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A B S T R A C T

Alzheimer's disease (AD) is the most common cause of dementia in the elderly. It shares clinical and pathological
features with other types of dementia, such as vascular dementia (VaD), Lewy body dementia (LBD), and
frontotemporal dementia (FTD). We have hypothesized that there might be an overlapping molecular me-
chanism and genetic basis to the different types of dementia. In this study, we analyzed the mutation pattern of
dementia-causal genes in 169 Han Chinese patients with familial and early-onset AD by using whole exome
sequencing or targeted resequencing. We identified 9 potentially pathogenic mutations in the AD-causal genes
APP, PSEN1, PSEN2, and 6 mutations in a group of non-AD dementia-causal genes including the FTD-causal gene
GRN and the VaD-causal gene NOTCH3. A common splice-site variant rs514492 in the FTD-causal gene VCP
showed a positive association with AD risk (P=0.0003, OR=1.618), whereas the rare missense variant
rs33949390 (p. R 1628P) in the LBD-causal gene LRRK2 showed a protective effect on AD risk (P=0.0004,
OR=0.170). The presence of putative pathogenic mutations and risk variants in these causal genes for different
types of dementia in clinically diagnosed familial and early-onset AD patients suggests a need to screen for
mutations of the dementia-causal genes in cases of AD to avoid misdiagnosis. These mutations also support the
idea that there are overlapping pathomechanisms between AD and other forms of dementia.

1. Introduction

‘Dementia’ describes a group of diseases which all present with

symptoms affecting cognitive, behavioral and social abilities (Leyhe
et al., 2017; Love, 2005; Querfurth and LaFerla, 2010). Alzheimer's
disease (AD) is the most common cause of dementia in the elderly,
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accounting for 50%–70% of all cases (Alzheimer's association, 2016;
Blennow et al., 2006; Jack et al., 2018; Leyhe et al., 2017; Querfurth
and LaFerla, 2010). The main molecular features of AD are deposits of
β-amyloid (Aβ) plaques and aggregated neurofibrillary tangles of
phosphorylated tau protein (Coded by the MAPT gene) in the brain
(Jack et al., 2018; Love, 2005; Waldemar et al., 2007). Vascular de-
mentia (VaD) is the second most common type of dementia (up to
∼20% of cases) and is the result of damage to the blood vessels
(Waldemar et al., 2007; Wetterling et al., 1996). Lewy body dementia
(LBD, up to ∼10% dementia cases) is the third common cause of de-
mentia after AD and VaD, and is characterized by abnormal deposits of
α-synuclein in the Lewy bodies (McKeith et al., 2005). Frontotemporal
dementia (FTD) is a group of diseases characterized by degeneration of
the frontal and temporal lobes (Young et al., 2018). It is possible for a
patient to have two types of dementia at the same time. This is known
as having a mixed dementia and is usually a combination of AD and
another type of dementia (Tofaris and Buckley, 2018). Some of the
clinical and pathological features are shared by different types of de-
mentia, leading to a challenge in making a clinical diagnosis of de-
mentia (Tofaris and Buckley, 2018). What is more, considering the si-
milar clinical and pathological phenotypes, different types of dementia
might share an overlapping molecular mechanism and a common ge-
netic basis (Tofaris and Buckley, 2018), but presenting different
symptoms due to different genetic backgrounds and environmental
influences.

Pathogenic mutations in dementia-causal genes have been well
characterized, providing the possibility of genetic testing for the diag-
nosis of dementia and basic research. Three well-known genes, β-
amyloid precursor protein (APP), Presenilin-1 (PSEN1) and Presenilin-2
(PSEN2) that involving in the production of Aβ, have been recognized
to be the causal genes for early-onset familial AD (EOFAD, age at onset
[AAO] < 65 years old [yr], always with a positive familial history)
that is inherited in a Mendelian fashion (Campion et al., 1999;
Guerreiro et al., 2013). However, the families with autosomal dominant
familial AD caused by pathogenic APP, PSEN1, and PSEN2 mutations
only account for a very small proportion of dementia cases (Campion
et al., 1999; Ridge et al., 2013, 2016). Whether causal genes found in
other types of dementia, such as MAPT, GRN, VCP, TREM2, SQSTM1,
FUS, TARDBP, CHMP2B, and C9ORF72 for FTD (Guerreiro et al., 2015),
LRRK2, SNCA, and PINK1 for LBD (Meeus et al., 2012; Vergouw et al.,
2017; Zhu et al., 2006), NOTCH3, HTRA1, and COL4A1 for VaD (Ikram
et al., 2017), and PRNP and CSF1R for other neurodegenerative diseases
with dementia symptoms (Lynch et al., 2017; Sassi et al., 2018;
Vergouw et al., 2017), also contribute to AD have remained to be in-
vestigated. In this study, we analyzed the mutation spectrum of these
known dementia-causal genes by using the next-generation sequencing
data obtained from familial and early-onset AD patients.

2. Materials and methods

2.1. Subjects

Patients with early onset AD (AAO < 65 yr) and/or a positive fa-
milial history were enrolled from Southwest and East China (N=107,
46.7% females, age 64.6 ± 10.3 yr, AAO 56.7 ± 9.5 yr, APOE ε4
38.5%; South East cohort) and North China (N=62, 54.8% females,
age 58.1 ± 8.6 yr, AAO 54.7 ± 7.6 yr, APOE ε4 43.5%; North cohort).
The majority of these patients had been described in our recent study
(Zhang et al., 2018). Briefly, familial cases were defined as having at
least one affected first- or second-degree relative besides the proband.
For each family, we only sequenced the proband. We did not collect
samples for the other patients in these families. In the South East co-
hort, 82 patients (including 12 familial cases) had an AAO < 65 yr and
25 individuals were late-onset familial cases (> 65 yr). In the North
cohort, there were 55 patients (including 19 familial cases) with an
AAO < 65 yr and the remaining cases were late-onset familial AD. All

