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Abstract

Introduction: The PSENs/APP mutation distribution in Chinese patients with familial

Alzheimer’s disease (FAD) remains unclear. We aimed to analyze the genetic features

of Chinese FAD pedigrees with andwithout PSENs/APPmutations.

Methods: In total, 1330patientswithAlzheimer’s disease (AD) ormild cognitive impair-

ment in 404 pedigrees were enrolled from the Chinese Familial Alzheimer’s Disease

Network. PSENs/APPmutations and APOE frequencies were determined.

Results: In total, 13.12% of pedigrees carried PSENs/APP missense mutations, 3.71%

carried PSENs/APP synonymous/untranslated region variants, and 83.17% did not carry

PSENs/APPmutations. Elevenmissensemutationswere first identified. In patientswith-

out PSENs/APPmutations, 44.31% carried one APOE𝜀4 allele, and 14.85% two APOE𝜀4

alleles.

Discussion: The new PSENs/APPmutations indicate heterogeneity in AD pathogenesis

between Chinese and other ethnic groups. The lowmutation rate suggests the involve-

ment of other genes/factors in Chinese FAD. APOE𝜀4 might be a major gene for some

FADwithout PSENs/APPmutations.
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1 BACKGROUND

Alzheimer’s disease (AD) is themost common type of dementia and the

number of patients with AD in China is currently 8.75 million.1 This

large patient population costs China US $167.74 billion2 per year, and

thus has an immense social impact and heavy economic burden. AD can

be categorized as sporadic ADor familial AD (FAD) based on family his-

tory. FAD requires a patient with AD to have at least one first-degree

relative diagnosed with AD or mild cognitive impairment (MCI) due to

AD, and was reported to account for 12.50% to 25.00%3,4 of all AD
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cases. FAD greatly contributes to AD research. First, it encompasses

the physiological andpathological characteristics of all cognitive stages

frompreclinical toMCI to dementia. Second, it represents an ideal pop-

ulation, with a possible predictable age at onset (AAO), which is rela-

tively young and has minimal complications (such as cerebrovascular

disease), and facilitates exploration of the pathogenesis of AD. Third,

it promotes the development of transgenic animal models with which

anti-dementia drugs are tested.

FAD includes autosomal dominant AD, caused by mutations of

genes5 including the amyloid precursor protein gene (APP), prese-

nilin 1 gene (PSEN1), and presenilin 2 gene (PSEN2), which have

been targeted by the Dominantly Inherited Alzheimer Network

(https://dian.wustl.edu/); the E280AAntioquia cohort study6; and FAD

cohorts, including those in France,7 England,8 Japan,9 South Korea,10

Finland,11 and so on. To date, 289 PSEN1, 48 PSEN2, and 58 APP

mutations have been identified (https://www.alzforum.org/mutations),

most of which were first reported in Caucasians. In Chinese, our

team reported the first variant12 (NM_000021.3:c.289G>T V97L in

PSEN1). Several studies have since investigated the genetics of FAD:

one study13 identified four variants in PSEN1 and one variant in APP,

and the detection rate of variants inPSENs/APPwas18.75%.Another14

identified two variants in APP, eight variants in PSEN1, and three vari-

ants in PSEN2, and the detection rate of variants in PSENs/APP was

8.80%. However, these cohorts were not multicentric and the sample

sizes were relatively small; thus the findings did not fully represent the

mutation spectrum of FAD in China.

Therefore, we established the Chinese Familial Alzheimer’s Disease

Network (CFAN). The CFAN is a nationwide, multicenter, longitudinal

cohort used to collect the hereditary and clinical profile of FAD, to ana-

lyze the genetic features, and to compare genetic heterogeneity and/or

homogeneity between Chinese and other ethnic groups with FAD,

with and without PSENs/APP mutations. The present study enhances

our understanding of the pedigrees with and without PSENs/APP

mutations.

2 METHODS

2.1 Study design and participants

We recruited 404 FAD pedigrees with 1330 patients from the CFAN

between January 2013 and September 2019. The CFAN is a multi-

center study including 69 medical centers in 26 of the 34 provinces

and regions of China (https://www.clinicaltrials.gov/, NCT03657732).

In this study, individuals whomet the following criteria were recruited:

(1) of Chinese ethnicity, (2) at least one first-degree relative in addition

to the patient himself/herselfwithin the familywhoexhibited objective

cognitive decline suggestive of AD, (3) >18-years-old, and (4) written

informed consent was obtained from each individual either directly or

from his/her legal guardian. The exclusion criteria were the following:

(1) other causes of cognitive impairment supported by magnetic reso-

nance imaging (MRI) or laboratory tests (vitamin B12, folic acid, liver

and renal function, blood glucose, lipid profile, thyroid function, HIV,

RESEARCH INCONTEXT

1. Systematic review: The literaturewas reviewed using tra-

ditional (eg, Google Scholar; PubMed) sources and the

AlzForum mutation dataset (https://www.alzforum.org/

mutations) to identify studies of mutation profiles in

familial Alzheimer’s disease (FAD). Most of the mutations

in PSENs/APP were first reported in Caucasians and few

were reported in Chinese populations.

2. Interpretation: We found 40 missense mutations, 8

PSENs/APP synonymous variants, and 3 untranslated

region variants. Eleven missense mutations and one syn-

onymous variantwere first identified herein.Our findings

provide a general mutation profile of FAD in China, and

highlight the importance of the exploration of pedigrees

without PSENs/APP genemutations.

3. Future directions: We wish to conduct a functional study

of the mutations first identified herein. The large pro-

portion of pedigrees without PSENs/APPmutations in the

Chinese population necessitates in-depth studies explor-

ing novel pathogenic genes involved in AD. The genetic

impact of APOE𝜀4 in FADwill be investigated.

and syphilis); (2) individuals who had a medical or psychiatric disorder

that would interfere with completion of the assessments; and (3) indi-

viduals who had amodified Hachinski Ischemic Score of>4.15

Thediagnosis ofADwasdetermined according to theNational Insti-

tute of Neurological andCommunicativeDisorders and Stroke-AD and

Related Disorders Association criteria16 or the National Institute on

Aging and Alzheimer’s Association criteria17; MCI due to ADwas diag-

nosed by other criteria as described previously.18 For each pedigree,

cognitively normal was defined as no evidence of significant cognitive

impairment beyond the AAO of AD/MCI for that mutation or in that

pedigree. This study protocol was approved by the ethics committee of

XuanwuHospital andwas carried out in accordancewith the principles

of the Declaration of Helsinki.

