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Abstract 

Variants in PSEN1, PSEN2, and APP are major genetic causes of early-onset Alzheimer’s disease (EOAD). Our study 
aimed to identify the genotypic and phenotypic spectrums in a Chinese EOAD cohort and confirm their pathogenic-
ity by functional analysis. This study included 304 unrelated clinically diagnosed EOAD participants of Chinese Han 
ancestry. Whole-exome sequencing revealed that 26 out of 304 individuals (8.6%) carried rare variants in PSEN1, 
PSEN2, and APP, including 16 in PSEN1 (5.3%), 6 in PSEN2 (2.0%), and 4 in APP (1.3%). Eight variants were novel, 
including PSEN1 p.Q56R, PSEN1 p.L174P, PSEN1 p.S289P, PSEN1 p.Y466C, PSEN2 p.R17W, PSEN2 p.F331Y, APP p.D197N, 
and APP p.D252V. Functional study revealed that the PS1 L174P, S289P, R377M, Y466C, PS2 V214L, and M239T mutants 
increased Aβ42 levels and Aβ42/Aβ40 ratios. The PS1 L174P, R377M, and Y466C mutants decreased the maturation 
of presenilin-1. Our findings highlight the prevalence and pathogenic significance of APP /PSENs variants in a Chinese 
EOAD cohort and expand the phenotypic and genotypic spectrum of EOAD.
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Introduction
Alzheimer’s disease (AD) is a common neurodegenera-
tive disease that is clinically characterized by progres-
sive memory decline and cognitive dysfunction [1]. A 
common cutoff point for separating AD patients into 

early-onset (EOAD) and late-onset groups is 65 years old 
[2]. Familial EOAD represents approximately 35% to 60% 
of all EOAD cases [3–5], and sporadic individuals make 
up the other half of EOAD patients. For EOAD three 
major genes have been identified: PSEN1, PSEN2, and 
APP [6]. The amyloid protein precursor protein (APP) 
encoded by the APP gene is the precursor of the Amyloid 
β (Aβ) peptides, which is the major component of the 
extracellular amyloid plaques and one of the pathologi-
cal hallmarks of AD [7]. The presenilin-1 (PS1) and pre-
senilin-2 (PS2) proteins encoded by PSEN1 and PSEN2, 
respectively, are multi-transmembrane domain proteins 
and affect the γ-secretase-dependent generation of Aβ 
peptides.

Profiling the variant spectrum of specific ethnic groups 
of EOAD and determining the functional impact of the 
identified variants will provide valuable insights into the 
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pathogenesis of AD [4, 5, 8]. Currently, there has been 
no genetic investigation performed in large cohorts com-
prised of both sporadic and familial EOAD cases in Chi-
nese populations. We performed a genetic study for 304 
Chinese EOAD patients consecutively recruited at the 
Xuanwu Hospital and detailed the genotype–phenotype 
correlations. We focused on genetic screening and func-
tional analysis of APP, PSEN1, and PSEN2 variants in our 
cohort and aim to better understand their involvement 
in the pathogenesis of AD. The identification of novel 
AD variants and the determination of their pathogenic-
ity could be important when mechanism-based therapies 
become available.

Material and methods
Participants
Diagnosis of AD was clinically established according to 
the 2011 NIA-AA recommendations [9]. A database was 
established at the Department of Neurology of Xuanwu 
Hospital, China, which included EOAD patients con-
secutively recruited between July 1, 2014, and April 31, 
2024. This study included 304 unrelated EOAD patients 
of Chinese Han ancestry. Family history was investi-
gated for up to 3 sequential generations for each patient. 
We defined ‘sporadic’ as patients with no known fam-
ily history of neuropsychiatric disorders, including 
dementia, amyotrophic lateral sclerosis (ALS), Parkin-
son’s syndromes, psychosis, depression, and suicide. 
Patients underwent detailed clinical interviews, physical 
examinations, neuropsychological assessments, genetic 
testing, and neuroimaging studies including cerebral 
18F-fluorodeoxyglucose positron emission tomography 
(18F-FDG PET), 18F-florbetapir positron emission tomog-
raphy (AV45 PET), or magnetic resonance imaging (MRI) 
examinations within one month of recruitment. For all 
patients, careful clinical, neurological examination, and 
blood tests for vitamin status, thyroid function, HIV, and 
Treponema pallidum infection were conducted to avoid 
the possibility of reversible dementia. Meanwhile, 292 
age-matched normal control participants were recruited 
from the general community of older adults. Selection 
criteria included education-adjusted cutoff values for the 
Mini-Mental State Examination (MMSE) and the Mon-
treal Cognitive Assessment (MoCA), as well as a score of 
0 on the Clinical Dementia Rating (CDR) sum of boxes 
[10–12].

