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Causative mutations in the genes encoding amyloid precursor protein (APP), presenilin 1 (PSEN1), or
presenilin 2 (PSEN2) account for a majority of cases of familial Alzheimer disease (FAD) inherited in an
autosomal-dominant pattern. For the sake of characterizing mutations, index patients from 148 families
with FAD were enrolled from mainland China. Sanger sequencing of the genes APP, PSEN1, and PSEN2 was
performed to characterize the mutation spectrum of the Chinese population. Thirteen of 148 (8.8%) in-
dividuals had possible pathogenic APP, PSEN1, or PSEN2 variants, including 2 (15.4%) APP variants, 8 (61.5%)
PSEN1 variants, and 3 (23.1%) PSEN2 variants. PSEN1 variants represented the largest proportion in Chinese
FAD, and PSEN2 variants are responsible for late-onset FAD in China. Analysis of genetic-clinical correla-
tions permitted the conclusion that FAD phenotypes were mainly influenced by specific genetic defects.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) (MIM#104300) is the predominant
cause of dementia. The age of 65 years is often used as a threshold
to classify AD patients into early-onset (EOAD) and late-onset
(LOAD) groups. Fewer than 1% of AD cases tend to be caused by
autosomal dominant mutations in amyloid precursor protein (APP)
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(MIM#104760) (Sherrington et al., 1995), presenilin 1 (PSEN1)
(MIM#104311) (Levy-Lahad et al., 1995), and presenilin 2 (PSEN2)
(MIM#600759) genes (Goate et al., 1991). Until now, more than 300
mutations within these 3 genes have been identified to potentially
lead to FAD according to the Alzforum database (https://www.
alzforum.org/mutations). Among them, PSEN1 is most frequently
mutated with 227 pathologic mutations; in APP and PSEN2, 27 and
16 pathologic mutations have been identified, respectively. Auto-
somal dominant AD has a variable clinical phenotype, including
typical memory test performance decline, atypical extrapyramidal
symptoms, and other neurological features. Both age at onset
and clinical features are influenced by causative genes (Ryan
et al., 2016).

In an effort to further understand genetic variation within FAD
pathogenic genes, we performed a genetic screening of APP, PSEN1,
and PSEN2 hot spots in 148 index patients with independent family
histories including EOAD and LOAD identified at multiple centers
and described the genotype-phenotype correlations in the Chinese
population.
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2. Methods

2.1. Study subjects and clinical examinations

We screened 148 probands from unlinked families in mainland
China who were enrolled in (1) the Memory Clinic at the Depart-
ment of Neurology, Ruijin Hospital affiliated to Shanghai Jiao Tong
University School of Medicine; (2) the Department of Neurology,
Huashan Hospital affiliated to Fudan University School of Medicine;
or (3) the Department of Geriatric Psychiatry, Shanghai Mental
Health Center, Shanghai Jiao Tong University School of Medicine.
Familial EOAD and LOAD cases were included (Table S1).
Sequencing for mutations in APP, PSEN1, and PSEN2 genes was
performed if 2 first-degree relatives suffered from dementia. The
patients had a clinical diagnosis of probable dementia of Alzheimer
type according to the NINCDS-ADRDA (National Institute of
Neurological and Communicative Disorders and Stroke-Alzheimer’s
Disease and Related Disorders Association) (Dubois et al., 2007;
McKhann et al., 1984). The analyses also included 100 unaffected
individuals of matched geographical ancestry as control in-
dividuals. This study was approved by the Research Ethics Com-
mittee, Ruijin Hospital affiliated to Shanghai Jiao Tong University
School of Medicine, Shanghai, China.

