in the

ector group. However, compared to the WT group, the levels of these
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Fig. 1. LMTK2 rare damaging variants with early-onset and/or familial AD. (A) Manhattan plot of the exome-wide rare damaging missense variants association 

analysis Red line indicates the exome-wide significance (10,627 genes were included, P value < 4.70 × 10–6 (0.05/10,627) was significant). (B) Rare damaging 

missense variants in the LMTK2 gene in AD patients and controls. LMTK2 contains a kinase domain (KD), a Myosin VI binding domain (MBD), and a tail domain. 

(C) The p.R234P and p.S974G are conserved in different species, which are highlighted in the red boxes. 

Table 1 

LMTK2 and CRB1 rare variants conferred risk for AD in Han Chinese. 

Gene Variant AD 

Control 

ReVe CADD 

Adjusted P 

WES WGS WES WGS combined 

LMTK2 c.701G > C:p.R234P 2/554 0/2082 0/3758 0.568 20.6 3.37 × 10–6 1.88 × 10–6 3.52 × 10–9 

c.2920A > G:p.S974G 3/554 0/2082 4/3758 0.749 26.3 

CRB1 c.457G > A:p.E153K 14/554 9/2082 27/3758 0.714 25.3 5.33 × 10–8 1.54 × 10–5 5.83 × 10–7 

c.1965T > A:p.Y655X 2/554 0/2082 0/3758 – 33 

c.3370T > C:p.C1124R 2/554 0/2082 0/3758 0.935 26 

c.3911C > A:p.A1304D 1/554 1/2082 0/3758 0.746 24.1 

Abbreviations: Adjusted P: adjusted by age, sex, APOE 𝜀 4 carrier status, and PC1-PC5. 

4
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Fig. 2. CRB1 rare damaging variants with early-onset and/or familial AD. (A) Manhattan plot of the exome-wide rare damaging variants association analysis. The 

red line indicated the exome-wide significance (7317 genes were included, P value < 6.83 × 10–6 (0.05/7317) was significant). (B) Rare damaging variants in the 

CRB1 gene in AD patients and controls. CRB1 contains transmembrane (TM) domains, epidermal growth factor-like (EGF) domains, and Laminin G (LamG) domains. 

(C) The p.E153 K, p.Y655X, p.C1124R, and p.A1304D in the CRB1 gene are conserved in different species. The variants are highlighted in the red boxes. 
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au phosphorylation sites were significantly augmented in response to

he LMTK2-R234P and S974G mutant proteins ( Fig. 3 A and B). As re-

orted in a previous study [ 27 ], transduction of Tau PFFs induces the

ormation of Tau aggregation in the HEK293-Tau RD cells. We further

ompared the seeding activity of PFFs formed by K18 in the presence

f LMTK2 WT and variants (R234P and S974G). Microscopic obser-

ation demonstrated that K18-induced Tau aggregates formation and

MTK2 WT significantly blocked the process, but the aggregates sig-

ificantly augmented in the presence of R234P or S974G variant in

MTK2 compared to the WT group ( Fig. 3 C and D). To further explore

he possible mechanism of increased Tau phosphorylation caused by

MTK2 variants, we detected the activity of PP1C and GSK3 𝛽 because

he LMTK2/PP1C/GSK3 𝛽 signaling pathway plays a crucial role in neu-

onal outgrowth and development and axonal transport [ 28 ]. As ex-

ected, activated LMTK2 inactivated PP1C by phosphorylating it, which

eads to increased phosphorylation of GSK3 𝛽. However, there was a sig-

ificant loss of this regulatory function of LMTK2 caused by the R234P

r S974G variant ( Fig. 3 E and F), which led to Tau aggregation. 

Additionally, to investigate the effects of the LMTK2 rare variants on

 𝛽 and cell apoptosis, LMTK2 WT and its variants were transfected into

H-SHY5Y-APPSwe cells. ELISA demonstrated that WT significantly re-

uced the levels of A 𝛽42 and A 𝛽40 compared to the vector group, and

234P and S974G variants weakened this effect even though the ratio

f A 𝛽42/A 𝛽40 did not significantly change ( Fig. 3 G). Meanwhile, im-

unoblotting showed that the levels of apoptotic proteins BAX (BCL2

ssociated X) and BCL2 in SH-SHY5Y-APPSwe cells have no significant

lteration among LMTK2 groups ( Fig. 3 H and I). Thus, these results con-

rm that both LMTK2 variants in R234P or S974G could induce Tau

ggregations and A 𝛽 generation in vitro . 