The study was approved by the Ethics Committees 
of the Xuanwu Hospital of Capital Medical University 
(Approval number: 2020026), and it was carried out in 
compliance with the Declaration of Helsinki’s princi-
ples. Written informed consent was obtained from each 
patient or their guardian.

DNA isolation, PRNP octapeptide repeat analysis, 
and C9orf72 genotyping
Genomic DNA was extracted from peripheral blood lym-
phocytes following a standard protocol. All DNA samples 
were normalized to 50–100 ng/μl. The presence of the 
insertion or deletion of octapeptide repeats in PRNP was 
verified by nested polymerase chain reaction (PCR) and 
agarose electrophoresis as previously described [13]. The 
duplications in APP were assessed using multiplex liga-
tion-dependent probe amplification (MLPA) (MRC Hol-
land, Amsterdam, Holland). The hexanucleotide repeat 
expansions in C9orf72 were also detected by adopting the 
methods previously described [14].

Whole‑exome sequencing (WES) study
To comprehensively investigate the potential genetic 
cause of these patients, we first performed WES of 
genomic DNA from the patients. We summarized AD, 
FTD, and other dementia-related genes using Online 
Mendelian Inheritance in Man (OMIM) and PubMed 
database (Supplementary Table  1). Exome capture was 
performed with a SureSelect Human All Exon V6 + UTR 
(89Mb) Kit (Agilent Technologies, Santa Clara, CA, 
USA). Paired-end sequencing was carried out on a 
HiSeq2500 (Illumina, San Diego, CA, USA) using a HiSeq 
SBS Kit V4 (Illumina), which generated 100-bp reads. 
The average and minimum sequencing depths were 
205 × and 10 × , respectively. The reference databases uti-
lized included GRCh38/hg38 (http:// genome. ucsc. edu), 
HGMD (https:// portal. bioba se- inter natio nal. com), ExAC 
(https:// exac. broad insti tute. org/), 1000 Genome (https:// 
www. inter natio nalge nome. org/), gnomAD (http:// gno-
mad. broad insti tute. org), ClinVar (https:// www. ncbi. nlm. 
nih. gov/ clinv ar/), and dbSNP (https:// www. ncbi. nlm. 
nih. gov/ SNP). WES data were analyzed for single-nucle-
otide variants (SNVs) and insertion-deletions (InDels) 
in dementia-related causing and susceptible genes. The 
significant results were comprehensively evaluated in 
aspects including minor allele frequency, conservation, 
predicted pathogenicity, disease association, and confir-
mation with Sanger sequencing. All heterozygous vari-
ants with an allele frequency < 0.1% and homozygous and 
potentially compound heterozygous variants were con-
sidered. MutationTaster (http:// www. mutat ionta ster. org), 
PolyPhen-2 (http:// genet ics. bwh. harva rd. edu/ pph2/), 
PROVEAN (Protein Variation Effect Analyzer), and SIFT 
(https:// prove an. jcvi. org/) were used for bioinformatics 
analyses to predict the pathogenicity of the variants.

Cases were considered to have a definite genetic diag-
nosis if a variant was classified as pathogenic or likely 
pathogenic according to the American College of Medi-
cal Genetics and Genomics (ACMG) guidelines [15]. For 
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assessment of the ApoE status, the three alleles ApoE2, 
ApoE3, and ApoE4 were determined according to the 
presence of variants of rs7412 and rs429358 in the WES 
data.

Construction of expression plasmids
cDNA coding for wild-type (WT) human PS1 (NP_000012.1), 
PS2 (NP_000438.2), APP695 (NP_958817.1), or the human 
APP Swedish KM-NL variant (APP695Swe) was cloned into 
pcDNA4-Myc.His A vector, respectively. Variants were intro-
duced into PSEN1, PSEN2, APP695, and APP695Swe cDNA 
using PCR-based site-directed mutagenesis. The high-purity, 
endotoxin-free plasmids were prepared by Escherichia coli. 
The complete nucleotide sequences of the expression plas-
mids were verified by Sanger sequencing.

Cell culture and transfection
HEK293 cells were cultured in Dulbecco’s modified Eagle 
medium supplemented with 10% fetal bovine serum 
(Gibco, Grand Island, NY, USA) at 37 ◦C in a humidified 
incubator with 5% CO2. Plasmids were transfected into 
cells using lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions. HEK293 cells containing 
APP695Swe were co-transfected with plasmids harboring 
WT and candidate PSEN1 and PSEN2 variants, respec-
tively. The APP p.D197N and p.D252V variants were 
engineered into the APP695 and APP695Swe cDNA con-
structs and expressed in HEK293 cells, which were har-
vested 48 h post-transfection.