2.2 Procedures

We collected comprehensive data (demographic characteristics, fam-

ily history, physical examination, and neuropsychological evaluation)

of the participants using a unified case report form (CRF) from each

hospital. Brain structural MRI scans and peripheral blood samples

were required for all subjects who visited the clinics. Some cases fur-

ther underwent fluorodeoxyglucose-positron emission tomography,
11C-Pittsburgh compound B-positron emission tomography, or lumbar

puncture.Cerebrospinal fluid andblood sampleswere taken to the cen-

tral laboratory for further analysis.

https://dian.wustl.edu/
https://www.alzforum.org/mutations
https://www.clinicaltrials.gov/
https://www.alzforum.org/mutations
https://www.alzforum.org/mutations
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Genomic DNA was extracted from the peripheral blood samples

using a salting-out procedure.19 Exons 3 to 12 of PSEN1, exons 1

to 12 of PSEN2, and exons 16 to 17 of APP genes were amplified by

polymerase chain reaction (PCR) using specific primers20,21 (Sup-

plementary Table A.1) and determined by Sanger sequencing.22 In

addition, the primers covered parts of the 3’ and 5’ untranslated

regions (UTRs) of PSENs (Supplementary Table A.2). PCR product

sequencing was performed using the ABI3730xl DNA Analyzer (San-

gon Biotech Co., Ltd., Shanghai, China). The DNA sequences were

analyzed using Chromas (ver. 2.33; Technelysium Pty. Ltd., South

Brisbane, Australia). Apolipoprotein E (APOE) genotypes were also

determined by Sanger sequencing,22 and the primers are presented in

Supplementary Table A.1.

Based on the genetic test results, we divided the pedigrees into

three groups: pedigrees with PSENs/APP missense mutations, which

meet the criteria of co-segregation; pedigrees with PSENs/APP synony-

mous/UTR variants; and pedigrees without PSENs/APP genemutations

(Figure 1). Early onset (EO) cases were defined as AAO of <65 years.

The missense mutations in PSEN1, PSEN2, or APPwere defined as first

identified in the CFAN if they were not reported previously in an FAD

pedigree by other groups in the AD Mutation Database (http://www.

molgen.ua.ac.be/ADMutations/), AlzForum (http://www.alzforum.

org/), and PubMed (http://www.ncbi.nlm.nih.gov/), or if they were

at a reported site with a novel amino acid substitute. The missense

mutations were predicted for pathogenicity using Combined Anno-

tation Dependent Depletion (CADD) and five predictive algorithms:

PolyPhen2 (http://genetics.bwh.harvard.edu/pph2), PANTHER (http://

www.pantherdb.org/tools/csnpScoreForm.jsp), Mutpred2 (http://mut

pred.mutdb.org), PROVEAN (http://provean.jcvi.org), and Mutation

Taster (http://www.mutationtaster.org). Human Splicing Finder ver-

sion 3.1 (www.umd.be/HSF3/) was used to predict whether the PSENs/

APP synonymous variants would lead to splicing defects. Mutations

in PSENs were considered to be in a non-hydrophobic or hydrophobic

region according to the UniProt database (www.uniprot.org/). The

allele frequency of missense mutations and synonymous/UTR variants

in PSENs/APP was searched on the genome aggregation database

(gnom AD database, http://gnomad-old.broadinstitute.org/) and Chi-

nese millionome database (CMDB, https://db.cngb.org/cmdb/). Vari-

ants with an allele frequency of<0.01were classified as rare variants.

2.3 Statistical analysis

Statistical analysis was performed using SPSS software (ver. 19.0; IBM

Corp., Armonk, NY, USA). A P-value of <0.05 was considered sta-

tistically significant. Quantitative variables such as affected genera-

tions, affected family members, age, AAO, years of education, and

cognitive assessment score are expressed as the mean ± SD and the

range. All data were tested for normality and homogeneity of vari-

ance using the Shapiro-Wilk test and Levene variance equality test.

We used theMann-Whitney U test to analyze differences among pedi-

grees with PSENs/APP missense mutations, pedigrees with PSENs/APP

synonymous/UTR variants, and pedigrees without PSENs/APP gene

mutations. We applied one-way analysis of variance and Bonferroni

correction to the AAO data, and the Kruskal-Wallis test to the remain-

ing data when comparing characteristics among pedigreeswith PSEN1,

APP, and PSEN2 missense mutations. The Mann-Whitney U test was

used to compare affected generations and family members, and the

Student t test was used to evaluate the mean AAO in pedigrees with

PSENsmutations between hydrophobic and non-hydrophobic regions.

The chi-square test, continuity correction test, and Fisher exact test

were used to analyze categorical data, such as the proportion of female

patients, APOE𝜀4 allele frequency, and proportion of EO cases.

3 RESULTS

3.1 Demographics of the pedigrees
in the CFAN cohort

A total of 404 pedigrees collected nationwide (Figure A1, Supplemen-

tary materials 2 and 3), including 1330 patients with either AD or

MCI, were enrolled (Figure 1), amongwhich 53 pedigrees (13.12%) had

PSENs/APPmissense mutations (35 PSEN1, 11 APP, and 7 PSEN2muta-

tion families), 15 (3.71%) had PSENs/APP synonymous/UTR variants,

and 336 (83.17%) had no PSENs/APP gene mutations. The mean AAO

of the pedigrees was 66.21 years, and 44.60% patients were defined

as EO (Table 1). Among the 1330 patients, 644 passed away, 242 were

unavailable for clinical samples due to severedisease stageor refusal to

undergo a laboratory examination, and 444 visited clinics and under-

went comprehensive testing (Figure 1). For these 444 patients, the

mean AAO was 62.65 years (range of 23 to 84 years), and the mean

scores were 19.24 for the Mini-Mental State Examination (MMSE),

15.07 for the Montreal Cognitive Assessment (MoCA), and 1.14 for

the Clinical Dementia Rating Global (CDR global). In total, 48.63% of

patients were APOE𝜀4-negative, 37.16% had one APOE𝜀4 allele, and

14.21% had two APOE𝜀4 alleles.

We classified the pedigrees according to the proportion of EO

patients in the family. The results indicated that the detection rate of

PSENs/APP missense mutations increased significantly when the pro-

portion of EO patients in the family was >75% (P < 0.001 vs the

0%–25% group; P < 0.001 vs the 25%–50% group; P = 0.001 vs the

50%–75% group) (Figure 2A). In addition, we analyzed the distribu-

tion of the APOE𝜀4 allele carried by patients in pedigrees with and

without PSENs/APPmissensemutations, and found a higher proportion

of patients with APOE𝜀4 and a lower proportion of patients without

APOE𝜀4 in pedigrees without PSENs/APP missense mutations than in

pedigrees with PSENs/APP missense mutations (P < 0.001; P < 0.001)

(Figure 2B).