patients were diagnosed as possible or probable AD by at least two
clinical psychiatrists according to the revised National Institute of
Neurological and Communicative Disorders and Stroke and the Alz-
heimer's Disease and Related Disorders Association (NINCDS-ADRDA)
criteria (Jack et al., 2011; Khachaturian, 2011; McKhann et al., 1984)
and Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition, as described in our previous studies (Bi et al., 2015; Xiang
et al., 2017; Zhang et al., 2016). Patients in the North cohort also had
diagnostic imaging, but this kind of test was not available for the South
East cohort. Individuals clinically diagnosed as having VaD, FTD, or
LBD were excluded. Sample collection complied with the Declaration of
Helsinki, with written informed consents being obtained from each
participant or their guardians. Exome data of 160 in-house non-de-
mentia individuals (52 healthy individuals and 108 leprosy patients
without dementia, 40.6% females, age 52.6 ± 16.5 yr; APOE ε4, 15%
(Wang et al., 2018);) was combined with the whole genome data of Han
Chinese in Beijing (CHB, N=103) and Southern Han Chinese (CHS,
N=105) from the 1000 Genome Project phase 3 (1000 Genomes
Project Consortium et al., 2015) as the control samples (N=368)
(Zhang et al., 2018). We performed principle component analysis to
correct for potential population stratification using the same procedure
in our previous study (Zhang et al., 2018), and found no apparent po-
pulation stratification among the AD patients and the control samples
(Fig. S1). Allele frequency data of 4327 East Asians from the Exome
Aggregation Consortium (ExAC, accessed at 2016) (Lek et al., 2016)
were also retrieved and used as a reference control. This study was
approved by the Institutional Review Board of Kunming Institute of
Zoology, Chinese Academy of Sciences.

2.2. Next-generation sequencing

Genetic testing of all the patients was conducted by using next-
generation sequencing technologies. The South East cohort was initially
sequenced by Zhang et al. (2018) using the Nimblegen SeqCap EZ
Exome Enrichment Kit v3.0 (Roche, Basel, Switzerland). The North
cohort was sequenced using the IDT XGen Exome kit or customized
targeted gene sequencing panel (performed by a commercial service
from the PrecisionMD Company). In brief, libraries were constructed
according to the manufacturer's instructions and sequenced on the Il-
lumina HiSeq 2500 or 4000 (Illumina, San Diego, CA, USA) platform
using the 150 bp paired-end module. All the sequenced reads were
processed through the canonical pipeline recommended by the GATK
Best Practices (Genome Analysis Toolkit, https://www.broadinstitute.
org/gatk/guide/best-practices) (McKenna et al., 2010). Reads were
aligned to the human genome reference assembly (build GRCh37/hg19:
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/) using
the Burrows-Wheeler Aligner (Li and Durbin, 2009). Picard Tools
(http://broadinstitute.github.io/picard/) were used to mark and re-
move duplicate reads. Variants were called by the newest GATK pipe-
line with a Phred-quality score > Q10. All called variants were sub-
jected to the GATK Variant Quality Score Recalibration to filter
spurious variants due to sequencing errors and mapping artifacts. As the
newly identified singletons in this study might be sequencing errors, we
manually checked the sequencing and mapping quality of raw reads.
We also performed Sanger sequencing (Table S1) to confirm the po-
tentially damaging variants in the dementia-causal genes that were only
observed in single patients. ANNOVAR was used to annotate variants
into different functional categories according to their genic location and
expected effect on encoded gene products (Wang et al., 2010).

2.3. Mutation and association analyses of the dementia-causal genes

We analyzed 20 causal genes showing a Mendelian inheritance that
were reported for dementia, which were captured by different se-
quencing strategies used in this study. The gene list contained the well-
known genes APP, PSEN1, and PSEN2 for AD (Guerreiro et al., 2013),
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MAPT, GRN, VCP, TREM2, SQSTM1, FUS, TARDBP, CHMP2B, and
C9ORF72 for FTD (Guerreiro et al., 2015), LRRK2, SNCA, and PINK1 for
LBD (Meeus et al., 2012; Vergouw et al., 2017), NOTCH3, HTRA1, and
COL4A1 for VaD (Ikram et al., 2017), PRNP and CSF1R for other neu-
rodegenerative diseases with dementia symptoms such as leukody-
strophy (Lynch et al., 2017; Sassi et al., 2018). Nonsense, frameshift,
splice-site variants, and missense variants that affect the coding region
were defined as functional variants and were analyzed in this study, and
the other variants of unknown significance were not discussed.

Functional variants of the above 20 dementia-causal genes in 169
AD patients, 368 controls (Zhang et al., 2018), and 4327 East Asians
from the ExAC dataset (Lek et al., 2016) were retrieved and annotated.
Allele frequencies of all variants in AD patients were compared with
those of the combined controls ((Zhang et al., 2018) and references
therein) and the population samples from the ExAC (Lek et al., 2016) by
using the Fisher's exact test. A P-value<0.05 was regarded as mar-
ginally significant when the AD patients were compared with the
combined control or the ExAC population control. We also performed
linear regression analysis comparing the cases with the combined
controls, with the first three principle components as the covariates to
correct for potential population stratification (Zhang et al., 2018). Note
that we had no detailed information for the subjects in the ExAC dataset
(Lek et al., 2016), especially for age, sex, and neurological disease as-
sessment. There was a possibility that the ExAC samples might contain
potential dementia patients, which would lead to a reduced statistical
power. Therefore, the results using the ExAC data as the reference in
our comparison should be interpreted with caution.

As most of the pathogenic mutations affect protein function, mis-
sense variants predicted to be damaging or deleterious by at least two of
five protein-function-based algorithms (PolyPhen2 HunDiv and HunVar
(Adzhubei et al., 2010), LRT (Chun and Fay, 2009), MutationTaster
(Schwarz et al., 2010), and SIFT (Ng and Henikoff, 2003)) were re-
garded as potentially damaging mutations. The PHRED-scaled Com-
bined Annotation-Dependent Depletion (CADD) score (Kircher et al.,
2014), a method integrating diverse annotations, was also used to
evaluate function potential of target variants.

We focused on two types of functional variants. The damaging
mutations observed only in AD patients, but not in controls, available
databases and reported studies according to a web-based search similar
to that used for mtDNA variants (Bandelt et al., 2009), were defined as
potentially pathogenic mutations. These case-only mutations were also
classified as possibly pathogenic, probably pathogenic, and definitely
pathogenic according to the classification by Guerreiro et al. (2010).
Variants showing significant associations with AD by comparing AD
patients with controls were regarded as functionally risk variants for
AD.

Considering the limited sample size in this study, we calculated the
statistic power for the association analysis using the Quanto software
(version 1.2.4) (Gauderman, 2002). The power was 12.6% for allele
with a minor allele frequency (MAF) of 0.01 and 58.1% for allele with a
MAF of 0.5 in our samples (disease prevalence was set as 0.1) to capture
an odds ratio of 2.0 under an additive model. It was thus underpowered
for making a valid conclusion and validation in larger samples was
essential to confirm these results. Therefore, we analyzed the AD-as-
sociated dementia-causal genes using two large datasets of populations
with European ancestry. The first dataset is the International Genomics
of Alzheimer's Project (IGAP) stage 1 GWAS data (Lambert et al., 2013),
which contained 7,055,881 SNPs in 17,008 AD cases and 37,154
controls (Lambert et al., 2013). We downloaded the summary
statistics from http://web.pasteur-lille.fr/en/recherche/u744/igap/
igap_download.php and performed a gene-based test for the GWAS
common variants using the online tool Versatile Gene-based Association
Study (VEGAS2 v02, https://vegas2.qimrberghofer.edu.au/) (Liu et al.,
2010; Mishra and Macgregor, 2015). The second dataset contains
whole-exome sequencing data of 5815 AD cases and 4755 controls from
the Alzheimer's Disease Sequencing Project (ADSP) (Bis et al., 2018).