ELISA assay
Human Aβ40 and Aβ42 ELISA kits (Aβ40/Aβ42 ELISA 
kits, IBL, Hamburg, Germany) were used to Determine 
Aβ levels in the cell media according to the manufac-
turer’s instructions. Briefly, cell media were added into 
the wells of a 96-well plate for incubation at 4 ◦C over-
night. Plate wells were then sequentially incubated with 
the secondary antibody for 2 h at room temperature. The 
reaction substrate was then added into plate wells, fol-
lowed by a stop solution. Within 10 min, color intensity 
was measured at 450 nm. The concentration of Aβ40 and 
Aβ42 in the samples was determined by comparing the 
O.D. of the samples to the O.D. of a standard curve in the 
same ELISA plate.

Western blot
Cells were lysed in RIPA buffer with 1 × protease inhibi-
tors cocktail (Applygen, China) and 1 phosphatase 
inhibitors cocktail (Applygen, China) on ice for 30 min. 
The lysate was centrifuged at 12,000 rpm for 30 min at 
4 ◦C and then the supernatant was transferred to a fresh 
tube and stored at −80 ◦C. Protein concentrations were 

determined using the BCA assay (Applygen, China). 
Protein lysates were separated in 8%−12% SDS-PAGE 
and transferred onto the PVDF membrane. After block-
ing nonspecific sites with 5% skim milk, the membranes 
were incubated with primary and secondary antibod-
ies sequentially. Immunodetection was performed using 
enhanced chemiluminescent (ECL) substrates for HRP 
following the manufacturer’s instructions (Millipore, 
German). Antibodies used in this study are listed in Sup-
plementary Table 2.

Statistical analysis
Aβ levels and quantitative data of western blots were pre-
sented as mean ± standard error. Statistical significance 
was tested by using SPSS23 (IBM, Armonk, NY, US) or 
GraphPad Prism 7.0 software (Graphpad Software Inc., 
La Jolla, CA, US). Multiple comparisons were tested with 
ANOVA followed by Turkey’s post hoc test. Two groups 
of data were compared by Student’s t-test. p < 0.05 was 
considered to be statistically significant.

Results
Demographic feature and variant spectrum of AD cohort
The baseline characteristics of patients and healthy con-
trols are shown in Table  1. Of the 304 EOAD patients, 
the age at onset ranged between 28 and 65, with an aver-
age of 55.5 ± 7.7 years. 19.7% (60/304) of subjects, who 
had at least one first-degree or second-degree relative 
affected by dementia or related disorders as described in 
the Methods section, were classified as having a positive 
family history of dementia. The remaining 244 (80.3%) 
patients were classified as sporadic patients because they 
reported no family members with dementia (Fig.  1 A 
Left panel).

Table 1 Demographic data of early-onset AD patients and 
elderly healthy controls in our cohort

AAO Age at onset, MMSE Mini-Mental State Examination, MoCA Montreal 
Cognitive Assessment, AD Alzheimer’s disease

Total AD Sporadic
AD

Familial
AD

Control

Cases, n 304 244 60 292

Female, n (%) 170 (55.9%) 140 (57.4%) 30 (50.0%) 155 (53.1%)

Age (years) 57.5 ± 8.1 56.9 ± 7.7 62.5 ± 8.3 55.2 ± 15.4

AAO (years) 55.5 ± 7.7 54.9 ± 7.1 58.9 ± 7.2 -

Disease duration 
(years)

2.4 ± 2.7 2.2 ± 2.6 3.3 ± 3.0 -

MMSE score 17.0 ± 8.7 16.9 ± 8.5 17.5 ± 9.7 27.4 ± 2.6

MoCA score 12.4 ± 8.4 12.0 ± 8.3 13.7 ± 8.9 26.0 ± 3.1

Genetically diag-
nosed

26 (8.6%) 16 (6.6%) 10 (16.7%) -
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To evaluate the correlation between APOE geno-
type and susceptibility to EOAD in mainland China, we 
examined the genotype and allele frequencies of these 
polymorphisms in 304 Chinese EOAD patients and 292 
healthy controls. The APOE genotype in EOAD patients 
was shown in Fig.  1 A Right panel. The ApoE ε4 allele 
frequency was significantly increased among EOAD 
patients compared with controls (OR: 4.0479, p < 0.001, 
Supplementary Table 3).

We identified rare variants in the probands from 10 
EOAD families and in 16 sporadic EOAD cases, including 
16 PSEN1, 6 PSEN2, and 4 APP variant carriers (Fig. 1 B). 
In this study, we define rare variants as non-synonymous 
variants with a Minor Allele Frequency (MAF) of less 
than 0.001, predicted to be deleterious or to affect pro-
tein structure or function, warranting further analysis. 
According to the ACMG criteria, 4 pathogenic variants, 

12 likely pathogenic variants, and 8 variants of uncer-
tain significance (VUS) in PSEN1, PSEN2, and APP were 
identified (Table  2). Moreover, exome sequencing iden-
tified 158 VUS in dementia-related genes that may act 
as risk factors, including the rare variants p.Ser2121Ser 
in SORL1, p.Thr218Ile in TREM2, and 18 variants in 
ABCA7 (Supplementary Table  4). The APP duplica-
tions were not identified in the 304 EOAD patients using 
MLPA. This paper focused on the PSEN1, PSEN2, and 
APP rare variants.