.6. CRB1 Y556X variant increased amyloidogenesis 

Human CRB2 inhibits 𝛾-secretase cleavage of APP by incorporat-

ng itself into the 𝛾-secretase complex [ 29 ]. To investigate the effect of

RB1 rare variants on APP processing and A 𝛽 generation, we transfected

RB1 WT and variants plasmids (E153 K, Y655X, C1124R, and A1304D)

nto SH-SY5Y-APPSwe cells. Y665X variant resulted in the incomplete

ranslation of CRB1 protein and markedly reduced the APP level com-

ared to other groups ( Fig. 4 A and B). The expression of other secre-

ases involved in APP cleavages, such as ADAM10, BACE1, PSEN1, and

SEN2, has no significant alterations between WT and variants ( Fig. 4 A).

urthermore, secreted A 𝛽42 and A 𝛽40 in a conditioned medium from

hese cells were quantified by ELISA. In alignment with APP expres-

ion, Y655X markedly increased the A 𝛽42 levels compared to CRB1-

T, though no significant alteration was observed in A 𝛽40 ( Fig. 4 C

nd D). The A 𝛽42/A 𝛽40 ratio considerably increased following CRB1

655X transfection, while the other CRB1 variants did not exhibit no-

able changes relative to WT, at least for amyloidogenesis. 

. Discussion 

To date, the vast majority of AD genetic studies were conducted in

he Caucasian population. Nevertheless, although China likely has the

argest number of AD patients globally, only a few genetic studies fo-

used on the Chinese population [ 30 ]. Given the increased burden of

D and racial differences, it is essential to investigate the genetic ar-

hitecture of AD in the Chinese population. Compared to LOAD or spo-

adic AD patients, EOAD or FAD patients have a higher heritability and

t more likely to identify causal or risk AD genes. For example, in 107

OAD (AAO ≤ 55) and/or FAD patients and 368 controls in the Chinese

opulation, a rare missense variant in the C7 gene conferred a risk of AD

 15 ]. To increase the likelihood of identification of AD-associated genes,

e performed WES in AD patients (extremely early onset/familial) and

ormal controls using an extreme phenotype sampling strategy. In the

resent study, we reported that rare variants in LMTK2 and CRB1 as two

ovel genes increased the risk of AD in the Chinese population. 
6

LMTK2 gene is located at 7q21.3 and consists of 14 exons, and its en-

oded protein is a member of the membrane-anchored serine/threonine-

pecific protein kinase family [ 31 ]. As a brain-enriched kinase regu-

ating fundamental cellular pathways, LMTK2 was reported to be im-

licated in neurodegenerative diseases through functional experiments.

