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Abstract

Objective: To investigate the impact of rare variants underlying neurodegener-

ative-related genes to familial Alzheimer’s disease (AD). Methods: We per-

formed targeted sequencing of 277 neurodegenerative-related genes on

probands from 75 Chinese AD families non-carrying causative mutation of

dementia genes. Rare coding variants segregated in families were tested for asso-

ciation in an independent cohort of 506 patients with sporadic AD and 498

cognitively normal controls. East Asians data from the Exome Aggregation

Consortium (ExAC) were used as a reference control. Results: A novel rare

variant, P410S of PLD3 was found in an early-onset AD family. LRRK2 I2012T,

a causative mutation of Parkinson’s disease, was identified in another early-on-

set AD family. Missense variants in ABCA7 (P143S and A1507T) and CR1

(T239M) were significantly associated with familial AD (P = 0.005437,

0.001383, 0.000549), a missense variant in TREM2(S183C) was significantly

associated with AD (P = 0.000396) when compared with the East Asian con-

trols in ExAC database. A non-frameshift variant in FUS (G223del) was fre-

quent in AD cases and significantly associated with familial AD (P = 0.008).

Interpretation: Multiple rare coding variants of causal and risk neurodegenera-

tive genes were presented in clinically diagnosed AD families that may confer

risk of AD. Our data supported that the clinical, pathological, and genetic

architectures of AD, PD, and FTD/ALS may overlapping. We propose that tar-

geted sequencing on neurodegenerative-related genes is necessary for genetically

unclear AD families.

Introduction

Alzheimer’s disease (AD) is a kind of neurodegenerative

disease characterized by progressive episodic memory loss

and other multiple cognitive decline including learning,

attention, orientation, and calculation. AD is the most

common form of dementia, followed by vascular

dementia (VD), dementia with Lewy body (DLB), and

frontotemporal dementia (FTD).1–3 According to the

World Alzheimer Report 2018,4 50 million people were

living with dementia worldwide in 2018 and the number

will more than triple to 152 million by 2050. The circum-

stance is more severe in low- and middle-income coun-

tries where 66% of the people with dementia live. That
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66% is set to rise to 71 or 72% by 2050. AD, together

with other forms of dementia, has become a major social

problem that seriously affects human health, especially for

low- and middle-income countries. AD cannot yet be

cured, however, knowledge of the factors that cause AD

or modify the risk of AD to delay its onset would have a

massive global impact on the severe social problem.

AD can be divided into familial AD (FAD) and spo-

radic AD (SAD) depending on whether there is family

aggregation. FAD was thought to be caused by a certain

causal gene inherited inside the family following Mendel’s

law. Presenilin 1 (PSEN1), presenilin 2 (PSEN2), and

amyloid precursor protein (APP) involved in amyloido-

genic processing have been identified as the causal genes

of FAD.5,6 To date, a small portion of AD families (about

500 families to date) has been identified as carrying muta-

tions of the three causal genes (http://www.molgen.

ua.ac.be/ADMutations/), leaving the genetic factors of the

rest unknown. The etiology of SAD is complicated and

multifactorial, including aging, sex, education, and risk

genetic factors. APOE, together with more than 20 loci

identified by genome-wide association studies (GWAS), is

recognized as a risk gene for SAD.7,8 Those loci are com-

mon variants (MAF > 5%), and their effect on AD is

assumed to be low to moderate as each locus accounts

for only a small proportion of the variance in AD suscep-

tibility, thus, they do not lead to family aggregation.

To elucidate the causative or high-risk genetic factors

of AD, studies on AD families were performed using mul-

tiple sequencing technique such as whole-exome sequenc-

ing (WES), whole-genome sequencing (WGS) and

targeted sequencing. To date, no novel causal gene has

been identified; however, a series of rare coding variants

from risk genes that segregated in large AD families were

identified to be causal to FAD, including R47H in

TREM2,9 rare variants in SORL1,10,11 and ABCA7.12 The

rare variants above are mostly located in the functional

regions that lead to amino acid changes, researchers tend

to consider them as high risk that is enough to cause

family aggregation of AD patients. Thus, we propose that

rare damaging variants of GWAS loci and risk genes may

account for a portion of FAD.