2.2. Molecular analyses

APP (exons 16-17), PSEN1 (exons 3-12), PSEN2 (exons 4-7)
(Jiao et al., 2014; Shi et al., 2015; Youn et al., 2014), and APOE
(Table S2) were amplified by primer pairs designed online with
the Primer3 program (http://primer3.sourceforge.net/). APOE
genotypes comprising the APOE 32, 33, and 34 alleles were
assayed (Koch et al., 2002). The gnomAD Database (http://
gnomad.broadinstitute.org) was applied to investigate rare
variants, defined as variants with a minor allele frequency of
<1%. Variants were checked to determine the likelihood of
pathogenicity against established databases: the Alzforum
database (https://www.alzforum.org/mutations) and the AD/
FTD database (http://www.molgen.ua.ac.be/admutations/), as
well as online programs: SIFT (http://sift.jcvi.org/www/SIFT_
enst_submit.html), Polyphen-2 (http://genetics.bwh.harvard.
edu/pph2/), MutationTaster (MutationTaster; http://www.
mutationtaster.org), and CADD (http://cadd.gs.washington.
edu). The minor allele frequency of <0.01 was standard to clas-
sify a variant as rare. Evolutionary conservation of the amino
acid sequence including new variants was assessed via the
DNASTAR program (http://www.dnastar.com). Then, the high-
resolution cryo-EM structure of the human g-secretase (PDB
5A63) was used for analysis of the potential effect of PSEN1
variantsdNM_000021.3; c.308T>G, p.(Val103Gly) and
NM_000021.3; c.529T>G, p.(Phe177Val)dvisualizing their po-
sition within the 3-dimensional structure using Swiss-PDB
Viewer (Bai et al., 2015).

3. Results

3.1. Identified gene mutations of APP, PSEN1, and PSEN2

We identified 12 rare coding variants from 13 independent
families (Fig. S1), including 2 (15.4%) variants in APP, 8 (61.5%)
variants in PSEN1 found in 65 EOAD cases, and 3 PSEN2 (23.1%)
variants in 83 LOAD cases. Overall, mutants of these 3 genes occupy
8.8% of the cohort.

One novel variant of APPdNM_000484.3; c.2083G>A,
p.(Val695Met)d3 novel variants of PSEN1dNM_000021.3; c.308T>G,
p.(Val103Gly), NM_000021.3; c.415A>T, p.(Met139Leu), and
NM_000021.3; c.529T>G, p.(Phe177Val)dand 2 novel PSEN2 var-
iantsdNM_000447.2; c.448G>A, p.(Val150Met) and NM_000447.2;
c.487C>T, p.(Arg163Cys)dwere identified. All families had a clear
autosomal-dominant pattern of inheritance of dementia (Fig. S2).
Table 1 summarizes all identified mutations.

3.2. Molecular analyses

Multiple orthologous sequence alignments revealed that the
APP variantdNM_000484.3; c.2083G>A, p.(Val695Met)dPSEN1
variantsdNM_000021.3; c.308T>G, p.(Val103Gly), NM_000021.3;
c.415A>T, p.(Met139Leu), and NM_000021.3; c.529T>G,
p.(Phe177Val)dand PSEN2 variantsdNM_000447.2; c.448G>A,
p.(Val150Met) and NM_000447.2; c.487C>T, p.(Arg163Cys)d
occurred in conserved residues of their respective proteins (Fig. S3).
The g-secretase structure (PDB 5A63) shows, NM_000021.3;
c.308T>G, p.(Val103Gly) and NM_000021.3; c.529T>G,
p.(Phe177Val) variants, likely decrease its interaction with other
hydrophobic residues, for example, when the aromatic Phe side
chain is replaced by a substantially smaller Val side chain (Fig. 1).

3.3. Clinical manifestation

Age at onset was significantly later for patients with PSEN2
variants (70 � 6.6 y) than for those with APP (55 � 7.1 y) and PSEN1
(45 � 6.5 y) variants. All probands with variants presented with
typical amnestic symptoms (Table S3). Of the 13 variant carriers,
extrapyramidal signs occurred in one APP variant and 3 PSEN1
variants. Dysarthria and cerebellar signs were observed in PSEN1
variants NM_000021.3; c.786G>T, p.(Leu262Phe) and
NM_000021.3; c.497_499delTTA, p.(Ile167del). Furthermore, 3 pa-
tients presented with anxiety and one presented with behavioral
changes (Table S3).

4. Discussion

As far as we know, this study involves the largest familial AD
patient cohort in Asia so far. The total frequency (8.8%) of the mu-
tations in our cohort is lower than previous reports. The proportion
of APP, PSEN1, and PSEN2 mutations was 21.3% in China, 17% in
Poland, and 22% in Germany (Blauwendraat et al., 2016; Jiao et al.,
2014; _Zekanowski et al., 2003). Furthermore, Japan, England, and
France have reported much higher rates (Campion et al., 1999;
Ikeuchi et al., 2008; Janssen et al., 2003). Different definitions of
familial AD and racial diversity as well as lifestyle differences can
explain this discrepancy. In addition, we recruited patients with at
least one demented relative, whereas a minimum of 2 generations
of diagnostic criteria were required in other research (Campion
et al., 1999; Janssen et al., 2003). We also included a familial
LOAD cohort, which is established to have a less than 1% probability
of having a genetic mutation (Loy et al., 2014). In addition, there is a
greater percentage of PSEN2 mutations (23.1%) than APP mutations
(15.4%). Concerning the EOAD series, our analysis demonstrates a
lower mutation rate (15.4%) in comparison to a prior Chinese study
(21.3%) (Jiao et al., 2014).