3.2 Characteristics of pedigrees with PSENs/APP
missensemutations

Forty PSENs/APP missense mutations were identified in the CFAN,

which are summarized in Table 2. Thirty-five pedigrees carried

http://www.molgen.ua.ac.be/ADMutations/
http://www.molgen.ua.ac.be/ADMutations/
http://www.alzforum.org/
http://www.alzforum.org/
http://www.ncbi.nlm.nih.gov/
http://genetics.bwh.harvard.edu/pph2
http://www.pantherdb.org/tools/csnpScoreForm.jsp
http://www.pantherdb.org/tools/csnpScoreForm.jsp
http://mutpred.mutdb.org
http://mutpred.mutdb.org
http://provean.jcvi.org
http://www.mutationtaster.org
http://www.umd.be/HSF3/
http://www.uniprot.org/
http://gnomad-old.broadinstitute.org/
https://db.cngb.org/cmdb/
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F IGURE 1 Flowchart of the enrolled pedigrees

a total of 31 missense mutations in PSEN1, among which 10

were first identified by our team: NM_000021.3:c.71A>G N24S,

NM_000021.3:c.289G>T V97L, NM_000021.3:c.298A>T I100F,

NM_000021.3:c.332G>T G111V, NM_000021.3:c.349C>A P117T,

NM_000021.3:c.393C>G H131Q, NM_000021.3:c.415A>T M139L,

NM_000021.3:c.515T>G L172W, NM_000021.3:c.745A>C I249L,

NM_000021.3:c.932A>G K311R. Eleven pedigrees had five missense

mutations in APP (NM_000484.3:c.2165T>A M722K, first identified

by our team) and seven pedigrees had four missense mutations in

PSEN2 (Supplementary Table A.3). Among all of the first identified

mutations, nine were predicted to have a “damaging effect” by at

least two algorithms, with the exception of NM_000021.3:c.71A>G

N24S and NM_000021.3:c.393C>G H131Q in PSEN1 (Table 2). Three

(PSEN1: NM_000021.3:c.71A>G N24S, NM_000021.3:c.745A>C

I249L andNM_000021.3:c.932A>GK311R) of 11missensemutations

were found with global allele frequencies of <0.001 and the remaining

eightwere not found (Supplementary TableA.4).We also described the

distribution of the changed amino acids due to PSENs/APP missense

mutations (Figure 3).

The mean ± SD AAO for pedigrees with PSEN1, APP, and PSEN2

missense mutations were 50.59 ± 11.41, 47.92 ± 7.14, and 61.47 ±
8.71 years, respectively. The mean AAO of the pedigrees with PSEN2

mutationswas significantly older than that of thepedigreeswithPSEN1

mutations (P= 0.049). Similarly, patients’ AAO in the PSEN2mutations

pedigree was also later than that in the APP (P = 0.000) and PSEN1 (P

= 0.000) mutations pedigrees. The APP and PSEN1 pedigrees hadmore

affected generations than the PSEN2 pedigrees, and the frequency of

theAPOE𝜀4 genotype in patients in theAPP pedigreeswas significantly

lower than that in the PSEN1 (P = 0.033) and PSEN2 pedigrees (P =
0.015). Apart from these cases, we did not find any significant differ-

ence among the PSEN1, APP, and PSEN2 missense mutation groups

in affected family members; the proportion of affected female mem-

bers; scores on the MMSE, MoCA, CDR global, or CDR sum of box

(CDR SOB) (Supplementary Table A.5). Of the PSEN1 and PSEN2 mis-

sense mutations, 20 mutations in 21 pedigrees and 2 mutations in 3

pedigrees were located in hydrophobic regions, respectively (Table 2).

Pedigrees carrying PSEN1missense mutations in hydrophobic regions

had a significantly earlier mean AAO than those carrying mutations

in non-hydrophobic regions (46.39 ± 8.05 vs 56.96 ± 12.93 years, P

= 0.010) (Supplementary Table A.6). However, no significant differ-

encewasobserved inPSEN2missensemutationsbetweenhydrophobic

regions and non-hydrophobic regions (Supplementary Table A.7).

We also identified 11 synonymous and UTR variants in pedigrees

(Supplementary Table A.8), including 4 PSEN1, one APP, and 3 PSEN2

synonymous variants; one PSEN1 3′UTR variant; one PSEN2 5′UTR;

and one PSEN2 3′UTR variant. In total, 55.88% (19/34) of patients

with these synonymous or UTR variants were APOE𝜀4 carriers

(Table 3). Six of eight synonymous mutations were predicted to have
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TABLE 1 Demographic profile of CFAN

Characteristics Data (mean± SD or%)

Pedigrees (n= 404) Affected generations 2.06± 0.52 (range: 1–4)

Affected family members 3.35±2.14 (range: 2–23)

Early onset family members 1.31± 1.80 (range: 0–14)

Affected females 55.86% (743/1330)

Pedigreemean AAO 66.21± 9.83 (range: 31.86–86.50)

Pedigrees without PSENs/APPmutations 83.17% (336/404)

Pedigrees with PSENs/APPmutations 13.12% (53/404)

Pedigrees with PSEN1missensemutations 8.66% (35/404)

Pedigrees with APPmissensemutations 2.72% (11/404)

Pedigrees with PSEN2missensemutations 1.73% (7/404)

Pedigrees with PSENs/APP synonymous/UTR variants 3.71% (15/404)

Early onset patients 44.60% (516/1157a)

Affected subjects 53.95% (444/823b)

Affected subjects (n= 444) Females 55.35% (243/439)

Early onset patients 52.70% (234/444)

Age 65.78± 11.20 (range: 32–90)

Education (y) 10.07± 4.56 (range: 0–21)

AAO 62.65± 10.88 (range: 23–84)

MMSE 19.24± 7.64 (range: 0–30)

MoCA 15.07± 7.27 (range: 0–28)

CDR global 1.14± 0.79 (range: 0–3)

CDR SOB 5.57± 4.80 (range: 0–18)

APOENA 9.68% (43/444)

APOE𝜀4+/+ 14.21% (57/401)

APOE𝜀4+/− 37.16% (149/401)

APOE𝜀4−/− 48.63% (195/401)

AAO, age at onset; CDR, Clinical Dementia Rating; CDR SOB, CDR sum of box; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assess-

ment; NA, not available; SD, standard deviation.
aPatients based on family history.
bParticipants who visited clinics.