Neurodegenerative diseases are a series of diseases with

insidious onset and slow progression, characterized by

aggregation of abnormal proteins in neurons and other

cells, including AD, Parkinson’s disease (PD), amy-

otrophic lateral sclerosis (ALS), DLB, and FTD etc. Neu-

rodegenerative diseases have some neuropathology,

clinical and/or genetic crossover.13,14 For example, Parkin-

son’s disease dementia (PDD) has both a-synuclein and

Ab deposits in the brain that may co-cause the disease

onset.15,16 ALS and FTD share some common causal

genes such as C9orf72.17,18 Recent sequencing studies on

subjects of European, American, and Thailand ancestry

found that pathogenic and potential mutations of FTD-

and PD-related genes were presented in clinically diag-

nosed AD patients and considered to be probably/possibly

pathogenic and risk.19,20 Whether mutations of genes

related to neurodegenerative diseases, such as other types

of dementia, PD, and ALS, contribute to risk and family

aggregation of AD remains to be further investigated.

To elucidate the underlying genetic factors of familial

AD non-carrying known causative mutations, we per-

formed targeted sequencing covering 277 candidate genes

involved in neurodegenerative diseases (Table S1) in a

discovery set of 75 Chinese AD families, including causa-

tive genes, previously reported risk loci and genes func-

tional associated with AD, FTD, DLB, PD, ALS and other

dementia-related genes, such as PRNP for prion disease,

NOTCH3 for VD, CSF1R for hereditary diffuse leukoen-

cephalopathy with neuroaxonal spheroids (HDLS). Candi-

date causal and risk variants were further genotyped in an

independent sporadic case-control dataset. Our study will

help to deepen the insight on the genetic basis of AD and

provide genetic characteristics of Chinese FAD patients.

Materials and Methods

Sample selection

A total of 75 AD families, 506 sporadic AD patients and

498 cognitively normal controls from mainland China

were recruited in this study (Table 1). All families selected

for targeted sequencing and all sporadic AD patients for

follow-up genotyping were referred to the outpatient neu-

rology clinics of Xiangya Hospital. For each patient, prob-

able or definite AD diagnosis was established using the

National Institute of Aging-Alzheimer’s Association (NIA-

AA) Criteria and the International Working Group

(IWG-2) criteria by two experienced neurologists. Each

selected family had at least two patients suffering from

AD in two generations. All families involved in this study

were given a ‘Goldman score’ between 1 and 4 following

Goldman’s category for pedigrees21 where 1 is autosomal

dominant inheritance that there were at least three

Table 1. Demographics of all individuals recruited in this study.

Status N

Mean age at

onset (y) or last

examination (y)

Female

No. (%)

APOE

e4+(%)

Targeted

sequencing

FAD 75 32%

EOAD 40 51.62 � 8.34 0.47 16%

LOAD 35 71.87 � 5.72 0.61 51%

Follow-up

genotyping

SAD 506 72.33 � 7.12 0.62 41%

NC 498 70.65 � 5.33 0.56 20%
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patients in two generations with one person being a first-

degree relative of the other two, 2 is familial aggregation

of three of more family members with dementia, 3 is sin-

gle affected first-degree family member with dementia

(modified to give a score of 3 only if there is a history of

early onset dementia within the family, i.e., <65, and 3.5

if onset above 65) and 4 is no or unknown family history.

Families with known mutations in APP, PSEN1, PSEN2,

GRN, MAPT, or C9orf72 were excluded from the study.

Cognitively normal controls were unrelated individuals of

matched geographical ancestry, age and sex, recruited

from communities and the health examination center. All

control individuals had scores indicative of no cognitive

impairment (>26/30) on the Mini-Mental State Examina-

tion (MMSE). The study was approved by the Ethics

Committee of Xiangya Hospital, Central South University

in China (equivalent to an Institutional Review Board)

and performed in accordance with the approved guideli-

nes and regulations. Written informed consent was signed

by each subject.