Among APP variants in our cohort, the new variant
NM_000484.3; c.2083G>A, p.(Val695Met) was not present either
in publicly available population databases or among any controls;
however, the index patient carrying p.(Val695Met) only has a
demented mother who began to show memory impairment at the
age of 80 years. This variant is predicted to be tolerated by
computational approaches (SIFT, Polyphen-2, and CADD). Thus, the
pathogenicity of APP p.(Val695Met) needs to be further
investigated.

http://primer3.sourceforge.net/
http://gnomad.broadinstitute.org
http://gnomad.broadinstitute.org
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Fig. 1. Structure of human g-secretase is shown in cartoon representation. The
structure is colored blue for PSEN1, yellow for presenilin enhancer 2 (PEN-2), magenta
for anterior pharynx-defective 1 (APH-1), and green for nicastrin. The key residues are
shown as sticks and are colored in red and orange. F177 in PSEN1 participates in a
hydrophobic cluster. This region is boxed and shown in close-up view. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Among PSEN1 mutations, 3 novel variants are classified as
probably pathogenic, following the algorithm proposed by Guer-
reiro et al. (Guerreiro et al., 2010). Furthermore, NM_000021.3;
c.308T>G, p.(Val103Gly) and NM_000021.3; c.529T>G,
p.(Phe177Val) are here first recognized as probably pathogenic with
structural implications. Two variants likely decrease interactions
with other hydrophobic residues in gamma secretase and cause
structural impairment.

Regarding PSEN2, 2 novel variants are classified as probably
pathogenic according to Guerreiro et al. (Guerreiro et al., 2010). The
variant NM_000447.2; c.448G>A, p.(Val150Met) is described in the
gnomAD with an allele frequency of 0.003% in the population. The
variant NM_000447.2; c.487C>T, p.(Arg163Cys) was never re-
ported. Nevertheless, the same site variant, NM_000447.2;
c.488G>A, p.(Arg163His), was classified as nonpathogenic in the
Alzforum database because the proband’s 71-year-old mother car-
rying PSEN2 p.(Arg163His) had no dementia (Puschmann et al.,
2009). Actually, defects in PSEN2 function may be masked by the
normal function of its close homolog PSEN1. Consistent with this,
PSEN2 mutation carriers are likely to have a relatively later age of
onset (Jayadev et al., 2010; Ryman et al., 2014). Taken together, the
pathological effect of p.(Arg163Cys) deserves further attention.

As in our case series (Table S3), PSEN1 gene variants tend to
cause earlier onset and more aggressive clinical phenotypes than
ones in APP and PSEN2. Neurological symptoms were seen in APP
and PSEN1 variant carriers, but not PSEN2, usually manifesting
within several years of symptom onset. Among such symptoms,
extrapyramidal signs are the most common. It is noted that the
proband with APP NM_000484.3; c.2149G>A, p.(Val717Ile) pre-
sented a similar manifestation as other Chinese carriers (Zhang
et al., 2017), although extrapyramidal signs were not observed in
the research by Ryan et al. (Ryan et al., 2016). Some research has
implied that PSEN1 mutations beyond codon 200 are associated
with later onset and more severe amyloid angiopathy than muta-
tions before codon 200 (Mann et al., 2001; Shea et al., 2016);
however, PSEN1 NM_000021.3; c.676C>T, p.(Leu226Phe) shows
very early onset and atypical symptoms. Thus, codon and type of
amino acid are probably both essential in influencing phenotype.
Moreover, the heterogeneity of age of onset between the families
with p.(Arg163Cys) may suggest that the penetrance and severity of
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this mutation are easily influenced by other genetic or environ-
mental factors.

In conclusion, we performed the largest genetic screening of 3
FAD causative genes to date in Asia. Our study expands the muta-
tion spectrum of familial AD. The higher frequency of PSEN2 in this
Chinese study suggests the possibility of including PSEN2 genetic
screening for late-onset FAD in China to improve diagnostic
workflow.
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