The original data were retrieved through the dbGaP (Genotypes and
Phenotypes database: https://www.ncbi.nlm.nih.gov/projects/gap/cgi-
bin/study.cgi?study_id=phs000572.v7.p4) under the study accession
phs000572.v7.p4, and were processed by plink/seq (https://atgu.mgh.
harvard.edu/plinkseq/).

3. Results

3.1. Potentially pathogenic mutations of the dementia-causal genes in
Chinese AD patients

A total of 69 functional variants (including missense, frame-error,
nonsense, read-through, and splice-site) in 20 dementia-causal genes
were found in 169 AD patients (Table S2, variants were listed sepa-
rately for the two cohorts). All these variants had a high sequencing
quality score. Most of these functional variants had a high PHRED-
CADD score (Mean=21.85 ± 7.35, range 1.04–39), suggesting they
were potentially pathogenic. Among these 69 functional variants, 27
were observed only in single cases (12 patients in the South East cohort
and 15 patients in the North cohort). 16 of the 27 case-only singletons
were predicted to be damaging by at least two algorithms (Table S2). To
exclude false positive variants calling of these 16 case-only damaging
singletons, we conducted Sanger sequencing for these patients with the
singletons for confirmation (Fig. S2). Among these 16 patients, two had
SQSTM1 singletons (p.E176A [South East cohort] and p.R309W [North
cohort]) but were not sequenced, simply because the original DNA
samples were used up for the two carriers; one patient in the South East
cohort with a PSEN2 variant (p.V88M) was confirmed to be false po-
sitive, and the remaining 13 patients with damaging singletons were
confirmed to be true variants. Therefore, the validation rate (13/14)
was considerably high for the singletons. We then focused on these 13
variants and the two SQSTM1 variants (p.E176A and p.R309W) in the
subsequent analyses (Table 1).

In the South East cohort, the damaging variant rs63750929
(p.G394V) of PSEN1, has been recorded previously in the AD mutation
database (Alzheimer Disease & Frontotemporal Dementia Mutation
Database: http://www.molgen.ua.ac.be/ADMutations/), and occurred
in a patient with an AAO of 45 years old. The missense variant p.A379D
and the splice-site variant chr1:227078976-C-T in PSEN2 were sepa-
rately found in two patients with AAO of 55 yr and 81 yr, respectively.
The PSEN2 variant p.A379D might be possibly pathogenic as it was ob-
served only in a patient and this mutation has not been reported pre-
viously according to a search in the above AD mutation database. The
PSEN2 splice-site chr1:227078976-C-T seemed to be a novel variant,
but its pathogenicity was unclear, as the carrier was positive for APOE
ε4 and had a late onset age. Potentially pathogenic variants were also
observed in two FTD-causal genes (GRN p.P21L [AAO=49 yr] and
SQSTM1 p.E176A [AAO=69 yr]), one LBD-causal gene (LRRK2
p.P235A [AAO=52 yr]), and two VaD-causal genes (NOTCH3 p.E585A
[AAO=54 yr] and HTRA1 p.R190H [AAO=50 yr]) (Table 1). In the
North cohort, there were 6 potentially pathogenic variants in the AD-
causal genes: APP (p.R486W [rs201085152, AAO=60 yr]), PSEN1
(p.L173S [AAO=38 yr], p.L262S [AAO=59 yr], and p.T116I
[AAO=47 yr]) and PSEN2 (p.N141D [AAO=59 yr] and p.M298T
[AAO=56 yr]) (Table 1). One variant in the FTD-causal gene SQSTM1
(p.R309W) was observed, albeit without Sanger sequencing confirma-
tion due to no DNA available (Table 1). The two PSEN1 variants
(p.L173S and p.L262S) and one PSEN2 variant (p.N141D) should be
grouped as definite pathogenic (Guerreiro et al., 2010) based on the
following lines of evidence. First, different mutations had been reported
in the 173rd residue (p.Leu173Trp and p.Leu173Phe) and the 262nd
residue (p.Leu262Val, p.Leu262Phe) of PSEN1 according to the AD
mutation database (http://www.molgen.ua.ac.be/ADMutations/). Mu-
tations at both residues (PSEN1 p.L173 and p.L262) were confirmed to
change Aβ42 production (Forsell et al., 1997; Kasuga et al., 2009).
Second, mutations p.Asn141Tyr and p.Asn141Ile were reported in the
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same residue of PSEN2 p.N141D and affected Aβ42 production
(Blauwendraat et al., 2016).

3.2. Association of functional variants in the dementia-causal genes with
AD risk in Chinese population

Apart from the above case-only potentially pathogenic mutations,
there were some variants showing a marginally significant association
with AD when compared with the combined controls or population
controls (Table 2), suggesting a modifying effect of these dementia
genes on AD risk. In the South East cohort, we identified the AD-asso-
ciated variants in VCP (splice-site variant, rs514492), LRRK2 (p.R1628P
and p.R1398H), and NOTCH3 (p.R640C, p.R1050W, p.A1927T, and
p.R2234C) (Table 2). Among them, VCP rs514492 and LRRK2
p.R1398H were common variants. In the North cohort, variants in VCP
(splice-site variant, rs514492), FUS (p.R524K), LRRK2 (p.L153R,
p.A419V, and p.R1628P), PINK1 (p.R246*, nonsense), CHMP2B
(p.R205W), COL4A1 (p.Q1334H), C9orf72 (chr9:27556798-T/A, splice-
site), and CSF1R (p.V279M) were identified (Table 2). Among these
variants, VCP rs514492 and COL4A1 p.Q1334H were common and
showed a marginally association with AD (P < 0.05; Table 2).