Targeted sequencing of neurodegenerative
disease related genes in AD families

Targeted sequencing was performed in probands from 75

AD families, targeting all exonic sequence of genes includ-

ing 119 dementia-related genes, 133 PD related-genes and

25 ALS-related genes (the gene list can be found in

Table S1).

Genomic DNA was extracted from peripheral blood

leukocytes using a QIAGEN kit following the supplier’s

instructions. We used NanoDrop (Thermo Fisher Scien-

tific, Waltham, MA) and Qubit 3.0 to detect the concen-

tration and purity of DNA. Qualified genomic DNA was

then prepared for establishing a sequencing library

through the following procedure including genomic DNA

break by Bioruptor Pico, end-filling, A-tail add, joint link,

and pre-PCR reactions. The length of the DNA library

fragment was measured between 220 and 320 bp by QSEP

100. The targeted DNA area was captured using the Dyn-

abeads MyOne Streptavidin T1 magnetic beads, and then

enriched through a post-PCR reaction. Sequencing of all

DNA samples occurred on Illumina HiSeq 2500. The

sequencing data were then processed using the Illumina

Sequence Control Software to assess the quality.

Variants that passed quality control were analyzed and

selected based on the following standards: (1) rare vari-

ants with minor allele frequency <5% in the Exome

Sequencing Project, 1000 Genomes Project, or Exome

Aggregation Consortium (ExAc); (2) heterozygous vari-

ants located in the exon and splice-site; (3) functional

variants (missense, nonsense and frameshift). Multiple

lines of computational evidence (including SIFT,

Polyphen2, and Mutationtaster) were additional reference

standards. Predicted pathogenic variants and rare, dam-

aging variants shared by at least two families were vali-

dated by Sanger sequencing and then genotyped in

sporadic AD cases and cognitively normal controls to

determine its population frequencies and risk. We also

used the East Asians data from ExAC as a reference

control to compare the frequencies of the variants found

in FAD.

Follow-up genotyping in an independent
case-control dataset

A total of six rare, damaging variants with overrepresenta-

tion in AD families were genotyped in sporadic AD cases

(N = 506) and controls (N = 498) using Multiplex Snap-

shot SNP assay. Samples were first purified and then

amplified using extension primers, designed adjacent to

the six variants sites, and labeled with different single flu-

orescent dideoxyribonucleoside triphosphate (ddNTP)

added to the polymorphic site. The products were then

sequenced on an ABI3730XL capillary electrophoresis

instrument. GeneMapper 4.0 software (Applied Biosys-

tems Co., Ltd., USA) was used for data analysis.

Statistics

Frequency comparisons between the case and control

were made using Pearson’s v2 test. When the SNP num-

bers were fewer than 5 in a group, Fisher’s test was

adopted. For repeated measures, P < 0.05/n (n = total

number of SNPs in comparison) was taken as statistically

significant after the Bonferroni correction. All data are

presented as mean + standard deviation (SD). Statistical

analysis was conducted using GraphPad Prism version

5.0.

Results

A total of 75 AD families underwent targeted sequenc-

ing. Forty of them were early-onset AD (EOAD) with

an onset age younger than 65 years, and 35 of them

were late-onset AD (LOAD) with an onset age older

than 65. According to the Goldman’s criteria for pedi-

gree,21 45 probands had a Goldman score of 1, 17 pro-

bands had a Goldman score of 3 and 13 probands had

a Goldman score of 3.5. Their APOE status is summa-

rized in Table 1. On average, a higher frequency for the

APOE e4 allele was observed in the LOAD families and

LOAD sporadic cases compared with normal controls

(P < 0.05). In the targeted sequencing, a total of 263

rare coding variants were sequenced in 67 families (in-

cluding 36 EOAD families and 31 LOAD families). All
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these variants had a high sequencing quality score with

a 209 coverage of 96.86%. The average sequencing

depth was 256.86. The prevalence of rare coding variants

in families was not statistically associated with age at

onset and Goldman score.