“potential alteration of splicing” according to the Human Splicing

Finder (Supplementary Table A.9). Ten of 11 synonymous/UTR vari-

ants were found in the gnom AD database, in which seven (PSEN1:

NM_000021.3:c.234C>T G78G, NM_000021.3:c.654A>G P218P,

NM_000021.3:c.843G>C T281T, NM_000021.3:c.*9C>T 3’UTR; APP:

NM_000484.3:c.2124G>A G708G; PSEN2: NM_000447.2:c.639A>G

A213A, NM_000447.2:c.*71C>A 3’UTR) had global allele frequencies

of <0.01. In the CMDB database, 4 of 11 synonymous/UTR variants

were found, in which 2 (PSEN1: NM_000021.3:c.654A>G P218P; APP:

NM_000484.3:c.2124G>A G708G) had allele frequencies of <0.01 in

Chinese patients (Supplementary Table A.10).

3.3 Comparison of pedigrees with different
mutations or variants

Pedigrees with PSENs/APP missense mutations had a significantly

higher proportion of EO cases (67.85% vs 30.25%, P < 0.001; 67.85%

vs 38.60%, P < 0.001), more affected generations (2.50 ± 0.67 vs

1.99 ± 0.46, P < 0.001; 2.50 ± 0.67 vs 2.07 ± 0.25, P < 0.001),

more affected family members (6.35 ± 3.61 vs 2.89 ± 1.40, P <

0.001; 6.35 ± 3.61 vs 3.80 ± 1.11, P < 0.001), and earlier pedigree

mean AAO (51.68 ± 10.94 vs 68.38 ± 7.66 years, P < 0.001; 51.68

± 10.94 vs 65.22 ± 5.45 years, P < 0.001) than pedigrees without

PSENs/APP mutations and with PSENs/APP synonymous/UTR variants

(Table 3). In addition, the MMSE, MoCA, CDR global, and CDR SOB

scores of patients from pedigrees with PSENs/APP missense muta-

tions were poorer than those from the other two types of pedigrees

(Table 3). Patients from pedigrees without PSENs/APP mutations had

a significantly higher percentage of APOE𝜀4/𝜀4 than did those from

pedigrees with PSENs/APP missense mutations (14.85% vs 1.60%, P

< 0.001). Furthermore, the APOE𝜀4 allele frequency was also lower

in pedigrees with PSENs/APP missense mutations than in those with-

out PSENs/APP mutations (12.57% vs 37.00%, P < 0.001) or with

PSENs/APP synonymous/UTR variants (12.57% vs 35.29%, P < 0.001)

(Table 3).
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F IGURE 2 Detection rate of PSENs/APPmutations and the
APOE𝜀4 allele distribution in familial Alzheimer’s disease. (A) The
number of pedigrees with a different proportion of early onset (EO)
cases to total patient number (EO/total number of patients) is
indicated in the blue and orange columns, and the detection rate of
PSENs/APPmutations is indicated by the upper red line. Note that the
missense detection rate increased following the increased EO/total
number of patients (***P< 0.001 vs the 0%–25% group; †††P< 0.001 vs
the 25%–50% group; ‡‡‡P= 0.001 vs the 50%–75% group). (B) The
distribution of the APOE𝜀4 allele carried by patients in pedigrees with
andwithout PSENs/APPmissensemutation is indicated (blue,
APOE𝜀4−; orange, APOE𝜀4+). A higher proportion of APOE𝜀4+
patients and a lower proportion of APOE𝜀4− patients was found in
pedigrees without PSENs/APPmissensemutation than in pedigrees
with PSENs/APPmissensemutation (***P< 0.001; †††P< 0.001)

3.4 APOE𝜺4 genotypes in EOAD
and LOAD pedigrees

A total of 33.25% (270/812) of the patientswere patientswith EOwho

lacked the PSENs/APP mutations. However, in the EO pedigrees with-

out PSENs/APPmutations, 73.45% (202/275) of the patients exhibited

EO. Frequency of the APOE𝜀4 allele was significantly higher in patients

with late-onset Alzheimer’s disease (LOAD) pedigrees (mean AAO

≥65 years) than in those with early-onset Alzheimer’s disease (EOAD)

pedigrees (mean AAO <65 years) (34.81% vs 25.89%; P = 0.001). No

significant difference in APOE𝜀4 frequency was found between EOAD

pedigrees without PSENs/APPmutations and LOAD pedigrees without

PSENs/APP mutations. However, it was higher in the LOAD pedigrees

withPSENs/APPmutations than in theEOADpedigreeswithPSENs/APP

mutations (24.32% vs 14.59%; P= 0.038) (Supplementary Table A.11).

4 DISCUSSION

The CFAN is the first, large, multicenter nationwide cohort of Chi-

nese patients with FAD. In this study, 404 families with 1330 patients

were included, amongwhich40missensemutations inPSENs/APPwere

identified. The percentage of patients with APOE 𝜀4/𝜀4 in the pedi-

grees without PSENs/APPmutations was significantly higher than that

in thepedigreeswithPSENs/APPmutations (14.85%and1.60%, respec-

tively). Themajor clinical features included an earlier mean AAO, more

severe cognitive impairment, and fewer APOE𝜀4 alleles in pedigrees

with PSENs/APPmissensemutations, and vice versa for pedigreeswith-

out PSENs/APPmutations. The detection rate of PSENs/APPmutations

in our study was 13.12%, which is similar to that of previous studies in

Asian populations (11.11% in Japanese23 and 16.70% inKorean24), but

is lower than that in Caucasians (17.50% to 67.74%).25–27

In the present study, 11 missense mutations were first identified by

the CFAN, including 10 in PSEN1 and one in APP. Among the 11 mis-

sense mutations, 5 were reported previously by our team,28–32 and

were confirmed to increase the levels of A𝛽42 and/or phosphorylated

tau in vitro or in vivo. However, no indications regarding the remain-

ing six mutations in PSEN1 were found to be related to AD in the lit-

erature or the AlzForum website and ADMutation Database. Accord-

ing toGuerreiro’s algorithm,33 twomutations (NM_000021.3:c.71A>G

N24S and NM_000021.3:c.349C>A P117T) were classified as definite

pathogenicity, and four mutations (NM_000021.3:c.298A>T I100F,

NM_000021.3:c.393C>G H131Q, NM_000021.3:c.515T>G L172W,

and NM_000021.3:c.745A>C I249L) were classified as probable

pathogenicity. In addition, these mutations were predicted to be dam-

aging by at least one predictive algorithm, and their CADD scores

were all >15, indicating the pathogenicity of these unreported muta-

tions. Further studies are needed to verify the pathogenicity andmech-

anisms of these unexplored mutations, both in vitro and in vivo. To

summarize the features of the mutations we identified, two results

should be discussed. First, 20 PSEN1 missense mutations (64.52%)