MKT2 is predominantly expressed in the brain, most notably in the

ippocampus and cerebral cortex [ 32 ]. Neuropathological studies re-

ealed that LMTK2 levels were decreased in the post-mortem AD cor-

ex compared to age-matched normal controls [ 33 , 34 ]. Several cellular

echanisms underlying LMTK2 may contribute to AD pathogenesis, in-

luding tau hyperphosphorylation, impaired axonal transport, apopto-

is, ferroptosis, and oxidant damage [ 28 , 35 ]. Our study firstly indicated

hat rare damaging missense variants in the LMTK2 gene are associated

ith AD risk genetically. Intracellular accumulation of hyperphospho-

ylated tau as neurofibrillary tangles (NFT) is one of the most prominent

haracteristic hallmarks of AD [ 36 ]. CDK5 and GSK3 𝛽 are two major tau

inases implicated in tau hyperphosphorylation in vivo . Under normal

onditions, the LMTK2-mediated pathway enables CDK5 to phospho-

ylate protein phosphatase-1C (PP1C) at threonine-320, hence enhanc-

ng the inhibitory phosphorylation of GSK3 𝛽 at serine ‑9, which leads

o reduced GSK3 𝛽 activity [ 37 , 38 ]. Consequently, in AD, it was sup-

osed that reduced LMTK2 causes the overactivation of GSK3 𝛽 and ul-

imately increases the level of tau phosphorylation [ 33 ]. In postmortem

D samples, LMTK2 level was negatively correlated with phospho-tau

nd NFT pathology [ 39 ]. Also, in the cortex of transgenic Tau P301L

ice, LMTK2 was reduced using a genome-wide gene expression anal-

sis [ 40 ]. In the cell model, we first identified that wild LMTK2 di-

inishes the phosphorylation level of tau protein, further indicating

hat LMTK2 can inhibit tau phosphorylation. Moreover, after the over-

xpression of R234P and S974G mutant LTMK2 protein, the inhibitory

ffect was weakened. Thus, LMTK2 rare damaging variants may exert

n effect on AD pathogenesis by elevating tau phosphorylation. 

Intriguingly, for the first time, our studies revealed that over-

xpression of wild-type LMTK2 reduced A 𝛽42 and A 𝛽40 levels. Mean-

hile, compared to wild-type LMTK2 protein, over-expression of R234P

nd S974G mutant LMTK2 proteins led to elevated A 𝛽42 and A 𝛽40 lev-

ls. The "amyloid hypothesis" is a widely influential hypothesis, which

olds that A 𝛽 accumulates to form oligomers in the brain, and then de-

osits to form plaques, causing neuronal degeneration and cognitive

mpairment [ 41 ]. APP is cleaved by the 𝛽-secretase (BACE1) enzyme

nitially and processed by the 𝛾-secretase complex which results in the

roduction of A 𝛽. Over-activation of GSK3 𝛽 enhances BACE1 enzymatic

leavage of APP and PSEN1 activity, resulting in elevated levels of A 𝛽42

nd A 𝛽40 [ 42 ]. Therefore, it is conceivable that LMTK2 may dimin-

sh GSK3 𝛽 activity, leading to reduced A 𝛽 levels. In fact, in addition

o LMTK2, several AD well-established genes are not only associated

ith the overproduction of A 𝛽 but also participate in tau phosphory-

ation, such as BIN1 and PICALM [ 43–45 ]. In this study, we observed

hat LMTK2 influenced tau phosphorylation and linked with the levels

f A 𝛽42 and A 𝛽40, indicating that rare harmful variations of LMTK2

ontribute to the etiology of Alzheimer’s disease by impacting tau and

 𝛽 metabolism. 

Additionally, we discovered that the rare harmful variants of CRB1

ere prevalent in AD patients, comprising three rare damaging missense

ariants and one stop-gain variation (Y655X). CRB1 is located at lq31.3

nd encodes a member of the Crumbs protein homologues, featuring

any epidermal growth factor-like and laminin A globular-like domain,

hich plays a crucial role in retinal development and integrity [ 46 ].

ariants in the CRB1 gene are linked to a wide range of retinal dys-

rophies that result in significant vision impairment [ 47 ]. In addition

o the eye, CRB1 is expressed in the cerebellum, hippocampus dentate

yrus, olfactory bulbs, rostral migratory stream, and the subventricular

one next to the telencephalic ventricles in the adult mouse brain [ 48 ].

otably, the human protein atlas indicates that CRB1 is expressed in

arious brain areas, including the cerebral cortex, amygdala, and hip-

ocampus [ 49 ]. In the cortex of CRB1rd8 mutant mouse brain, the CRB2
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Fig. 3. Effects of the rare variants R234P or S974G of LMTK2 on Tau aggregation, A 𝛽 generation, and apoptosis in vitro . (A) Western blot analysis of phosphorylation 

levels of Tau and total Tau after Flag-LMTK2 and HA-Tau plasmids were co-transfected into HEK293 cells for 48 h. (B) Quantification of relative protein levels in 

A ( n = 6). (C) Representative images of K18-induced Tau aggregation after HEK293-Tau RD cells were transfected with LMTK2. After LMTK2 plasmid transfection 

for 24 h, K18 (1μg/μL) was added, induced for 48 h, and photographed by a fluorescence microscope. Scale bar: 20 μm (D) Quantification of cell with inclusions 

in C ( n = 6). (E) Western blot analysis of the effect of LMTK2 WT and variants on PP1C-GSK3 𝛽 signaling pathway. (F) Quantification of relative protein levels in E 

( n = 3). (G) ELISA detection of secreted A 𝛽 after LMTK2 WT and variants were transfected into SH-SHY5Y-APPSwe cells ( n = 3). (H) Western blot analysis of BAX 

and Bcl2 expression after LMTK2 WT and variants were transfected into SH-SHY5Y-APPSwe cells. (I) Quantification of relative BAX and Bcl2 expression ( n = 6). 