Identification of a novel rare variant, P410S
of PLD3 gene in an early-onset AD family

A novel rare variant c. 1228C > T, p.P410S of PLD3 gene

was found in an early-onset AD family (Fig. 1). PLD3

gene is a risk gene for AD first identified by Cruchaga

et al. in 2014.22 P410S identified in our study was absent

in the Exome Sequencing Project, 1000 Genomes Project,

ExAC database, and our case-control cohort. The variant

P410S was detected in an affected individual (II:3) and a

subjective cognitive decline (SCD) individual (II:5),

absent in two unaffected siblings (II:7 and II:8). P410S

was found in the conserved region of the PLD3 protein.

Pathogenicity predictions revealed that P410S was damag-

ing using SIFT, Polyphen2, and Mutationtaster. According

to the American College of Medical Genetics and Geno-

mics (ACMG) guidelines for sequence variants,23 p.P410S

of PLD3 gene was divided as variant of uncertain signifi-

cance.

The proband (II:3) was a 56-year-old woman who

complained of memory impairment and personality

change since the age of 53. Her neuropsychological assess-

ment revealed MMSE 12/30 points, Montreal Cognitive

Assessment (MoCA) 7/30 points, Clinical Dementia Rat-

ing (CDR) 0.5 points, Alzheimer’s Disease Assessment

Scale-Cognitive section (ADAS-Cog) 31 points, Neuropsy-

chiatric Inventory (NPI) 1 point and Hachinski Inchemic

Score (HIS) 1 point, indicating impairment of short- and

long-term memory, as well as deficit of attention and

executive functions. Her APOE genotype was 3/3. Cere-

brospinal fluid Ab1–42 level was 434.2 pg/mL (control val-

ues > 651 pg/mL), Ab1–42/Ab1–41 ratio was 0.07 (control

ratio > 0.1), total tau value was 491.43 pg/mL (control

values < 290 pg/mL). The brain Magnetic resonance

imaging (MRI) showed asymmetrical atrophy in the bilat-

eral hippocampus and mild atrophy of parietal areas

(Fig. 1). She was diagnosed as typical AD according to

IWG-2 criteria. Her sister (II:5) was 50 years old. She

complained of episodic memory loss but presented nor-

mally upon neuropsychological assessment and cranial

MRI scanning. Her APOE genotype was 3/3. The status

of the carrier (II:5) was uncertain now. Based on the

research criteria for SCD established by the Subjective

Cognitive Decline Initiative (SCD-I),24 we classified her as

SCD that may occur at the preclinical stage of AD. We

will take follow-up observation on the phenotype of the

patient.

Identification of a known causal mutation
I2012T of the LRRK2 gene in an early-onset
AD family

We identified a missense mutation p.I2012T of the

LRRK2 gene in an early-onset AD family (Fig. 2). LRRK2

I2012T mutation was a causative mutation of PD, previ-

ously reported in patients with PD or FTD with parkin-

sonism. To the best of our knowledge, this is the first

dementia case but without parkinsonism of LRRK2

I2012T mutation.

The index LRRK2 I2012T mutation carrier was a 59-

year-old man. At 53 years of age, he presented initial

symptoms with episodic memory loss and disorientation.

He could not tell the name of his family members and

his home address. As the dementia progressed, he got lost

frequently when leaving home alone. Two years later, he

became progressive apathy and fewer words. His neu-

ropsychological assessment revealed 2/30 in MMSE, 1/30

in MoCA, 3 points in CDR and 14 points in NPI, indicat-

ing a dementia clinical course with some psychiatric

symptoms. He could not finish the ADAS-cog test. Physi-

cal examination revealed no resting tremor, rigidity,

bradykinesia or postural instability. Brain MRI showed

mild to moderate atrophy mainly in the bilateral hip-

pocampus, temporal and parietal areas. His APOE geno-

type was 3/4. He was clinically diagnosed as probable AD

according to NIA-AA criteria. His father died of heart

attack at the age of 78. The caregiver recalled that he had

cognitive decline during his last 5 years. No brothers or

sisters of the proband complained of dementia or parkin-

sonism. We further examined the p.I2012T status of the

three offspring (III:1, III:2, and III:3), and found that all

the three children of the proband were p.I2012T carriers.