Variant interpretation
Fifteen PSEN1, five PSEN2, and four APP rare variants 
were found in the cohort. The PSEN1 p.M146V [16], 
p.L226R [17], p.L262S [18], p.E273G [19], I249L [20], 
p.K311R [21], R377M [22], P433S [23], p.I437V [24], 
PSEN2 V214L [25], M239T [26], p.M298T [18], APP 

Fig. 1 Schematic representation of the frequencies and locations of PSEN1, PSEN2, and APP variants. A Left panel: Pie chart of the percentage 
of familial and sporadic EOAD patients. Right panel: Schematic diagram of the distribution of APOE allele frequencies in our cohort. B Pie charts 
representing the percentage of PSEN1, PSEN2, and APP variants represented in our cohort. C This diagram shows the amino acid sequence of PS1 
and the distribution of the variants reported in this study. Presenilin 1 contains 467 amino acids with nine potential transmembrane domains. Red 
circles represent the variants identified in this study. D Distribution of amino acid sequence in presenilin 2. PS2 has a similar structure but contains 
448 amino acids. Red circles represent the variants identified in this study. E The structural domain arrangement of the amyloid precursor protein 
expressed in the APP695 isoform, which contains many functional domains as illustrated. SP: Signal peptide; E1: Ectodomain 1; E2: Ectodomain 2; 
TM: Transmembrane domain; AcD: acidic domain; JMR: juxtamembrane region. AICD: APP intracellular domain. The APP D197N, p.A235V, D252V, 
and p.T297M variants were indicated by red arrows
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p.A235V [27], and p.T297M [28] were reported by other 
groups and the PSEN1 variants of A136V [29], I249L 
[30], P433S [30], and PSEN2 M239T [29] were previ-
ously reported by our group. The PSEN1 R278G variant 
was identified in an African family with hereditary spas-
tic paraplegia, followed by progressive aphasia [31]. The 
other eight variants including PSEN1 p.Q56R, L174P, 
S289P, Y466C, PSEN2 p.R17W, p.F331Y, APP D197N, 
and D252V were newly identified. These variants were 
rare or not found in ExAC, 1000 Genome, or GnomAD 
databases. They were predicted to be damaging by the 
Mutationtaster, SIFT, PROVEAN, or Polyphen2 software. 
The genetic characteristics of the variants and their path-
ogenicity are summarized in Table 2.

Structurally, most PS1 and PS2 substitutions were 
located in predicted transmembrane regions within the 
presenilin domain (Fig. 1 C and D). The PS1 R377M sub-
stitution was on the edge of the transmembrane (TM7) 
region, and the PS1 Y466C substitution was in the extra-
cellular domain adjacent to the C-terminus. The APP 
D197N, A235V, D252V, and T297M substitutions were 
located in the acidic domain of the APP protein (Fig. 1 E).

Clinical characteristics of variant carriers
All 26 patients with the variants in PSEN1, PSEN2, and 
APP met the clinical diagnosis of probable AD [9]. The 
detailed information is shown in Table  3, the pedigrees 
of the EOAD patients with positive family histories are 
shown in Fig.  2, and the neuroimaging studies of the 
patients functionally analyzed are presented in Fig. 3.

The clinical characteristics of Patient 2 with PSEN1 
p.A136V, Patient 7 with PSEN1 p.I249L, Patient 14 with 
PSEN1 p.P433S, and Patient 20 with PSEN2 p.M239T 
variants were described in our previous reports [29, 30]. 
The symptoms of Patient 14 and Patient 20 gradually pro-
gressed and the follow-up neuroimaging study was per-
formed for them at the ages of 44 and 62, respectively 
(Fig. 3).

Patient 4 with the PSEN1 p.L174P variant had a very 
early age of onset but no family history. Her father who 
is currently 55 years old has no symptoms of dementia or 
a family history of dementia. Her mother died of a cer-
ebellar tumor at the age of 32. The elder siblings of her 
mother are healthy, and their parents, who passed away 
in their 70 s, showed no signs of dementia. The patient’s 
father, younger brother, and daughter were genetically 
tested and no variants in genes related to dementia were 
found. Therefore, the PSEN1 p.L174P variant in Patient 4 
may be a de novo variant, inherited from her mother, or a 
result of non-paternity. Patient 4 had been suffering from 
memory loss for one and a half years. She also presented 
with slow reactions and difficulty in communication. The 
AV45 PET was positive (Fig.  3). The cerebrospinal fluid 

(CSF) Aβ−42 level was decreased and the p-Tau181 level 
was elevated.