were located in hydrophobic regions, andpatients carrying thesemuta-

tions had an earlier AAO than those with mutations located in non-

hydrophobic regions, suggesting that these two types of regions had

different impacts on the pathological process. Of interest, the PSEN1

K311R mutation in the non-hydrophobic region was found in three

pedigrees with relatively late mean AAOs, ranging from 67 to 73.75

years, further supporting the conclusion that the mutations have a

weak effect in the non-hydrophobic region. A possible explanation for

this phenomenon is that mutations in hydrophobic regions34 affect

the structure of the PS1 protein or the 𝛾-secretase active site, result-

ing in an increase in the A𝛽42/A𝛽40 ratio, promoting the aggregation
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F IGURE 3 Distribution of amino acid substitutions
in the PS1, PS2, and APP proteins. The full-length amino
acid sequence of PS1 (A) and PS2 (B), and a portion of
the amino acid sequence of APP (C). Red circles:
Mutation first identified in the Chinese Familial
Alzheimer’s Disease Network (CFAN). Blue circles:
Mutation previously reported by other studies, and also
confirmed by the CFAN. Blue-red circles: Two amino
acidmutations exist at the same location, for which the
red color in the circle indicates that it was first
identified in the CFAN and blue color in the same circle
indicates that it was reported by other studies. Note: A,
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K,
Lys; L, Leu;M,Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser;
T, Thr; V, Val;W, Trp; and Y, Tyr

of A𝛽 , and eventually inducing the onset of AD. Second, dividing mis-

sensemutations basedonmeanAAOs revealed fivemutations in LOAD

pedigrees—N24S, R157S, and K311R on PSEN1 and G34S and M298T

on PSEN2—suggesting relatively weak pathogenicity of these muta-

tions. The mutations with late AAOs in FAD have been also recorded

according to the AlzForum website, indicating that, although there

were fewer of these mutations than mutations in EO, they certainly

exist.

Moreover, eight PSENs/APP synonymous variants and three UTR

variants were also identified, and six of the synonymous variants (75%)
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TABLE 3 Comparison of pedigrees in CFAN

Pedigrees with PSENs/APP
missensemutations (n= 53)

(mean± SD or%)

Pedigrees without PSENs/APP
mutations (n= 336) (mean±
SD or%)

Pedigreewith PSENs/APP
synonymous/UTR variants

(n= 15) (mean± SD or%) P value

Early onset cases within the

family (%)

67.85% (211/311) 30.25% (291/962) 38.60% (22/57) <0.000*,<0.001† ,<0.001‡

Affected generations 2.50± 0.67 (range: 1–4) 1.99± 0.46 (range: 1–4) 2.07± 0.25 (range:2–3) <0.001*,<0.001† ,<0.001‡

Affected family members 6.35± 3.61 (range: 2–23) 2.89± 1.40 (range: 2–20) 3.8± 1.11 (range: 2–6) <0.001*,<0.001† ,<0.001‡ ,

0.001§

Affected females (%) 52.73% (164/311) 56.76% (546/962) 57.89% (33/57) 0.440*

Pedigreemean AAO 51.68± 10.94 (range:

31.86–73.75)

68.38± 7.66 (range:

42.00–86.50)

65.22± 5.45 (range:55–77) <0.001*,<0.001† ,<0.001‡

Patients’ MMSE 15.41± 9.16 (range: 0–30) 19.26± 7.81 (range: 0–30) 20.35± 8.27(range:5–29) 0.004*, 0.004†

Patients’ MoCA 11.84± 8.42 (range: 0–28) 15.06± 7.35 (range: 0–28) 16.24± 8.43 (range:2–27) 0.006*, 0.006†

Patients’ CDR global 1.44± 0.92 (range: 0.0–3.0) 1.09± 0.75 (range: 0.0–3.0) 0.94± 0.73 (range:0.5–3) 0.015*, 0.025†

Patients’ CDR SOB 7.56± 5.60 (range: 0.0–18.0) 5.18± 4.50 (range: 0.0–18.0) 4.50± 4.75 (range:0.5–18) 0.024*, 0.031†

Patients with APOE𝜀4+/+ 1.60% (3/187) 14.85% (60/404) 14.71% (5/34) <0.001*,<0.001† ,<0.001‡

Patients with APOE𝜀4+/− 21.93% (41/187) 44.31% (179/404) 41.18% (14/34) <0.001*,<0.001† , 0.017‡

Patients with APOE𝜀4−/− 76.47% (143/187) 40.84% (165/404) 44.12% (15/34) <0.001*,<0.001† ,<0.001‡

Patients with at least one

APOE𝜀4 allele
23.53%(44/187) 59.16% (239/404) 55.88% (19/34) <0.001*,<0.001† ,<0.001‡

Frequency of APOE𝜀4 allele 12.57% (47/374) 37.00% (299/808) 35.29% (24/68) <0.001*,<0.001† ,<0.001‡

AAO, age at onset; CDR, Clinical Dementia Rating; CDR SOB, CDR sum of box; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assess-

ment; SD, standard deviation.
∗Total P value.
†P value between pedigrees with PSENs/APPmissensemutations and pedigrees without PSENs/APPmissensemutations.
‡P value between pedigrees with PSENs/APPmissensemutations and pedigree with PSENs/APP synonymous/UTR variants.
§P value between pedigrees without PSENs/APPmissensemutations and pedigree with PSENs/APP synonymous/UTR variants.

were predicted to affect messenger RNA (mRNA) splicing according to

theHuman Splicing Finder. 44.12% (15/34) of the patients in pedigrees

with PSENs/APP synonymous/UTR variants were APOE𝜀4-negative,

which led us to explore the possible effect of these variants. As indi-

cated by Perez-Tur,35 mutations that destroyed the splicing sites of

PSEN1 could cause AD through a change, or gain, of function rather

than complete loss of function of the protein. Several studies36–38

have reported synonymous variants, but few have focused on their

functions. The synonymous variant NM_000447.2:c.708T>C S236S

on PSEN2, which was found in the present study,39 was reported to be

related to AD cases, indicating that it may be pathogenic. In addition,

the number of studies focusing on UTR variants has increased. The

5’ UTR variant on PSEN2 identified in the CFAN, NM_000447.2:c.-

275C>T, was found to be associated with an increased risk of

schizophrenia.40 However, the proband (AD, APOE𝜀4/𝜀3) of the

pedigree with this variant in the current study complained of memory

impairment but not psychiatric symptoms, indicating that UTR vari-

ants may have different clinical phenotypes. Further study might be

needed.