Their ages were 38, 36, and 32, respectively. The neu-

ropsychological assessment and physical examination were

all normal. We will take follow-up observation on the

three p.I2012T carriers.

Variants of AD risk genes and follow-up
genotyping

Fifty-one rare variants of the established AD risk genes

were detected in 36 probands of EOAD families and 22

probands of LOAD families (Table S2), including 17 mis-

sense variants in ABCA7, 11 missense variants in SORL1,

1 frameshift and 4 missense variants in ABCA1, 3 mis-

sense variants in CD33, 1 frameshift and 3 missense vari-

ants in CR1, 2 missense variants in BIN1 and PTK2B, and

1 missense variant in FERMT2, MS4A6A, TREM2 and

CLU, respectively. Sixteen probands had a co-occurrence

of 2 or more rare variants. The prevalence of rare variants

in risk genes tended to be higher in EOAD families
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Figure 1. EOAD family carrying p.P410S of PLD3 gene. Note: (A) the pedigree of the EOAD family carrying p.P410S of PLD3 gene, the black

arrow shows the proband. (B) sanger sequencing diagram of p.P410S variant, and the black arrow shows the mutated site. (C) conservatism of

the 410th amino acid of PLD3 protein detected by ClustalW2 website. (D) brain MRI of the II:3 case showed asymmetrical atrophy in the bilateral

hippocampus and mild atrophy of parietal areas.
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(90%) than LOAD families (63%). No significant associa-

tion was observed in co-occurrence of rare variants with

age at onset and Goldman score.

A total of six rare variants in four genes were present

in two or more unrelated families, including one missense

variant each in TREM2, and ABCA1, and two missense

Figure 2. EOAD family carrying p.I2012T mutation in LRRK2 gene. Note: (A) the pedigree of the EOAD family carrying p.I2012T in LRRK2 gene,

the black arrow shows the proband. (B) sanger sequencing diagram of p.I2012T mutation, and the black arrow shows the mutated site. (C) Brain

MRI of the II:3 case showed mild to moderate atrophy in the bilateral hippocampus, temporal and parietal areas.
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variants in CR1 and ABCA7, respectively (Table 2). We

tested their association with risk of AD in an independent

sporadic AD case-control cohort. However, none of the

enriched variants presented significant P-value after adjust

for age, gender and APOE status (Table 3). Since the lack

of significant associations could be due to the sample size,

we further compared the frequency of each variant with

the East Asian allele frequencies (n = 8,628) in the ExAC

database (Table 2). Three missense variants in ABCA7

(P143S and A1507T) and CR1(T239M) were significantly

associated with familial AD when compared with the East

Asian controls in the ExAC database after correction for

multiple testing (P = 0.005437, 0.001383, 0.000549. Bon-

ferroni-corrected P-value = 0.0083). A missense mutation

in TREM2(S183C) was significantly associated with AD

when we compared the total AD carriers with the East

Asian controls in the ExAC database after correction for

multiple testing (P = 0.000396, Bonferroni-corrected P

value = 0.0083) (Table 3).

Variants of other neurodegenerative
disease-related genes and functionally
related genes

A total of 211 rare variants were found in other neurode-

generative disease-related genes and functional related

genes (Table S3). The variants were extremely rare in the

general population (max MAF = 5%). A majority of them

were predicted to be deleterious. The variant G223del in

FUS was shared by three FAD families (2 LOAD and 1

EOAD) and was absent in the Exome Sequencing Project,

1000 Genomes Project, and ExAC database. We further

tested its association with risk of AD in our case-control

datasets and found that G223del is frequent in AD (0.04

in family cases and 0.006 in sporadic AD cases) compared

with controls (0.002). After Fisher exact test, the variant

was significantly associated with FAD (P = 0.008). We

also detected a missense variant A104T of PARK7/DJ-1 in

2 EOAD families. The A104T was previously detected in

Table 2. Annotation of rare variants in AD risk genes found in at least two unrelated families.