Patient 11 with PSEN1 p.S289P variant presented with 
a cognitive decline for 2 years. She had diminished ver-
bal expression and comprehension. She also became una-
ble to calculate numbers and apathetic. CSF Aβ42 was 
decreased and the Aβ−42/Aβ−40 ratio was decreased. 
She was diagnosed with probable AD. Patient 13 with the 
PSEN1 p.R377M variant had a family history. Her father 
developed dementia in his forties and passed away at age 
58 (Fig. 2). Her younger brother and sister are healthy and 
a genetic test revealed no variants in dementia-related 
genes. Patient 13 presented memory decline three years 
ago. She became depressed, apathetic, and frequently 
disoriented in a strange location. AV45 PET was positive 
(Fig. 3).

Segregation analysis
Segregation analysis was performed for Patient 5 with 
PSEN1 p.L226R, Patient 9 with PSEN1 p.E273G, and 
Patient 22 with PSEN2 p.F331Y. The PSEN1 p.L226R 
variant was also detected in Patient 5’s older sister, who 
presented with memory loss and delusions at the age of 
54. The PSEN1 p.E273G variant was identified in Patient 
9’s older sister, who exhibited language impairment 
and memory loss at the age of 49. However, the PSEN2 
p.F331Y variant was not detected in Patient 22’s younger 
sister, who presented with psychiatric symptoms at the 
age of 44. The affected siblings and unaffected family 
members in other families declined to undergo genetic 
testing.

The analysis of PSEN1, PSEN2, and APP variants for Aβ 
production
Functional analysis of the PSEN1 I249L and P433S 
mutants showed increased Aβ42 levels and Aβ42/
Aβ40 ratios in our previous study [30]. Therefore, we 
performed functional analysis for the newly identified 
PSEN1 and APP variants. Moreover, the PSEN2 V214L 
and M239T variants, which were frequently reported in 
Asian populations, were functionally validated.

To examine the effect of the PSEN1 and PSEN2 variants 
on APP processing, PS1 and PS2 WT and their mutants 
were co-expressed with the APP Swedish mutant (APP-
swe) in HEK293 cells (Fig. 4A).

Compared with PS1 WT and the Q56R mutant, the 
Ab40 level was marginally lowered by the PS1 L174P, 
S289P, R377M, and Y466C substitutions. However, 
Aβ42 levels and the Aβ42/ Aβ40 ratios were significantly 
increased in all cells expressing these mutants. Among 
these PS1 mutants, the PS1 R377M mutant produced the 
least amount of Aβ 40 (87.04 ± 9. 65%, compared to PS1 
WT) and the highest amount of Aβ 42 (236.5 ± 30.76%, 
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compared to PS1 WT, p < 0.001), which resulted in the 
highest Aβ42: Aβ40 ratio. The PS1 L174P, S289P, R377M, 
and Y466C mutants significantly increased the Aβ42: 
Aβ40 ratio compared to PS1 WT mostly due to higher 
Aβ42 production (Fig. 4A).

To characterize the effects of the variants in the PSEN2 
gene, PS2 WT and mutants were co-expressed with APP-
swe in HEK293 cells. Compared to PS2 WT, both the 
PS2 V214L and M239T mutants increased Aβ42 levels 
(V214L: 139.5 ± 24.02% compared to PS2 WT, p < 0.05; 
M239T: 146.5 ± 18.04% compared to PS2 WT, p < 0.05) 
and Aβ42/Aβ40 ratios (V214L: 142.3 ± 22.04% compared 
to PS2 WT, p < 0.05; M239T: 154.3 ± 18.02% compared to 
PS2 WT, p < 0.01). Aβ40 levels did not differ between the 
PS2 WT and the PS2 mutants (Fig. 4B).

To examine the impact of the APP variants on Aβ 
generation, Aβ in conditioned media of HEK293 cells 
transiently transfected with APPSwe, APPSwe with the 
D197N variant (APPSwe/D197N), and APPSwe with 
the D252V variant (APPSwe/D252V) were analyzed 

using ELISA. Neither the D197N nor the D252V mutant 
affected Aβ40 or Aβ42 production. While there was a 
slight increase in the Aβ40 level by the D197N mutant, 
it was statistically insignificant (Fig.  4C). The plasmid 
quantities and concentrations of Aβ40 and Aβ42 levels, 
as determined by ELISA, are provided in Supplementary 
Table 5.