In our study, the number of pedigreeswithout PSENs/APPmutations

was markedly higher than that of pedigrees with PSENs/APP muta-

tions, which accounted for 83.17% (336/404) of all enrolled pedigrees.

This suggests that additional genetic factors may increase the risk

of FAD. Some previous studies reported that the APOE𝜀4 allele is a

major genetic risk factor for late onset FAD41,42 and early-onset FAD

(EOFAD).43 In addition, it has been demonstrated that the effect of

the APOE𝜀4 allele on AD risk is comparable to the effect of a major

genetic factor with semi-dominant inheritance.44 However, the effect

of the APOE𝜀4 allele on familial aggregation of AD remains controver-

sial. One study reported that the APOE𝜀4 allele does not represent a

risk factor for EOFAD.45 In the present study, 59.16% of patients in

these pedigrees without PSENs/APP mutations presented with one or

two APOE𝜀4 alleles, which was a significantly higher proportion than

that in the pedigrees with PSENs/APP mutations (59.16% vs 23.53%).

The percentage of patients with APOE 𝜀4/𝜀4 in the pedigrees without

PSENs/APP mutations was significantly higher than that in the pedi-

grees with PSENs/APP mutations (14.85% and 1.60%, respectively).

Thus, it is highly possible that APOE𝜀4 could be a promoter of the

clustering of FAD without PSENs/APP mutations. Nevertheless, this

raises the question of why 40.84%of the patients from pedigreeswith-

out PSENs/APP mutations did not carry APOE𝜀4. It is reasonable to

hypothesize that other unidentified genetic mutations or environmen-

tal factors,46 acting independently or in concert, are involved in the

development of AD. This hypothesis needs to be confirmed by further

study.

Our study has several limitations. First, the AAO and family history

data were collected based on the recall of some of the participants in

this study. To reduce recall inaccuracy, the AAO was confirmed by at
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least two close informantswith normal cognition. Second, we collected

CRFs, brain structural MRI data, and peripheral blood samples only

from participants who visited the hospital. Family members who

passed away and patients who refused laboratory examinations may

have affected the results. We will increase the participation rate to

reduce bias in a future study. Third, we could not completely avoid

missing other dementia-associated genes, such as triggering receptor

expressed on myeloid cells 247 and sortilin related receptor 1,48 or

other potential causal genes.

In conclusion, the 11 missense mutations in PSENs/APP pedigrees

first identified by the CFAN are indicative of heterogeneity in the

pathogenesis of AD between those of Chinese ethnicity and other eth-

nic groups. The APOE𝜀4 allele may play an important role in the clus-

tering of affectedmembers in pedigreeswithout PSENs/APPmutations.

However, we cannot exclude the potential impact of other pathogenic

genes that may be involved in the development of FAD. The present

study highlights that the FAD population in China needs extensive

investigation, and a concerted effort is necessary to identify the crucial

pathological genes underlying the pathogenesis of AD.

ACKNOWLEDGMENTS

We thank the other hospitals of the research centers: Beijing friend-

ship hospital, Capital Medical University; Beijing Chao Yang Hospital,

Capital Medical University; Fu Xing Hospital, Capital Medical Uni-

versity; Peking Union Medical College Hospital; Peking University

First Hospital; Peking University Third Hospital; Chinese PLA General

Hospital; China-Japan Friendship Hospital; Beijing Geriatric Hos-

pital; Dongfang Hospital Affiliated to Beijing University of Chinese

Medicine; Beijing Tiantan Hospital, Capital Medical University; Fujian

Medical University Union Hospital; Guangzhou Psychiatric Hospital;

Sun Yat-Sen Memorial Hospital of Sun Yat-Sen University; First Affili-

ated Hospital of Guangxi Medical University; The Affiliated Hospital

Of Guizhou Medical University; Handan Central Hospital; Hebei Gen-

eral Hospital; First Hospital of Shijiazhuang City; Tangshan Worker’s

Hospital; Henan Provincial Hospital; Kaifeng Central Hospital; Peo-

ple’s Hospital of Zhengzhou University; First Affiliated Hospital of

Harbin Medical University; Tongji Hospital, Tongji Medical College of

HUST; People’s Hospital Affiliated Hubei Medical University; Wuhan

University Zhongnan Hospital; The Third Xiangya Hospital of Central

South University; Xiangya Hospital of Central South University; First

Hospital of Jilin University; China-Japan Union Hospital, Jilin Univer-

sity; Subei People’s Hospital of Jiangsu; Nantong University Affiliated

Hospital;MineralGeneralHospital, Xuzhou; Jiangxi Provincial People’s

Hopital; ChangdaHospital, Anshan; The Affiliated ZhongshanHospital

of Dalian University; First Hospital of China Medical University; The

First Affiliated Hospital of Dalian Medical University; Baotou Central

Hospital; General Hospital of NingxiaMedical University; The People’s

Hospital of Ningxia; The Affiliated Hospital of Qingdao University;

The 88th Hospital of PLA; Qilu Hospital of Shandong University;

Qilu Hospital of Shandong University (Qingdao); Shandong Provincial

Hospital; Qingdao Municipal Hospital; The First Affiliated Hospital of

Shanxi Medical University; Tang-Du Hospital of the Fourth Military

Medical University; First Affiliated Hospital Xi’an Jiaotong University;

Ruijin Hospital, Shanghai Jiaotong University School of Medicine;

RenJi Hospital, Shanghai Jiaotong University School of Medicine;

Shanghai Changzheng Hospital; Affiliated Hospital of North Sichuan

Medical College; Zigong First People’s Hospital; Tianjin Huanhu Hos-

pital; Tianjin Medical University General Hospital; Traditional Chinese

Medicine Hospital of Xinjiang Autonomous Region; Ningbo Medical

Center Lihuili Hospital; First Affiliated Hospital of Wenzhou Medical

University; First Affiliated Hospital of Zhejiang University; Shao Yifu

Hospital of Zhejiang Medical University; Zhejiang Provincial People’s

Hospital; Daping Hospital and the Research Institute of Surgery of the

Third Military Medical University; The Second Affiliated Hospital of

Chongqing Medical University; Chongqing General Hospital, Univer-

sity of Chinese Academy of Sciences; The First Affiliated Hospital of

AnhuiMedical University. This studywas supported by the Key Project

of the National Natural Science Foundation of China (81530036);

the National Key Scientific Instrument and Equipment Development

Projects of China (31627803); Mission Program of Beijing Munic-

ipal Administration of Hospitals (SML20150801); Beijing Scholars

Program; Beijing Brain Initiative from Beijing Municipal Science &

Technology Commission (Z161100000216137); Innovation Base

Training and Development Special Program (Z171100002217007);

CHINA-CANADA Joint Initiative on Alzheimer’s Disease and Related

Disorders (81261120571), and Project for Outstanding Doctor with

Combined Ability ofWestern and ChineseMedicine.