Gene Position ID Ref Alt AA change Effect POLYPHEN2 SIFT Mutationtaster

TREM2 6-41126454 rs200820365 A T S183C nonsynonymous PD T P

ABCA1 9-107581120 rs13306073 G A V1096I nonsynonymous B T D

ABCA7 19-1042325 / C T P143S nonsynonymous B T P

ABCA7 19-1056431 rs192694824 G A A1507T nonsynonymous B T P

CR1 1-207758129 rs374551420 T C I1363T nonsynonymous PD T P

CR1 1-207697184 rs199598381 C T T239M nonsynonymous PD T P

PD, Possible damaging; T, Tolerable; P, Polymorphism; B, Benign; D, Damaging.

Table 3. Allele frequency and association test in case-control dataset and East Asian of ExAC database.

Gene rsID AA change

Number and

frequency in

targeted

sequencing

families

Number

and

frequency

in cases

Number and

frequency

in controls

ExAC

Frequecny

in East Asian

Pa,

Fisher

test

Corrected

Pa
Pb, Fisher

test

Pc, Fisher

test

TREM2 rs200820365 S183C 3 (0.04) 11 (0.022) 6 (0.012) 0.007646 0.328 0.461 0.021637 0.000396

ABCA1 rs13306073 V1096I 2 (0.027) 0 1 (0.002) 0.001992 / / 0.01163 0.3394

ABCA7 19-1042325-C-T P143S 2 (0.027) 1 (0.002) 0 0.001284 / / 0.005437 0.05442

ABCA7 rs192694824 A1507T 3 (0.04) 2 (0.004) 2 (0.004) 0.002664 1.0 0.984 0.001383 0.02789

CR1 rs374551420 I1363T 2 (0.027) 0 1 (0.002) 0.000261 / / 0.000549 0.02654

CR1 rs199598381 T239M 2 (0.027) 0 1 (0.002) 0.001861 / / 0.010268 0.3118

Pa, Fisher test between SAD cases and controls.

Corrected Pa, Pa after the adjustment of age, gender, and APOE e4 status.

Pb, Fisher test between targeted sequencing affected carriers and East Asian in ExAC.

Pc, Fisher test between both FAD and SAD carriers and East Asian in ExAC.

(Nominally significant variants are highlighted in bold).
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sporadic PD patients and reported as a risk factor for

EOPD.

Discussion

Mutations of APP, PSEN1, and PSEN2 account for only a

small portion of FAD, leaving most of the genetic factors

for the other AD families unexplained. Recent studies

identified that rare variants in several GWAS loci of AD

were segregated in LOAD families and may confer risk of

AD.10–12 Pathogenic mutations of FTD and PD related

genes were presented in dementia patients or families that

formerly diagnosed of AD,19,20 suggesting that rare,

pathogenic variants of neurodegenerative genes other than

APP, PSEN1 and PSEN2 may account for etiology of the

remaining AD families. In this study, we analyzed the

association of rare variants in neurodegenerative diseases

genes as well as APOE in a Chinese FAD cohort. As a

result, the frequency of APOE e4 allele was higher in

LOAD families, we also detected causal and risk variants

that segregated within AD families, and showed strong

association with AD when combined with ExAC East

Asian control data and our case-control cohort. To our

knowledge, there lacked studies on thoroughly analysis of

rare variants in neurodegenerative genes towards AD fam-

ilies in Chinese cohort. Our result indicated a potential

role for rare variants from AD risk genes and other neu-

rodegenerative diseases genes in FAD etiology.