As our sample size was relatively small, we combined the two co-
horts as one population. The common splice-site variant rs514492 in
VCP showed a positive association with AD risk in both cohorts and the
combined population (Pcombined=0.0003, OR=1.618), indicating a
robust effect of VCP rs514492 on AD risk. The rare LRRK2 variant
rs33949390 (p.R1628P) was associated with a reduced risk of AD in
both cohorts and the combined population (Pcombined=0.0004,
OR=0.170) (Table 2). In addition, the APOE variant rs429358 de-
fining the ε4 allele showed a strong association with AD risk in both
cohorts and the combined population (Pcombined=1.12×10−11,
OR=3.513). Note that only VCP rs514492 and LRRK2 rs33949390
survived the multiple testing (P < 0.0029, 0.05/17 variants in

Table 2), together with APOE rs429358. However, after correction for
potential population stratification by linear regression analysis, only
VCP rs514492 showed a marginal significance (Padjusted=0.015).
Therefore, further validation of the results in independent cohorts with
larger sample size was needed.

3.3. Association of the dementia-causal genes with AD risk in populations of
European ancestry

In order to cross validate the above association results in Han
Chinese with AD, we analyzed the association hits in reported datasets
of populations with European ancestry (Bis et al., 2018). The IGAP
dataset (Lambert et al., 2013) had data available for one significant SNP
rs514492 (VCP splice-site), but not the other significant SNPs. Un-
fortunately, we found no association of rs514492 with AD in the IGAP
population (Lambert et al., 2013), suggesting a potential population-
specific effect for this variant. We performed the gene-based test to
identify potential associations of the highlighted genes in Han Chinese
with AD using the IGAP dataset (Lambert et al., 2013), One gene FUS
showed a significant association with AD at the gene-based level (gene-
based test, P-value=0.0048). Four genes (CSF1R, C9orf72, COL4A1,
and LRRK2) had no significant gene-based P-values but had some sug-
gestively associated SNPs (top SNP P < 0.05; Table S3).

The significant SNPs identified in Han Chinese had not been in-
cluded in the ADSP dataset (Bis et al., 2018), but we observed some
other suggestively significant SNPs in the above highlighted genes
NOTCH3, COL4A1, PINK1, LRRK2, CSF1R, and CHMP2B in the ADSP
dataset based on linear regression analyses. Most of these SNPs were
intronic or synonymous variants, and only four nonsynonymous var-
iants (PINK1 rs61744200 [p.R501Q]; LRRK2 rs33958906 [p.P1542S],
rs78365431 [p.Q1111H], and CSF1R rs146406037 [p.N255I]) showed
a protective effect with a suggestive significance (P-value < 0.05)
(Table S4).

Table 1
Potentially damaging variants in the dementia-causal genes that were only observed in patients with early-onset or familial AD.

Gene Chromosome:
position

rs ID Ref/alt Protein
change

Damaging PHRED
CADD

AC/AN P-value Diagnosis AAO Familial APOE ε4

AD Controls ExAC

South East cohort
PSEN1 14:73683885 rs63750929 G/T p.G394V 4 31 1/212 0/160 NA NA Probable AD 45 No –
PSEN2 1:227081771 . C/A p.A379D 4 27.1 1/212 0/160 NA NA Probable AD 55 No –
PSEN2 1:227078976 . C/T Splice-site NA 9.977 1/214 0/160 NA NA Probable AD 81 Yes +
GRN 17:42426594 . C/T p.P21L 3 24.7 1/212 0/160 0/7866 0.026 Probable AD 49 No +
SQSTM1 5:179260056 . A/C p.E176A 3 25.3 1/212 0/160 NA NA Probable AD 69 Yes –
LRRK2 12:40634416 . C/G p.P235A 2 18.64 1/212 0/160 NA NA Mixed

dementia
52 No –

NOTCH3 19:15298002 . T/G p.E585A 3 27.4 1/210 0/160 NA NA Probable AD 54 Yes +
HTRA1 10:124248514 . G/A p.R190H 3 25.2 1/212 0/160 0/7866 0.026 Possible AD 50 No –
North cohort
APP 21:27347385 rs201085152 G/A p.R486W 4 34 1/124 NA 0/7790 0.016 Probable AD 60 Yes +
PSEN1 14:73653598 . T/C p.L173S 4 24.1 1/124 NA NA NA Possible AD 38 Yes –
PSEN1 14:73664754 . T/C p.L262S 4 32 1/124 NA NA NA Probable AD 59 Yes –
PSEN1 14:73640282 rs63750730 C/T p.T116I 4 27.1 1/124 NA NA NA Probable AD 47 Yes –
PSEN2 1:227073303 . A/G p.N141D 3 24.9 1/124 NA NA NA Probable AD 59 No –
PSEN2 1:227078985 . T/C p.M298T 2 26 1/124 NA NA NA Probable AD 56 No –
SQSTM1 5:179263447 rs539942101 C/T p.R309W 4 26.2 1/124 NA 0/7866 0.016 Probable AD NA Yes +

Note: Shown were mutations in AD patients, controls (Zhang et al., 2018) and ExAC dataset (Lek et al., 2016). The mutations were observed in single AD patients and
predicted to be damaging by at least two of five algorithms (PolyPhen2 HunDiv and HunVar (Adzhubei et al., 2010), LRT (Chun and Fay, 2009), MutationTaster
(Schwarz et al., 2010), and SIFT (Ng and Henikoff, 2003)). Thirteen singletons were confirmed to be true mutations by Sanger sequencing; two patients with different
SQSTM1 singletons (p.E176A and p.R309W) were not sequenced because no DNA samples were available; one PSEN2 mutation (p.V88M; Table S2) was confirmed to
be a sequencing error and were not listed here. The PSEN2 splice-site chr1:227078976-C-T might not be pathogenic since the carrier was positive for APOE ε4 and
had a late onset age of 81 years old. Significant P values are marked in bold. Ref/alt, reference allele and altered allele according to Genome Reference Consortium
Human Build 37 (GRCh37/hg19, https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/); Damaging, number of algorithms with a prediction of damaging
effect for each variant; PHRED CADD, PHRED-scaled Combined Annotation-Dependent Depletion (CADD) score (Kircher et al., 2014). AC, allele count of minor
allele; AN, allele number (= chromosome number); ExAC, Exome data of 4327 East Asians from the Exome Aggregation Consortium (ExAC, accessed at 2016) (Lek
et al., 2016); P-value, Fisher's exact test; AAO, age at onset; NA, not available or not applicable; −/+, absence/presence of APOE ε4 allele; Probands with familial
history are marked with Yes, otherwise No.
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4. Discussion

The clinical diagnosis of AD and other types of dementia has been
mainly based on the medical history, neuropsychological assessment,
and diagnostic imaging (Jack et al., 2011, 2018; Khachaturian, 2011;
Love, 2005). As some symptoms of different types of dementia have
been shown to overlap (Tofaris and Buckley, 2018), it has been hard to
distinguish AD from the other types of dementia in certain cases. For
example, LBD can occur alone or in combination with AD (McKeith
et al., 2005); VaD is a commonly seen in AD patients and are usually
diagnosed as mixed dementia (Ikram et al., 2017; Khachaturian, 2011;
Love, 2005; Waldemar et al., 2007). Therefore, making a definite di-
agnosis has been challenging, even with postmortem evidence. Genetic
testing offers a useful approach to distinguish the different types of
dementia; albeit the correlation of phenotype and genotype needs fur-
ther characterization. Moreover, identification of new pathogenic mu-
tations might add insights for future mechanistic and therapeutic stu-
dies.