AUTHOR CONTRIBUTIONS

Longfei Jia, Jianping Jia, Luxi Shen, Qiongqiong Qiu, and Yue Fu con-

tributed to the conception and research design; Yi Tang, Cuibai Wei,

Fen Wang, Dongmei Guo, Aihong Zhou, Xiumei Zuo, Yueyi Yu, Dan Li,

Lina Zhao, and Hongmei Jin recruited the participants and did clinical

assessment;WeiQin,QiWang, andYing Li extracted genomicDNAand

analyzed the phenotype data; Yue Fu, Luxi Shen, Min Zhu, and Longfei

Jia performed the data analysis; Yue Fu, Luxi Shen, Heng Zhang, Min

Zhu, Qiongqiong Qiu, Xin Yan, Chaojun Kong, Jing Hao, Jianping Jia,

and Longfei Jia explained the results; Yue Fu, Luxi Shen, Heng Zhang,

and Min Zhu generated the tables and figures. All authors are respon-

sible for the drafting of the article. All authors contributed to revision

and editing of themanuscript.

CONFLICT OF INTEREST

Wedeclare that we have no conflict of interest.

REFERENCES

1. Chan KY, Wang W, Wu JJ, et al. Epidemiology of Alzheimer’s disease

and other forms of dementia in China, 1990-2010: a systematic review

and analysis. Lancet. 2013;381:2016-2023.
2. Jia J, Wei C, Chen S, et al. The cost of Alzheimer’s disease in China and

re-estimation of costs worldwide. Alzheimers Dement. 2018;14:483-
491.

3. CruchagaC,Haller G, Chakraverty S, et al. Rare variants in APP, PSEN1

and PSEN2 increase risk for AD in late-onset Alzheimer’s disease fam-

ilies. PLoS One. 2012;7:e31039.
4. Cacace R, Sleegers K, Van Broeckhoven C.Molecular genetics of early-

onset Alzheimer’s disease revisited. Alzheimers Dement. 2016;12:733-
748.



190 JIA ET AL.

5. Tanzi RE. A brief history of Alzheimer’s disease gene discovery. J
Alzheimers Dis. 2013;33(Suppl 1):S5-S13.

6. Aguirre-Acevedo DC, Jaimes-Barragan F, Henao E, et al. Diagnostic

accuracy of CERAD total score in a Colombian cohort with mild cogni-

tive impairment and Alzheimer’s disease affected by E280A mutation

on presenilin-1 gene. Int Psychogeriatr. 2016;28:503-510.
7. Lanoiselee HM, Nicolas G, Wallon D, et al. APP, PSEN1, and PSEN2

mutations in early-onset Alzheimer disease: a genetic screening study

of familial and sporadic cases. PLoSMed. 2017;14:e1002270.
8. Weston PSJ, Nicholas JM, Henley SMD, et al. Accelerated long-term

forgetting in presymptomatic autosomal dominant Alzheimer’s dis-

ease: a cross-sectional study. Lancet Neurol. 2018;17:123-132.
9. Ikeuchi T, Kaneko H, Miyashita A, et al. Mutational analysis in early-

onset familial dementia in the Japanese population. The role of PSEN1

andMAPTR406Wmutations.DementGeriatr CognDisord. 2008;26:43-
49.

10. Park HK, Choi SH, Park SA, et al. Cognitive profiles and neuropsychi-

atric symptoms in Korean early-onset Alzheimer’s disease patients: a

CREDOS study. J Alzheimers Dis. 2015;44:661-673.
11. Kruger J, Moilanen V, Majamaa K, Remes AM.Molecular genetic anal-

ysis of the APP, PSEN1, and PSEN2 genes in Finnish patients with

early-onsetAlzheimer disease and frontotemporal lobar degeneration.

Alzheimer Dis Assoc Disord. 2012;26:272-276.
12. Jia J, Xu E, Shao Y, Jia J, Sun Y, Li D. One novel presenilin-1 genemuta-

tion in a Chinese pedigree of familial Alzheimer’s disease. J Alzheimers
Dis. 2005;7:119-124; discussion 73-80.

13. Jiao B, Tang B, Liu X, et al. Mutational analysis in early-onset

familial Alzheimer’s disease in Mainland China. Neurobiol Aging.
2014;35:1957.e1-6.

14. Gao Y, Ren RJ, Zhong ZL, et al. Mutation profile of APP, PSEN1,

and PSEN2 in Chinese familial Alzheimer’s disease. Neurobiol Aging.
2019;77:154-157.

15. Moroney JT, Bagiella E, Desmond DW, et al. Meta-analysis of the

Hachinski Ischemic Score in pathologically verified dementias. Neurol-
ogy. 1997;49:1096-1105.

16. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan

EM. Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-

ADRDA Work Group under the auspices of Department of Health

and Human Services Task Force on Alzheimer’s Disease. Neurology.
1984;34:939-944.

17. Khachaturian ZS. Revised criteria for diagnosis of Alzheimer’s disease:

National Institute on Aging-Alzheimer’s Association diagnostic guide-

lines for Alzheimer’s disease. Alzheimers Dement. 2011;7:253-256.
18. Jia J, Zhou A, Wei C, et al. The prevalence of mild cognitive impair-

ment and its etiological subtypes in elderlyChinese.AlzheimersDement.
2014;10:439-447.

19. Miller SA, Dykes DD, Polesky HF. A simple salting out procedure

for extracting DNA from human nucleated cells. Nucleic Acids Res.
1988;16:1215.

20. Cruts M, van Duijn CM, Backhovens H, et al. Estimation of the genetic

contribution of presenilin-1 and -2 mutations in a population-based

study of presenile Alzheimer disease.HumMol Genet. 1998;7:43-51.
21. Fidani L, Rooke K, Chartier-Harlin MC, et al. Screening for mutations

in the open reading frame and promoter of the beta-amyloid precursor

protein gene in familial Alzheimer’s disease: identification of a further

family with APP717 Val→Ile.HumMol Genet. 1992;1:165-168.
22. Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-

terminating inhibitors. 1977. Biotechnology. 1992;24:104-108.
23. Yagi R, Miyamoto R, Morino H, et al. Detecting gene mutations in

Japanese Alzheimer’s patients by semiconductor sequencing. Neuro-
biol Aging. 2014;35:1780.e1-5.