In this study, a novel missense variant, P410S, of PLD3

was identified in an EOAD families. PLD3 was identified

as a new risk gene by a next-generation sequencing study

on a large LOFAD cohort of European descent. V232M

of PLD3 was found to segregate with disease status in two

large late-onset families and showed strong association

with disease status in a large LOAD cohort (4,998 cases

and 6,356 controls).22 By now, multiple replication stud-

ies in different ethnicities (Belgian, Germany, French,

Chinese, etc) have been performed on rare variants of

PLD3, but they showed controversial association conse-

quences with AD risk.25–27 In a northern Han Chinese

population study of 960 LOAD cases and 2,290 controls,

the authors found the rare variants p.I163M and c.1020-

8G > A that conferred considerable risk of LOAD in their

cohort; they detected a p.V232M carrier but found no

association of p.V232M with the LOAD risk in their

cohort,28 which indicated that the role of PLD3 to AD

risk was still unclear and that it showed strong ethnic

diversity. The P410S identified in our study was detected

in a dementia patient and a SCD individual in an EOAD

family and absent in unaffected siblings of the family and

our case-control cohort. Due to lack of functional and

population studies, P410S of PLD3 gene was divided as

variant of uncertain significance according to the ACMG

guideline, however, multiple lines of computational evi-

dence indicated that P410S might be a pathogenic variant.

Our result demonstrated that rare variants of PLD3

existed in EOAD family that may confer risk of EOAD as

well as LOAD. The pathogenicity of P410S and the role

of PLD3 in EOAD family need functional studies and

large family sample studies to further investigate.

Mutations of LRRK2 is a main genetic cause for both

familial and sporadic PD firstly identified by Zimprich

et al. in 2004.29 The I2012T is a causative mutation that

mostly detected in Asian PD patients.30,31 I2012T lies in

the activation loop of kinase domain and could decrease

LRRK2 kinase activity in several functional studies.32,33

The clinical spectrum of I2012T mutation carriers varies

widely, ranges from typical late-onset levodopa-responsive

PD to FTD with parkinsonism.34 To date, dementia with-

out parkinsonism phenotype has not been reported in

I2012T mutation carriers. In the study, we detected

I2012T mutation of LRRK2 in an EOAD family. The pro-

band showed a dementia clinical course with progressive

episodic memory loss and psychiatry symptoms with apa-

thy and fewer words. No typical FTD symptoms or

parkinsonism were found in the proband and his rela-

tives. Brain MRI showed mild to moderate atrophy

mainly in the hippocampus, temporal and parietal areas.

According to NIA-AA criteria, the I2012T carrier was cur-

rently diagnosed as probable AD since his symptom of

episodic memory loss was initial and predominant. How-

ever, because lack of pathological evidence of AD, the

diagnosis of atypical FTD cannot be excluded by now.

Alternatively, due to the incomplete penetrance of LRRK2

mutations, it could be that the I2012T mutation pre-

sented with low penetrance and there was a possibility of

other unknown causative mutation that responsible for

the EOAD family. The penetrance of I2012T has not been

widely studied. However, in previous studies on other

LRRK2 mutations, incomplete penetrance was presented

in G2019S,30 G2385R, R1628P,35 and R1441C36 which

was modified by age30 and multiple PD-associated genetic

factors.35 Nevertheless, our study amplified the pleomor-

phic range of LRRK2 I2012T variants. The association of

LRRK2 I2012T with dementia or AD need functional and

large sample studies to confirm. Before that, we propose

that screening of LRRK2 is needed in the genetic cause

unknown FAD patients.

In the targeted sequencing, we detected 51 rare variants

of the known AD risk gene 36 probands of EOAD fami-

lies and 22 probands of LOAD families. Although not sta-

tistically significant, the prevalence of rare variants in AD

risk genes were more frequent in EOAD families. We also

detected several families had co-occurrence of 2 or more

variants, but we didn’t find their association with AAO

and Goldman score since the pathogenesis of the rare
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variants was uncertain. To evaluate the pathogenesis of