PSEN1 variants affect maturation
To explore the molecular mechanism underlying the 
altered Aβ production by the PS mutants, we first 
examined the maturation of PS1. After synthesis, PS1 
undergoes posttranslational modifications including pro-
teolysis maturation. PS1 holoprotein is cleaved into an 
N-terminal fragment and a C-terminal fragment (CTF). 
While this maturation appears to be non-essential for 
PS1 functions, some AD-associated variants in PSEN1 
may suppress PS1 maturation and as such increase the 
Aβ42: Aβ40 ratio [32]. The result showed that PS1 L174P, 
R377M, and Y466C mutants, but not the Q56R mutant 

Fig. 2 Pedigrees of the EOAD families with variants identified in this study
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decreased the amount of CTF and the CTF/holo-PS1 
ratio. PS1 S289P mutant also suppressed PS1 matura-
tion, but this effect did not reach statistical significance. 
Hence, the PSEN1 L174P, R377M, and Y466C are canonic 
AD pathogenic variants (Fig. 5 A and B).

Discussion
In this study, we found 15 PSEN1, 5 PSEN2, and 4 APP 
rare variants in a Chinese cohort mostly comprised of 
sporadic EOAD patients, including 8 novel variants 
PSEN1 p.Q56R, PSEN1 p.L174P, PSEN1 p.S289P, PSEN1 
p.Y466C, PSEN2 p.R17W, PSEN2 p.F331Y, APP p.D197N, 
and APP p.D252V. Functional analysis revealed that 
the PS1 L174P, S289P, R377M, Y466C, PS2 V214L, and 
M239T mutants increased Aβ42 levels and Aβ42/Aβ40 
ratios, suggesting that they may be pathogenic for AD.

De novo variants [33], incomplete penetrance, 
somatic mosaicism, non-paternity, insufficient clinical 
assessment of parents, non-genetic factors, and mul-
tifactorial (genetic) causes are potential mechanisms 
responsible for sporadic EOAD cases, which make up 
80.3% of patients in our cohort. The variant frequencies 
for the three genes in our cohort were 5.3% for PSEN1, 

2.0% for PSEN2, and 1.3% for APP, and 91.4% of the 
patients remain genetically unexplained. Furthermore, 
according to ACMG criteria, 17 patients (5.6%) were 
identified as harboring a likely pathogenic or patho-
genic variant considered to be the cause of the disease, 
with 14 in PSEN1 and 3 in PSEN2. To date, there has 
been no genetic investigation performed in large EOAD 
cohorts focusing on the prevalence of the three genes 
in Chinese populations. Previous studies conducted in 
large Chinese cohorts without separating EOAD and 
late-onset AD showed a relatively lower frequency of 
variants identified in the three genes [34, 35]. In EOAD 
patient cohorts of European descent, the estimated var-
iant frequencies for the three genes were 4.3%−13.2% 
for PSEN1, 1%−13% for PSEN2 [4, 36–44], and 
1%−4.9% for APP [4, 6]. Recently, a large study on Euro-
pean cohorts reported an overall detection rate of likely 
pathogenic/pathogenic variants in the APP, PSEN1, and 
PSEN2 genes at 12.3% [45]. Similarly, another study 
on Asian patients found that 16% of EOAD cases car-
ried pathogenic variants in the APP, PSEN1, or PSEN2 
genes [46]. In both studies, the majority of EOAD 
patients had a positive family history. The relatively low 

Fig. 3 A neuroimaging study of EOAD patients with functionally analyzed variants identified in this cohort. The AV45 PET images for Patients 2 
and 6 were displayed. The MRI/FDG PET images for the patients with functionally analyzed variants in this study were displayed
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Fig. 4 Aβ−40 and Aβ−42 protein expression study. Aβ−40 and Aβ−42 protein expression levels in cell media of each group. WT and indicated 
mutants were co-expressed with the APP Swedish mutant in HEK239 cells and the conditioned media were harvested 48 h post-transfection 
for ELISA-determination of Aβ−40 and Aβ−42. Cell lysates were subjected to Western blot for APP, PS1, PS2, and β-actin as an internal standard. A 
Western blotting of cell lysates and quantification of Aβ42, Aβ40, and ratios of Aβ42 to Aβ40 relative to PS1 WT in conditioned medium of cells 
expressing PS1 WT and PS1 Q56R, L174P, S289P, R377M, and Y466C mutants. The Aβ levels were normalized to the total protein levels in PSEN1 
WT-expressing cells. Quantifications of the full-length PS1 in the corresponding cell lysates relative to PS1 WT were also provided. The PS1 levels 
were normalized to the β-actin levels. B Western blotting of cell lysates and quantification of Aβ42, Aβ40, and ratios of Aβ42 to Aβ40 relative to PS2 
WT in conditioned medium of cells expressing PS2 WT and PS2 V214L, M239T mutants. The Aβ levels were normalized to the total protein levels 
in PSEN2 WT-expressing cells. C Western blotting of cell lysates and quantification of Aβ42, Aβ40, and ratios of Aβ42 to Aβ40 relative to APPSwe 
in conditioned medium of cells expressing Mock (empty vector transfected), APPSwe, D197N (APPSwe combined with D197N variant), and D252V 
(APPSwe combined with D252V variant) mutants. The Aβ levels were normalized to the total protein levels in APPSwe-expressing cells. All Aβ level 
normalizations were performed relative to the total protein levels, which may reflect the number of cells. This experiment was performed three 
times with reproducible similar results
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frequency of the three genes identified in our cohort 
may be attributable to the high proportion of sporadic 
cases.