In this study, we analyzed 20 dementia-causal genes in clinically
diagnosed early-onset or familial AD patients. We identified 9 poten-
tially functional mutations in the three well-known AD-causal genes
APP, PSEN1, PSEN2 in 169 patients (5.3%). However, 6 of the muta-
tions were not found in the available studies and datasets according to a
web-based search (Bandelt et al., 2009). Potentially pathogenic muta-
tions were also observed in non-AD dementia-causal genes such as GRN,
SQSTM1, LRRK2, NOTCH3, and HTRA1 (Table 1). The shared patho-
genic mutations or causal genes between AD and other types of de-
mentia could be explained by the overlapping of the pathophysiological
specificity of AD with other types of dementia and/or a common ge-
netic basis. We found that most of the potentially pathogenic mutations
in the non-AD genes were found in the South East cohort. This might be
partially explained by a higher frequency of mixed dementia in the
cohort, especially considering the fact that most of these patients lacked
imaging data during the diagnosis. Another interpretation of the data
could be the misdiagnosis of the AD patients which should be assigned
to the corresponding type of dementia. Assuming the latter inter-
pretation being correct, there would be a high possibility of mis-
diagnoses or co-occurrence of FTD with AD and VaD with AD in clinical
practice. We performed a pathway analysis by using the genes with
mutations identified in the patients, but found no significant cluster of
any pathway or Gene Ontology term, simply because of the small
number of genes under study. Taken together, these findings would
suggest a genetic screening for dementia-causal genes is necessary in
the diagnosis of early-onset or familial AD. It should be mentioned that
the non-coding (GGGGCC) hexanucleotide repeat expansion within the
first intron of C9orf72, which was the major cause of FTD and ALS
(Beck et al., 2013; Dols-Icardo et al., 2014), could not be detected by
the whole exome sequencing used in this study. Therefore, the in-
volvement of C9orf72 in AD needs further study.

The association of the variant rs514492 (splice-site) of the FTD-
causal gene VCP with AD risk seemed to be robust in this study, al-
though the comparison should be received with caution as the two
cohorts under study and the control samples were not completely
matched (Table 2). Importantly, we observed a protective rare missense
variant rs33949390 (p.R1628P) in the LRRK2 gene in both cohorts
(Pcombined=0.0004, OR=0.170) (Table 2). These observations in-
dicated that the causal genes for other types of dementia or neu-
ropsychiatric disorders might be susceptibility genes, if not causal, for
AD too. Indeed, we recently found that risk genes for major depressive
disorder might play an active role in AD (Ni et al., 2018). It will be
worthwhile to confirm and investigate the involvement of the de-
mentia-causal genes (e.g. VCP and LRRK2) in AD using independent
samples with a large size.

This study had several limitations. First, the analyzed sample size
was relatively small, and previous gene recognition was based on
clinically diagnosed dementia patients and cognitive normal

individuals, and as such we cannot rule out the presence of asympto-
matic cases, or even misdiagnoses. Postmortem autopsy-based diag-
nosis and gene identification are needed to obtain conclusive in-
formation for any genetic testing. Second, it is unclear whether the
variants observed in this study are biologically pathogenic in the de-
velopment of AD although program-affiliated in silico prediction ana-
lyses have indicated they are potentially pathogenic. A focused func-
tional assay, animal model study (Fan et al., 2018; Yao, 2017; Zhang
et al., 2019) and a genotype-phenotype correlation analysis in pedi-
grees with early-onset and familial AD patients are needed for con-
firming the role of these mutations.

In short, the screening for mutations in 20 dementia-causal genes in
169 Han Chinese patients with early-onset or familial AD has supported
the idea of there being overlapping pathomechanisms between AD and
other dementias. Our results have also demonstrated the difficulty in
treating AD as a single clinical-pathological entity (Khachaturian, 2011).
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Figure S1. Principal component analysis (PCA) showed no apparent population 
stratification between the patient and control populations. SNPs shared by all 
subjects were used in the PCA by using the GCTA tool 
(http://cnsgenomics.com/software/gcta/#Overview). Based on the clustering pattern, it 
is reasonable to group the in-house controls (N=160) (Wang et al., 2018) with the two 
Han Chinese populations from the 1000 Genome Project (Han Chinese in Beijing 
(CHB), N=103; Southern Han Chinese (CHS), N=105) (1000 Genomes Project 
Consortium et al., 2015) as the control (N = 368). AD, Han Chinese with Alzheimer’s 
disease.

http://cnsgenomics.com/software/gcta/%23Overview
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Figure S2. Sanger sequencing chromatograms of potentially pathogenic singletons. Sanger sequencing was performed to validate the 
singletons observed in South East cohort (A) and North cohort (B), as listed in Table 1. DNA fragments containing the singletons were amplified 
and subjected to sequencing using the primers in Table S1. Shown were 13 singletons that were confirmed to be true mutations. Hg19, human 
genome reference assembly (build GRCh37); WT, individual with the wild-type allele; Patient, individual harboring the mutant allele.  



Table S1. Primer pairs for PCR amplification and Sanger sequencing for 
potentially functional variants 

Primer name Primer sequence (5’>3’) Usage 

APP-21-27347385-60U ACTTCTCAGCCTCTGCAACTG PCR 
APP-21-27347385-610L AGGAAGCAGCCAACGAG PCR, Sequencing 
GRN-17-42426594-30U CCTGTCCTCTCCCATGGCTAC PCR 
GRN-17-42426594-626L GCCAATCCAAGATGACCCTT PCR, Sequencing 