24. An SS, Park SA, Bagyinszky E, et al. A genetic screen of the mutations

in the Korean patients with early-onset Alzheimer’s disease. Clin Interv
Aging. 2016;11:1817-1822.

25. Żekanowski C, Styczyńska M, Pepłońska B, et al. Mutations in

presenilin 1, presenilin 2 and amyloid precursor protein genes in

patients with early-onset Alzheimer’s disease in Poland. Exp Neurol.
2003;184:991-996.

26. Janssen JC,Beck JA,Campbell TA, et al. Early onset familialAlzheimer’s

disease: mutation frequency in 31 families. Neurology. 2003;60:235-
239.

27. Lleo A, Blesa R, Queralt R, et al. Frequency of mutations in the prese-

nilin and amyloid precursor protein genes in early-onsetAlzheimer dis-

ease in Spain. Arch Neurol. 2002;59:1759-1763.
28. Qiu Q, Shen L, Jia L, et al. A novel PSEN1 M139L mutation found

in a Chinese pedigree with early-onset Alzheimer’s disease increases

Abeta42/Abeta40 ratio. J Alzheimers Dis. 2019;69:199-212.
29. Qiu Q, Jia L, Wang Q, et al. Identification of a novel PSEN1 Gly111Val

missense mutation in a Chinese pedigree with early-onset Alzheimer’s

disease. Neurobiol Aging. 2019. https://doi.org/10.1016/j.neurobiola-
ging.2019.05.018

30. Dong J, Qin W, Wei C, Tang Y, Wang Q, Jia J. A novel PSEN1 K311R

mutation discovered in Chinese families with late-onset Alzheimer’s

disease affects amyloid-beta production and tau phosphorylation. J
Alzheimers Dis. 2017;57:613-623.

31. Wang Q, Jia J, Qin W, et al. A novel AbetaPP M722K mutation affects

amyloid-beta secretion and tau phosphorylation and may cause early-

onset familial Alzheimer’s disease in Chinese individuals. J Alzheimers
Dis. 2015;47:157-165.

32. Fang B, Jia L, Jia J. Chinese Presenilin-1 V97L mutation enhanced

Abeta42 levels in SH-SY5Y neuroblastoma cells. Neurosci Lett.
2006;406:33-37.

33. Guerreiro RJ, Baquero M, Blesa R, et al. Genetic screening of

Alzheimer’s disease genes in Iberian and African samples yields novel

mutations in presenilins and APP. Neurobiol Aging. 2010;31:725-
731.

34. Haass C, Steiner H. Alzheimer disease gamma-secretase: a complex

storyofGxGD-typepresenilin proteases.TrendsCell Biol. 2002;12:556-
562.

35. Perez-Tur J, FroelichS, PriharG, et al. Amutation inAlzheimer’s disease

destroying a splice acceptor site in the presenilin-1 gene. Neuroreport.
1995;7:297-301.

36. Dobricic V, Stefanova E, Jankovic M, et al. Genetic testing in familial

and young-onset Alzheimer’s disease: mutation spectrum in a Serbian

cohort.Neurobiol Aging. 2012;33:1481.e7-12.
37. Scacchi R, Gambina G, Moretto G, Corbo RM. Amutation screening by

DHPLC of PSEN1 and APP genes reveals no significant variation asso-

ciated with the sporadic late-onset form of Alzheimer’s disease. Neu-
rosci Lett. 2007;418:282-285.

38. Lohmann E, Guerreiro RJ, Erginel-Unaltuna N, et al. Identification of

PSEN1 and PSEN2 gene mutations and variants in Turkish dementia

patients.Neurobiol Aging. 2012;33:1850.e17-27.
39. Ferrari R, Ferrara M, Alinani A, et al. Screening of early and late

onset Alzheimer’s disease genetic risk factors in a cohort of demen-

tia patients from Liguria, Italy. Curr Alzheimer Res. 2015;12:802-
812.

40. Zhang J, Chen J, Xu Q, Shen Y. Does the presenilin 2 gene predispose

to schizophrenia? Schizophr Res. 2009;109:121-129.
41. Strittmatter WJ, Saunders AM, Schmechel D, et al. Apolipoprotein E:

high-avidity binding to beta-amyloid and increased frequency of type

4 allele in late-onset familial Alzheimer disease. ProcNatl Acad Sci U S A.
1993;90:1977-1981.

42. Saunders AM, Strittmatter WJ, Schmechel D, et al. Association of

apolipoprotein E allele epsilon 4 with late-onset familial and sporadic

Alzheimer’s disease.Neurology. 1993;43:1467-1472.
43. Pericak-Vance MA, Bebout JL, Gaskell PC, Jr., et al. Linkage studies in

familial Alzheimer disease: evidence for chromosome 19 linkage. Am J
HumGenet. 1991;48:1034-1050.

https://doi.org/10.1016/j.neurobiolaging.2019.05.018
https://doi.org/10.1016/j.neurobiolaging.2019.05.018


JIA ET AL. 191

44. Genin E, Hannequin D, Wallon D, et al. APOE and Alzheimer dis-

ease: a major gene with semi-dominant inheritance. Mol Psychiatry.
2011;16:903-907.

45. Sorbi S, Nacmias B, Forleo P, et al. ApoE allele frequencies in Italian

sporadic and familial Alzheimer’s disease.Neurosci Lett. 1994;177:100-
102.

46. Henderson AS, Jorm AF, Korten AE, et al. Environmental risk factors

for Alzheimer’s disease: their relationship to age of onset and to famil-

ial or sporadic types. Psychol Med. 1992;22:429-436.
47. Korvatska O, Leverenz JB, Jayadev S, et al. R47H Variant of TREM2

associated with Alzheimer disease in a large late-onset family: clinical,

genetic, and neuropathological study. JAMANeurol. 2015;72:920-927.
48. Pottier C, Hannequin D, Coutant S, et al. High frequency of poten-

tially pathogenic SORL1mutations in autosomal dominant early-onset

Alzheimer disease.Mol Psychiatry. 2012;17:875-879.

SUPPORTING INFORMATION

Additional supporting informationmay be found online in the Support-

ing Information section at the end of the article.

How to cite this article: Jia L, Fu Y, Shen L, et al. PSEN1, PSEN2,

and APPmutations in 404 Chinese pedigrees with familial

Alzheimer’s disease. Alzheimer’s Dement. 2020;16:178–191.

https://doi.org/10.1002/alz.12005

https://doi.org/10.1002/alz.12005