We also confirmed that the ApoE ε4 allele is a risk fac-
tor for EOAD in Chinese patients and the frequencies 
of ApoE ε2, ε3, and ε4 in both EOAD patients and older 

Fig. 5 The PS1 maturation analysis. A The PS1 maturation in vitro. Indicated PS1mutants carrying a C-terminal Myc-his tag were expressed 
in HEK293 cells, and the lysates were blotted for PS1 using a PS1 antibody that recognizes the C terminus of PS1. The endogenous PS1 C-terminal 
fragment (endo-CTF) and the CTFs derived from the overexpressed PS1 carrying a C-terminally fused Myc-His tag (Myc-CTF) were seen. The 
Myc-CTFs were detected after relatively long exposure. B The protein bands were quantified using Quantity One (Bio-Rad), and the ratios of CTF/
holo-PS1 were plotted. *: p < 0.05, **: p < 0.01
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healthy adult controls were similar to previous studies 
performed in Chinese populations [47].

PSEN1 p.I249L was formerly reported by our group in 
a pedigree with two EOAD patients who presented sub-
sequent psychotic symptoms [30]. This time it was iden-
tified in another unrelated sporadic patient diagnosed 
with AD. Interestingly, it was also found to be associated 
with sporadic ALS [48]. Our team previously reported 
the PSEN1 p. P433S variant in a pedigree with homo-
geneously early age of onset; all of the affected family 
members displayed significant memory deficits in their 
30 s [30]. p. P433S was later reported in another patient 
with an onset of age of 43.5 years [23]. Additional studies 
may be required to confirm the association of this variant 
with a relatively early age of onset. PSEN1 p.R377M vari-
ant was previously reported in a family with early onset 
age (onset age 38–41) [49] and it was recently reported in 
a Chinese EOAD patient [22]. However, neither of these 
studies had performed functional analysis for this vari-
ant. The clinical features of the p.R377M carrier in our 
cohort were similar to previous cases, with early-onset 
short-term memory impairment being the most promi-
nent symptom.

The PSEN1 p.L174P, p.S289P and p.Y466C variants 
identified in our cohort were novel. Notably, the PSEN1 
p.L174M and p.L174R variants have been reported in the 
literature. The PSEN1 p.L174M was found in a familial 
AD patient, who manifested early-onset memory distur-
bances, insomnia, and nocturnal myoclonic jerks [50]. 
L174M was also reported in a large Cuban family with 
early-onset memory impairment as the main symptom 
in all affected patients [51]. The PSEN1 p.L174R variant 
was described in two members of a Bavarian family [52]. 
Leucine at position 174 is highly conserved among spe-
cies and is identical in presenilin 1 and presenilin 2 pro-
teins, which suggests that Leu174 is important for the 
functional activity of the protein. We presented a very 
early onset AD patient with the PSEN1 p.L174P variant 
and demonstrated in vitro that the L174P mutant signifi-
cantly increased the Aβ42 level and the Aβ42: Aβ40 ratio.

The p.S289P and p.Y466C variants in PSEN1, where the 
amino acids of both substitutions were highly conserved, 
were absent in gnomAD or controls and were predicted 
to be deleterious. The Y466C substitution occurs at the 
penultimate amino acid in the C-terminal region of the 
PS1 protein, potentially impacting its stability. In our 
functional analysis, both mutants increased Aβ42 lev-
els and Aβ42/Aβ40 ratios. Notably, the Y466C mutant 
decreased the amount of CTF and suppressed PS1 matu-
ration to the highest extent compared to other mutants.

Although the variant PSEN1 p.Q56R is the only vari-
ant found in patient 1, there is no additional evidence 

to confirm its pathogenicity. This patient may be a spo-
radic AD case without a known genetic cause, given 
the absence of family history. Consistently, this mutant 
did not affect Aβ generation. However, neither can we 
rule out the possibility that this variant is AD-patho-
genic. Despite its limited effect on APP processing, PS1 
mutant might contribute to AD through other mecha-
nisms independent of Aβ generation, such as interfer-
ence with autophagy-lysosomal functions [53]. Not all 
AD-associated PSEN1 variants contribute to AD by 
upregulating Aβ or the Aβ42/Aβ40 ratio [24].