HTRA1-10-124248514-318U GCATCTTGGCTTCCTCTAACC PCR, Sequencing 
HTRA1-10-124248514-978L CGATCAGTCCATCTTCCGACA PCR 

LRRK2-12-40634416-34U GGCCATCTTTATTAGTCACT PCR 
LRRK2-12-40634416-658L AGCCAACTTCAGTATAATGTC PCR, Sequencing 

NOTCH3-19-15298002-59U GACTCAGGGCAAAGCACGGAC PCR 
NOTCH3-19-15298002-623L GGGCACGCTGTGTGATCGC PCR, Sequencing 
PSEN1-14-73640282-18U CAAGGGGAAGATGGATATG PCR 
PSEN1-14-73640282-681L CTGTGACAAGAATACCCAACC PCR, Sequencing 
PSEN1-14-73653598-265U GTGGTTCCACCTACTCAG PCR 
PSEN1-14-73653598-753L AAAGGCTTAGAATTAACTGTA PCR, Sequencing 
PSEN1-14-73664754-333U CTGCCATTTATTTCATATTCA PCR, Sequencing 
PSEN1-14-73664754-947L GGCTCTGCTCACATTACCCT PCR 
PSEN1-14-73683885-105U AATATGATAAAATGATGCCTA PCR 
PSEN1-14-73683885-737L CTCCCAAGTGATTCTAATGT PCR, Sequencing 
PSEN2-1-227071526-353U GCGGCCCTCACGATGTG PCR, Sequencing 
PSEN2-1-227071526-944L ACAGCCATGCCCAGGATCAAG PCR 
PSEN2-1-227073303-181U CATCTAGCCCTCGTCCTC PCR, Sequencing 
PSEN2-1-227073303-734L ACAGTATTAGGTCATCCACGG PCR 
PSEN2-1-227078976-89U TTGAGGATTCGAGCCCGTAGA PCR 
PSEN2-1-227078976-789L CCACGCCCAGCAGAACGAT PCR, Sequencing 
PSEN2-1-227078985-340U CACAACGGCCTCCTAACAATG PCR, Sequencing 
PSEN2-1-227078985-780L CACGCCCAGCAGAACGAT PCR 
PSEN2-1-227081771-399U ACGCCTCTTCAGTACGGGTTA PCR 
PSEN2-1-227081771-788L TGGGGCCGGTACACTC PCR, Sequencing 

 
Note: Genomic location of each target variant was marked in the primer name: 
Gene-chromosome-position-relative primer starting point-U (upper) / L (lower). Fragments 
containing the target variants were amplified by PCR and were subjected to sequencing using the 
BigDye® Terminator kit from Applied Biosystems (Thermo Fisher). 



Table S2. Functional variants of dementia-causal genes in 169 Han Chinese patients with early-onset or familial AD identified by using next-generation 
sequencing technologies 

Gene Chromosome: 

position  

rsID Ref/alt Protein 

change#  

Damaging PHRED 

CADD 

AC/AN   P-value OR AC/AN_ExAC P-value OR 

        Cases Controls         

South East cohort 
            

APP 21:27347391 . G/A p.P484S 2 23.7 1/212 0/160 1.000 2.277 4/7804 0.125 9.242 

PSEN1 14:73683885 rs63750929 G/T p.G394V 4 31 1/212 0/160 1.000 2.277 NA NA NA 

PSEN2 1:227076603 rs574125890 G/T p.V214L 3 24.7 2/214 1/526 0.202 4.953 22/7866 0.132 3.364 

PSEN2 1:227081771 . C/A p.A379D 4 27.1 1/212 0/160 1.000 2.277 NA NA NA 

PSEN2 1:227071526 . G/A p.V88M 4 28 1/214 0/160 1.000 2.255 NA NA NA 

PSEN2 1:227078976 . C/T Splice-site NA 9.977 1/214 0/160 1.000 2.255 NA NA NA 

GRN 17:42426594 . C/T p.P21L 3 24.7 1/212 0/160 1.000 2.277 0/7866 0.026 NA 

GRN 17:42427702 . G/A p.M152I 1 21.4 1/208 0/160 1.000 2.320 0/7862 0.026 NA 

GRN 17:42428077 . T/C p.V206A 1 19.94 1/212 0/160 1.000 2.277 2/7866 0.077 18.635 

VCP 9:35062972 rs514492 C/T Splice-site NA 14.02 116/212 315/736 0.002 1.615 3666/7858 0.021 1.382 

SQSTM1 5:179260056 . A/C p.E176A 3 25.3 1/212 0/160 1.000 2.277 NA NA NA 

FUS 16:31201603 . G/A p.M392I 2 na 1/212 1/320 1.000 1.512 10/7866 0.254 3.723 

LRRK2 12:40713845 rs33949390 G/C p.R1628P 4 30 2/212 37/736 0.005 0.180 139/7864 0.591 0.529 

LRRK2 12:40702911 rs7133914 G/A p.R1398H 2 23.2 27/212 46/736 0.003 2.189 825/7860 0.307 1.245 

LRRK2 12:40637442 . T/C p.I266T 2 23.8 1/212 0/160 1.000 2.277 3/7866 0.101 12.422 

LRRK2 12:40631792 . T/G p.L153R 3 26.5 1/212 0/160 1.000 2.277 1/7862 0.052 37.256 

LRRK2 12:40634416 . C/G p.P235A 2 18.64 1/212 0/160 1.000 2.277 NA NA NA 

LRRK2 12:40757328 rs34778348 G/A p.G2385R 1 22.5 4/212 21/736 0.627 0.655 170/7842 1.000 0.868 

LRRK2 12:40646786 rs34594498 C/T p.A419V 3 23.3 3/212 5/576 0.450 1.639 49/7848 0.156 2.285 

PINK1 1:20972116 rs35813094 G/A p.M341I 1 18 2/214 4/526 1.000 1.231 21/7864 0.123 3.523 

PINK1 1:20960274 . C/T p.A78V 3 24.1 2/190 1/158 1.000 1.670 NA NA NA 



NOTCH3 19:15297722 . G/A p.R640C 3 27.8 2/212 0/160 0.508 3.812 1/7866 0.002 74.905 

NOTCH3 19:15276755 rs138265894 C/T p.R1837H 3 29 1/212 0/366 0.367 5.199 5/7864 0.148 7.449 

NOTCH3 19:15291062 rs371525707 G/A p.R1050W 1 24.5 2/212 1/526 0.200 5.000 5/7856 0.013 14.954 

NOTCH3 19:15302649 rs2285981 C/T p.V237M 1 23.4 1/212 3/526 1.000 0.826 22/7864 0.458 1.689 

NOTCH3 19:15299048 rs114207045 G/A p.S497L 1 24.4 1/212 1/576 0.466 2.725 2/3026 0.184 7.166 

NOTCH3 19:15303304 rs145069047 C/T p.R75Q 1 23.8 1/212 0/160 1.000 2.277 10/3686 0.460 1.742 

NOTCH3 19:15276215 . C/T p.A1927T 1 22.7 2/212 0/160 0.508 3.812 4/7838 0.010 18.652 

NOTCH3 19:15290031 rs200504060 G/A p.R1175W 2 24.8 1/212 5/576 1.000 0.541 107/7818 0.373 0.342 