the rare variants of AD risk genes, we further tested their

association with AD in a case-control cohort. In the fol-

low-up genotyping, P143S, A1507T in ABCA7 and

T239M in CR1 were significantly associated with FAD

risk, and S183C in TREM2 was significantly associated

with AD risk when they were compared with the allele

frequency of the Asian data in ExAC. No previously

reported risk variants were found in this study, suggesting

region specificity and race specificity of the rare variants

in AD risk. ABCA7 and CR1 are LOAD susceptibility loci

identified in SNP-based GWAS study. Common SNPs of

ABCA7 and CR1 were identified as risk factors of

LOAD,8,37,38 but their effect size was much smaller than

for APOE.7,37 Recently, a sequencing study found that

GWAS loci could also harbor rare damaging variants that

were independently associated with LOAD in Caucasian

and Caribbean Hispanic population.39 In an European

population study, targeted resequencing identified an

intronic variant in ABCA7,12 whereas among African-

Americans, the most strongly associated SNP is

rs115550680.40 No rare variants in CR1 have been

reported to be associated with AD by now. In this study,

P143S, A1507T in ABCA7 and T239M in CR1 that

showed strong association were identified in Chinese FAD

patients. Our study confirmed that rare coding variants of

GWAS loci were existed and may confer risk of AD in

Chinese population. The variants differed between people

of different ethnic origins. The rare variant R47H in

TREM2 was first detected with strong association with

LOAD with an effect size similar to that of APOE e4 from

two NGS-based studies.9 The genetic association between

TREM2 R47H and AD has been widely replicated. R47H

was absent in our sequencing data; instead, we found that

S183C in TREM2 showed a strong association with AD in

this study. S183C was overrepresented in EOAD families

and LOAD cases, supporting its causative role in both

EOAD and LOAD.

A total of 211 rare coding variants in FTD-, VD-, PD-,

and ALS-related and functionally related genes were iden-

tified in this study. Their association with AD needs asso-

ciation study in large cohort to elucidate. The G223del in

FUS was frequent in AD cases. Through follow-up geno-

typing in our case-control cohort, it was found in three

FAD families and three sporadic AD cases. By Fisher’s

exact test, G223del in FUS was significantly associated

with FAD. Variants in FUS have been identified as causal

and risk for ALS, essential tremor, and FTD.41–44 The

G223del was located in the G-rich region of FUS that is

not strongly conserved in closely related organisms, sug-

gesting it may be a benign variant. We also detected two

families carrying A104T in PARK7/DJ-1. The A104T

mutation was first reported in a sporadic PD patient in

2003.45 Previous studies on PARK7/DJ-1 and PD sup-

posed that mutations in the heterozygous state of parkin

gene may represent risk factors.46 As the role of A104T in

PD remains unclear, the association of A104T mutation

with FAD needs further large cohort and functional stud-

ies for confirmation.

In summary, of the 75 FAD families that non-carrying

mutation of causal dementia genes, we identified 2 EOAD

families that carrying likely pathogenic variant of PLD3

and causative mutation of LRRK2, respectively, 15 AD

families that carrying risk variants of TREM2, ABCA7,

CR1, FUS, and PARK7/DJ-1. The results here implied that

multiple rare coding variants of causal and risk neurode-

generative genes were present in familial AD that may

confer risk of AD. Further confirmation and characteriza-

tion of these rare variants will be important for under-

standing the biology of AD and developing therapeutic

strategies. Our data supported that the clinical, pathologi-

cal, and genetic architectures of AD, PD, and FTD/ALS

may be overlapping. Thus, we propose that targeted

sequencing on neurodegenerative disease genes is neces-

sary for genetic unclear AD families.

This study had several limitations. First, the AD fami-

lies involved in this study were probable AD according to

the NIA-AA criteria, which were diagnosed mainly based

on their clinical symptoms and brain imaging. We cannot

rule out the presence of misdiagnose and comorbidities

of AD and other neurodegenerative diseases due to lack

of AD pathological evidence. This may limit the power of

this study to demonstrate pathogenicity and risk of

detected rare variants in AD. Second, in spite of 39 pro-

bands of AD families got a Goldman score of 1 that fol-

lowed the autosomal dominant inheritance, the sample

size of available family members was still not enough to

perform linkage analysis within families. As a result, it

was uncertain whether the likely pathogenic variants

detected in families were responsible for family aggrega-

tion of AD phenotype. Functional study and genotype-

phenotype correlation analysis in large pedigrees with AD

are needed to confirm the role of these variants. At last,

the comparison with East Asian data of ExAC also limits

the statistical power to establish the risk of rare variants

in AD risk genes. We will amplify the sample size of local

case-control cohort to validate the potential variants in

the follow-up study.
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