The causative variants p.V214L and p.M239T of PSEN2 
had been previously confirmed in Asian patients, but 
they never have been reported in Caucasians before. To 
date, seven cases with PSEN2 p.V214L variant have been 
found, and all of them were Asian [5, 25, 54–56]. Includ-
ing the two cases we present here, all nine cases reported 
memory impairment as the initial main complaint, but 
the age at onset (from 33 to 69 years), sex, family his-
tory, comorbidities, and neuroimaging displayed het-
erogeneity. One case had extrapyramidal symptoms [56], 
and the other presented migraine, subarachnoid hemor-
rhage, and patent foramen ovale [54]. However, none of 
these investigations included a functional analysis of PS2 
V214L, and the pathogenesis of this variant was there-
fore unknown. This variant was considered as VUS in a 
study due to incomplete disease penetrance in a pedi-
gree and its allele frequency (gnomAD: 0.000151, ExAC 
East Asian: 0.002543) [55]. Moreover, a recent system-
atic screen conducted in HEK293 PSEN1/2 dKO cells 
transduced with a lentivirus expressing human APP-695, 
reported that the PSEN2 p.V214L variant has no effect 
on Aβ levels [57]. In our study, we co-transfected PSEN2 
plasmids and APP695Swe plasmids into HEK293 cells, 
establishing a cell line that expressed endogenous PSEN 
proteins alongside overexpressed PSEN2 mutant proteins 
and APP695Swe. The presence of endogenous PS1 and 
PS2 may have influenced the impact of the PS2 mutant 
on the Aβ42/40 ratio. We report for the first time that 
the PS2 V214L mutant increases the Aβ42 level and the 
Aβ42/Aβ40 ratio, suggesting that PSEN2 p.V214L may 
either modify the risk for AD or represent a pathogenic 
AD variant with potentially incomplete penetrance.

PSEN2 p.M239T was identified in a 48-year-old 
female with memory loss and a deficit in visuospatial 
and executive domains [26]. The patient we reported 
also showed early-onset progressive visual disturbance. 
Further studies may be needed to confirm the geno-
type–phenotype correlation between severe deficit in 
the visuospatial domain and the PSEN2 p.M239T vari-
ant. In our study, functional analysis demonstrated 
that the M239T mutant increased the Aβ42:Aβ40 ratio 
in vitro, confirming its pathogenicity.
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In our functional analysis, Both APP D197N and APP 
D252V mutants showed no significant effect on Aβ40 
or Aβ42 production. To date, all functionally confirmed 
variants in the APP gene are located in exons 16 and 
17, which occur either within the Aβ-coding region or 
immediately proximal [58]. However, APP p.D197N 
and p.D252V are two rare variants located in a highly 
conserved region. Both are absent in gnomAD or con-
trols and are predicted to be damaging by in silico algo-
rithms. Recently, it was discovered that APP Ser198Pro 
amino acid substitution, which is adjacent to APP D197, 
increased Aβ production in cultured cells and a trans-
genic mouse model of amyloidosis [59]. Ser198Pro was 
thus considered to be a partially penetrant AD-linked 
variant in APP present outside of exons 16 and 17. In 
addition to Aβ shedding, which is believed to contribute 
to AD, APP and its N-terminal fragment generated by 
cleavage by the α-secretases could also have neuropro-
tective properties [60, 61]. These mutants might influ-
ence these functions of APP, given their location within 
the N-terminal region of the APP protein. To ascertain 
the pathogenicity of the APP p.D197N and p.D252V vari-
ants, more comprehensive functional analyses may be 
warranted.

This study has some limitations. First, although the 
patients in our cohort were consecutively recruited at 
the outpatient department, the epidemiology of EOAD 
in this region may not be accurately reflected due to the 
limited sample size. Second, the PSEN1 p.Q56R, APP 
p.D197N, and APP p.D252V variants did not show patho-
genicity in our functional confirmation study. Neverthe-
less, these variants cannot be necessarily determined as 
non-pathogenic based on these results alone. Further 
family screening and functional analyses in vivo may be 
necessary to confirm their penetrance and pathogenicity. 
Third, the rare variants identified in SORL1, TREM2, and 
ABCA7 require further investigation in future studies.

Conclusions
In this study, we found 15 PSEN1, 5 PSEN2, and 4 APP 
rare variants in a Chinese cohort comprised of 304 
EOAD patients, including 8 novel variants. We per-
formed a functional analysis for the variants PSEN1 
p.L174P, PSEN1 p.S289P, PSEN1 p.R377M, PSEN1 
p.Y466C, PSEN2 p.V214L, and PSEN2 p.M239T, for 
which no functional analysis has yet been performed, 
and suggested that they may be pathogenic for AD. Our 
results highlight the prevalence and pathogenic signifi-
cance of APP /PSENs variants in a Chinese EOAD cohort 
and expand the phenotypic and genotypic spectrum of 
EOAD.
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