NOTCH3 19:15298002 . T/G p.E585A 3 27.4 1/210 0/160 1.000 2.298 NA NA NA 

NOTCH3 19:15271525 . G/A p.T2305I 1 22.8 1/210 0/160 1.000 2.298 NA NA NA 

NOTCH3 19:15272228 . C/G p.G2071R 1 23 1/202 0/160 1.000 2.390 NA NA NA 

NOTCH3 19:15271739 rs184996545 G/A p.R2234C 2 25.3 2/210 1/366 0.302 3.510 0/5022 0.002 NA 

NOTCH3 19:15285063 rs141320511 G/T p.L1518M 3 26.4 2/212 4/526 1.000 1.243 27/2278 1.000 0.794 

HTRA1 10:124248514 . G/A p.R190H 3 25.2 1/212 0/160 1.000 2.277 0/7866 0.026 NA 

C9orf72 9:27548287 rs369166616 C/G p.G465R 4 29 1/212 0/160 1.000 2.277 8/7866 0.213 4.655 

CSF1R 5:149450133 . G/A p.H362C 1 11.13 1/212 1/320 1.000 1.512 NA NA NA 

CSF1R 5:149449827 rs34951517 C/T p.G413S 2 22.4 1/212 0/160 1.000 2.277 1/7864 0.052 37.265 

CSF1R 5:149456893 rs3829986 C/T p.V279M 1 1.797 4/212 8/576 0.743 1.365 260/7866 0.328 0.563 

TYROBP 19:36398658 rs79272253 C/T p.R23H 1 17.17 5/212 11/736 0.372 1.592 108/7832 0.225 1.728 

North cohort 
            

APP 21:27347385 rs201085152 G/A p.R486W 4 34 1/124 NA NA NA 0/7790 0.016 NA 

APP 21:27284152 rs199887707 C/T p.V604M 3 22.7 1/124 NA NA NA 4/7864 0.075 15.976 

APP 21:27348313 rs200487832 C/T p.R418H 1 22.2 1/124 NA NA NA NA NA NA 

PSEN1 14:73653598 . T/C p.L173S 4 24.1 1/124 NA NA NA NA NA NA 

PSEN1 14:73664754 . T/C p.L262S 4 32 1/124 NA NA NA NA NA NA 

PSEN1 14:73640282 rs63750730 C/T p.T116I 4 27.1 1/124 NA NA NA NA NA NA 



PSEN2 1:227076678 rs28936379 A/G p.M239V 1 24.5 1/124 NA NA NA NA NA NA 

PSEN2 1:227073303 . A/G p.N141D 3 24.9 1/124 NA NA NA NA NA NA 

PSEN2 1:227078985 . T/C p.M298T 2 26 1/124 NA NA NA NA NA NA 

GRN 17:42428122 . G/C p.C221S 4 28.3 1/124 NA NA NA 12/7866 0.184 5.321 

GRN 17:42428499 rs202006119 C/T p.T268M 1 1.04 1/124 NA NA NA 0/7866 0.016 NA 

VCP 9:35062972 rs514492 C/T Splice-site NA 14.02 68/124 315/736 0.015 1.623 3666/7858 0.084 1.389 

SQSTM1 5:179263447 rs539942101 C/T p.R309W 4 26.2 1/124 NA NA NA 0/7866 0.016 NA 

FUS 16:31202749 rs544088874 G/A p.R524K 2 23.9 1/114 NA NA NA 1/7862 0.028 69.566 

CHMP2B 3:87302943 rs373536428 C/T p.R205W 2 23.2 1/124 NA NA NA 2/7848 0.046 31.894 

LRRK2 12:40631791 rs10878245 T/C p.L153R NA 10.43 36/124 271/736 0.105 0.702 2703/7858 0.252 0.780 

LRRK2 12:40631792 . T/G p.L153R 3 26.5 1/124 0/160 0.437 NA 1/7862 0.031 63.911 

LRRK2 12:40646786 rs34594498 C/T p.A419V 3 23.3 3/124 5/576 0.154 2.831 49/7848 0.047 3.946 

LRRK2 12:40657700 rs7308720 C/G p.N551K 3 24.1 11/124 45/736 0.241 1.495 866/7856 0.562 0.786 

LRRK2 12:40692281 rs78365431 G/T p.Q1111H 2 17.65 1/124 NA NA NA 4/7862 0.075 15.972 

LRRK2 12:40702911 rs7133914 G/A p.R1398H 2 23.2 9/124 46/736 0.691 1.174 825/7860 0.300 0.667 

LRRK2 12:40713845 rs33949390 G/C p.R1628P 4 30 1/124 37/736 0.032 0.154 139/7864 0.727 0.452 

LRRK2 12:40757328 rs34778348 G/A p.G2385R 1 22.5 2/124 21/736 0.560 0.558 170/7842 1.000 0.740 

LRRK2 12:40757330 rs33962975 A/G p.G2385R NA 7.276 1/124 NA NA NA 147/7842 0.731 0.426 

PINK1 1:20966445 rs74315357 C/T p.R246* nonsense 39 1/124 NA NA NA 1/6282 0.038 51.065 

NOTCH3 19:15271495 . G/C p.P2315R 1 20.8 1/124 NA NA NA NA NA NA 

NOTCH3 19:15276215 . C/T p.A1927T 1 22.7 1/124 0/160 0.437 NA 4/7838 0.076 15.923 

NOTCH3 19:15278057 rs1548555 A/G Splice-site NA 15.63 103/124 559/736 0.085 1.553 6329/7842 0.567 1.173 

NOTCH3 19:15280925 . G/C p.T1724R 1 23.6 1/124 NA NA NA NA NA NA 

NOTCH3 19:15288391 rs201082692 C/T p.A1450T 2 24.1 1/124 NA NA NA 13/4180 0.336 2.606 

NOTCH3 19:15290031 rs200504060 G/A p.R1175W 2 24.8 3/124 5/576 0.154 2.831 107/7818 0.246 1.787 

NOTCH3 19:15298107 . G/A p.S550F 1 22.9 1/124 NA NA NA NA NA NA 



NOTCH3 19:15302649 rs2285981 C/T p.V237M 1 23.4 2/124 3/526 0.244 2.858 22/7864 0.053 5.844 

COL4A1 13:110818598 rs3742207 T/G p.Q1334H 1 12.22 20/124 172/736 0.080 0.631 1965/7860 0.021 0.577 