Western blot data are representative of three independent experiments. Data are mean ± SEM, ∗ , ∗ and ∗ ∗ ∗ represent p < 0.05, p < 0.01, and p < 0.001, respectively, 

and ns represents no statistical significance (Student’s t -test). 
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Fig. 4. Effect of rare variants in CRB1 on A 𝛽 generation. (A) WB detection of APP and related secretory enzymes expression after high expression of different 

CRB1 plasmids in SH-SY5Y-APPSwe cells. (B) Quantification of related APP expression. (C-E) ELISA detection of the concentration of A 𝛽42 (C), A 𝛽40 (D), and the 

A 𝛽42/A 𝛽40 ratio (E) in the culture medium after the overexpression of different CRB1 plasmids in SH-SY5Y-APPSwe cells. Western blot data are representative of 

three independent experiments. Data are mean ± SEM, ∗ and ∗ ∗ represent p < 0.05 and p < 0.01, respectively, and ns represents no statistical significance (Student’s 

t -test). 
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evel is significantly elevated, suggesting a potential compensating re-

ponse to CRB1 dysfunction [ 50 ]. It is reported that Drosophila Crumbs

rotein reduces Notch signaling by inhibiting 𝛾-secretase activity at the

ing margins [ 51 ]. In HEK293 cells, the overexpression of CRB1 or ad-

itional Crumbs isoforms (CRB2, CRB3) did not affect the A 𝛽 level [ 52 ].

onetheless, the overexpression of CRBs led to a substantial reduction

f A 𝛽 in HEK293/wtAPP cells and SH-SY5Y cells. This work contradicts

he prior research, potentially due to the low levels of produced A 𝛽 in

EK293 cells [ 53 ]. Since 𝛾-secretase mediates A 𝛽 generation, Crumbs

rotein is presumed to modulate A 𝛽 metabolism. Interestingly, patients

ith CRB1 retinopathy had superior memory and learning abilities com-

ared to persons without CRB1 retinopathy and normal controls, po-

entially attributable to compensatory adaptations resulting from visual

mpairment [ 54 ]. In this study, The Y665X is a stop-gain variant, which

eads to the expression of truncated CRB1 protein, which was confirmed

n the WB result of anti-Flag ( Fig. 4 A). Although CRB1 WT and its three

are damaging missense variants (E153K, C1124R, and A1304D) did

ot significantly affect A 𝛽 generation, the stop-gain variant (Y655X) did

timulate an increase in A 𝛽42, which indicates a crucial relationship be-

ween innate domains of CRB1 and its physiological function. 

Meanwhile, our study has several limitations. All of the individuals

ere from Central Southern China. The environment and dietary habits

re similar in this region. Since we mainly enrolled AD patients in Hunan

rovince, the AD patients with LMTK2 or CRB1 rare variants were from

unan. Consequently, the variants may be not associated with environ-

ental factors. Although we conducted a replication study to verify the

are damaging variants in LMTK2 and CRB1 by analyzing the same AD

atients and controls sequenced through WGS, future studies in larger

ohorts of EOAD/FAD patients are necessary to confirm these associ-

tions in other cohorts. Regarding the mechanism of mutated LMTK2

nd CRB1 on the pathogenesis of AD, it remains essential to examine

heir roles in animal models, especially for CRB1 rare variants in this
8

tudy. Future investigations to address these key issues may help better

nderstand the roles of LTMK2 and CRB1 in the onset of AD. 

In conclusion, we conducted WES in the Chinese population to suc-

essfully identify two novel risk genes for AD, utilizing an extreme phe-

otype sampling strategy with EOAD/FAD patients alongside controls.

e initially observed that LMTK2 downregulates the levels of A 𝛽42 and

 𝛽40 and demonstrated that rare damaging variants of LMTK2 impair

ts physiological functions and adversely affect tau phosphorylation and

PP metabolism. Additionally, the damaging variant of CRB1 led to in-

omplete translation of CRB1 protein and increased the A 𝛽 level. 
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