COL4A1 13:110835597 . C/T p.V642I 1 6.989 1/124 NA NA NA NA NA NA 

COL4A1 13:110859209 rs192723236 G/A Splice-site NA 2.497 2/124 NA NA NA 52/7866 0.204 2.463 

C9orf72 9:27556798 . T/A Splice-site NA 13.52 1/124 NA NA NA 2/7860 0.046 31.943 

CSF1R 5:149456893 rs3829986 C/T p.V279M 1 1.797 7/124 8/576 0.009 4.248 260/7866 0.198 1.750 

CSF1R 5:149436940 . G/C p.D743E 1 19.17 1/124 NA NA NA NA NA NA 

 
Shown were mutations in AD patients, controls (Zhang et al., 2018) and the ExAC dataset (Lek et al., 2016). Ref/alt, reference allele and altered allele according to 
Genome Reference Consortium Human Build 37 (GRCh37/hg19, https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/); Damaging, number of the five 
algorithms (PolyPhen2 HunDiv and HunVar (Adzhubei et al., 2010), LRT (Chun and Fay, 2009), MutationTaster (Schwarz et al., 2010), and SIFT (Ng and Henikoff, 
2003)) showing a predicted damaging effect for each variant; PHRED CADD, PHRED-scaled Combined Annotation-Dependent Depletion (CADD) score (Kircher et 
al., 2014); AC, allele count of minor allele; AN, allele number (= chromosome number); P-value, Fisher’s exact test; OR, Odds Ratio; ExAC, exome data of 4,327 
East Asians from the Exome Aggregation Consortium (accessed at 2016) (Lek et al., 2016); NA, not available.  
# To exclude false positive variant calling of the 16 case-only damaging singletons, we conducted Sanger sequencing of these patients with the singletons and DNA 
sample for confirmation (Figure S2). Among these 16 patients, two had SQSTM1 singletons (p.E176A [South East cohort] and p.R309W [North cohort]) but were not 
sequenced because the original DNA samples were used up; one patient in the South East cohort with a PSEN2 variant (p.V88M) was confirmed to be false positive, 
and the remaining 13 patients with damaging singletons were confirmed to be true variants. 



Table S3. Gene-based test of the dementia causal genes using the GWAS data from IGAP 

Gene Start-Position Stop-Position 
No. of 
SNPs 

Gene-based 
P-value 

Top SNP 
Top SNP 
P-value 

FUS 31191430 31206192 4 0.00478 rs4889537 0.002567 
CSF1R 149432853 149492935 161 0.081918 rs34184031 0.01334 
C9orf72 27546542 27573864 94 0.142857 rs10757666 0.0305 
COL4A1 110801309 110959496 646 0.162837 rs7337819 0.00198 
LRRK2 40618812 40763086 453 0.182817 rs11175943 0.0003724 
PINK1 20959947 20978004 64 0.52048 rs71647163 0.07501 
VCP 35056064 35072739 30 0.526474 rs623318 0.06322 
NOTCH3 15270443 15311792 102 0.751249 rs4809033 0.07816 
CHMP2B 87276412 87304698 61 0.845155 rs149493590 0.1654 

 
The International Genomics of Alzheimer’s Project (IGAP) stage 1 GWAS data (Lambert et al., 
2013), which contained 7,055,881 SNPs in 17,008 AD cases and 37,154 controls, were 
downloaded from http://web.pasteur-lille.fr/en/recherche/u744/igap/igap_download.php. The 
single-site association results were subjected to the gene-based test using the online tool Versatile 
Gene-based Association Study (VEGAS2 v02, https://vegas2.qimrberghofer.edu.au/) (Liu et al., 
2010; Mishra and Macgregor, 2015). Top SNP, the SNP showing the smallest P-value among the 
SNPs in the target gene region; P-value, meta-analysis P-value from stage 1 of IGAP data. 
 

http://web.pasteur-lille.fr/en/recherche/u744/igap/igap_download.php
https://vegas2.qimrberghofer.edu.au/


Table S4. Variants in the dementia-causal genes showing suggestive associations with AD 
based on the ADSP data 

CHR SNP Gene 
cDNA 
change 

Protein 
change 

MAF OR P-value 

19:15297974 rs35793356 NOTCH3 c.1782C>T p.G594G                                                 0.0009934 6.669 0.003225 
13:110862527 rs16975612 COL4A1 c.501C>T p.P167P         0.0007096 0.1167 0.008899 
19:15295265 rs190177286 NOTCH3 intronic \ 0.00458 0.4314 0.01043 
1:20976940 rs61744200 PINK1  c.1502G>A p.R501Q 0.0006152 0.2043 0.0118 
12:40707861 rs33958906 LRRK2  c.4624C>T p.P1542S 0.03222 0.7674 0.02119 
19:15271686 rs61731975 NOTCH3 c.6753C>T p.S2251S 0.001344 3.429 0.02774 
5:149433689 rs56005231 CSF1R  c.2862C>T p.C954C 0.0003333 0.0677 0.02811 
13:110855963 rs73611465 COL4A1 intronic \ 0.001467 0.3432 0.02843 
5:149456964 rs146406037 CSF1R  c.764A>T p.N255I 0.0008052 0.2382 0.03343 
19:15276739 rs16980398 NOTCH3 c.5526T>C p.A1842A 0.01317 1.461 0.03645 
1:20975047 rs45499398 PINK1  c.1173T>C p.D391D 0.0007114 5.481 0.03702 
1:20971064 rs148144773 PINK1  c.858G>A p.P286P 0.0004732 5.146 0.0399 
12:40692281 rs78365431 LRRK2  c.3333G>T p.Q1111H 0.0002366 0.1365 0.04331 
3:87295056 3:87295056:A:G CHMP2B c.319A>G p.K107E 0.0001419 13.74 0.04355 
12:40745469 rs34869625 LRRK2  c.6510C>A p.G2170G 0.001514 0.3283 0.0493 
19:15295165 rs34338511 NOTCH3 c.2507C>T p.T836I 0.0001419 0.01849 0.04964 

 
The Alzheimer’s Disease Sequencing Project (ADSP) contains whole-exome sequencing data of 
5,815 AD cases and 4,755 controls (Bis et al., 2018). We accessed this dataset through the 
dbGaP (Genotypes and Phenotypes database) under the study accession phs000572.v7.p4, and 
were processed by plink/seq (https://atgu.mgh.harvard.edu/plinkseq/). CHR, chromosome position; 
SNP, single nucleotide polymorphism rs number; cDNA change, variant in the cDNA sequence of 
the gene; MAF, minor allele frequency; OR, Odds Ratio; P-value, P-value of linear regression 
analysis. 

https://atgu.mgh.harvard.edu/plinkseq/
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