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Mutations in GBA, SNCA, and VPS35 are not associated 
with Alzheimer’s disease in a Chinese population:  
a case-control study
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Abstract  
SNCA, GBA, and VPS35 are three common genes associated with Parkinson’s disease. Previous studies have shown that these three genes 
may be associated with Alzheimer’s disease (AD). However, it is unclear whether these genes increase the risk of AD in Chinese populations. 
In this study, we used a targeted gene sequencing panel to screen all the exon regions and the nearby sequences of GBA, SNCA, and VPS35 
in a cohort including 721 AD patients and 365 healthy controls from China. The results revealed that neither common variants nor rare 
variants of these three genes were associated with AD in a Chinese population. These findings suggest that the mutations in GBA, SNCA, and 
VPS35 are not likely to play an important role in the genetic susceptibility to AD in Chinese populations. The study was approved by the Ethics 
Committee of Xiangya Hospital, Central South University, China on March 9, 2016 (approval No. 201603198).
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Introduction 
Clinically, Alzheimer’s disease (AD) is characterized by episodic 
memory decline, executive dysfunction, and difficulty with 
daily life activities. The neuropathological features of AD 
are amyloid plaques of accumulated amyloid-β (Aβ) and 
neurofibrillary tangles formed by hyperphosphorylated tau 
protein (Hane et al., 2017; Kozlov et al., 2017; Wang et al., 
2020). The etiology of AD is multifactorial and complex; 
mutations in the genes encoding amyloid precursor protein 
(APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) are the 
main causes of familial early-onset AD [age at onset (AAO) ≤ 

65 years], while the convergence of genetic and environmental 
factors in aging is the primary drive for sporadic late-onset AD 
(AAO > 65 years) (Lane et al., 2018). Among multiple genetic 
risk factors for sporadic AD, apolipoprotein E (APOE) is the 
single biggest risk gene; the APOE ε4 allele shows a strong 
association with increased risk for AD (Lane et al., 2018; 
Endres, 2021). To date, genetic approaches have identified 
more than 50 AD-related genes/loci, shedding new light on 
the pathogenesis of AD (Sims et al., 2020).

P a r k i n s o n ’s  d i s e a s e  ( P D )  i s  t h e  m o s t  c o m m o n 
neurodegenerative movement disorder with pathological 
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Graphical Abstract The first genetic association study between GBA, SNCA, and VPS35 and 
Alzheimer’s disease in a Chinese population by means of targeted panel 
sequencing.
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aggregations of α-synuclein (α-syn) in Lewy bodies (LBs) and 
Lewy neurites (Trinh and Farrer, 2013; Kalia and Lang, 2015; 
Seguella et al., 2020). Although AD and PD are clinically 
distinct diseases with different pathological hallmarks, the 
pathological features and clinical symptoms of AD can also 
appear in PD patients, and vice versa (Zhu et al., 2017). 
Being age-related neurodegenerative disorders, they share 
overlapping pathological mechanisms and genetic background 
(Xie et al., 2014; Sanchez-Mut et al., 2016; Tan et al., 2019). 
Genes like APOE, MAPT, PON1, GSTO, and NEDD9 have been 
found to affect the risk for these two diseases (Zhu et al., 
2017; Dunn et al., 2019); one study has discussed the roles 
that two PD-related genes termed PINK1 and PARKIN may play 
in AD (Quinn et al., 2020), which indicates that there are more 
potential genetic factors to be discovered. The synuclein alpha 
gene (SNCA), encoding α-syn, which is the key component of 
inclusions in PD, is the first gene reported to be associated 
with inherited PD (Kalia and Lang, 2015; Brás et al., 2021). 
Both missense variants and copy number variants of SNCA 
have been shown to cause PD (Brás et al., 2021). Regarding 
the association between SNCA and AD, two SNCA single 
nucleotide polymorphisms (rs3857059 and rs2583988) have 
been demonstrated to increase the risk for LB pathology in AD 
subjects, which may exert effects via interaction with leucine-
rich repeat kinase2 (LRRK2) (Linnertz et al., 2014). Wang et al. 
(2016) have further applied PCR-restriction fragment length 
polymorphism to examine the association between three 
SNCA single nucleotide polymorphisms and AD in 98 AD cases 
and 105 age-matched controls. They found that rs10516846 
GG was excessively represented in the AD group compared 
with the control group, highlighting the association between 
SNCA and AD. 

Mutations in the glucocerebrosidase gene (GBA), encoding the 
lysosomal enzyme glucocerebrosidase, are the most common 
genetic cause of PD (Sidransky and Lopez, 2012). Although 
rare, GBA variants were observed in patients with pure AD 
with a frequency of 3.7% (Sklerov et al., 2017), suggesting 
there may be an association between GBA and AD. However, 
Tsuang and colleagues (Tsuang et al., 2012) concluded that 
GBA is not a susceptibility gene in AD, even though subjects 
presenting with LB disease (LBD) with high-level concomitant 
AD pathology were more likely to carry mutations than 
controls.  Considering the controversy regarding the 
association between GBA and AD, it is necessary to conduct a 
study to verify these findings.

The vacuolar protein sorting 35 homolog gene (VPS35) was 
identified as a novel genetic cause of autosomal dominant 
PD by exome sequencing in 2011 (Vilariño-Güell et al., 2011; 
Zimprich et al., 2011). There is evidence indicating that 
VPS35 protein is not only involved in the neuropathology 
of AD, but it also plays a direct role in the development of 
an AD-like phenotype (Wen et al., 2011; Deng et al., 2013; 
Li et al., 2020). On the basis of the observations above, we 
speculated that it could be meaningful to examine the GBA, 
SNCA, and VPS35 genes in an AD population to identify novel 
loci implicated in AD. Moreover, few studies have investigated 
these three genes in Chinese patients with AD. Therefore, we 
conducted a variant screening study using a targeted gene 
sequencing panel to examine whether these three common 
PD-related genes are associated with AD risk in a Chinese Han 
population.  
 
Participants and Methods  
Study subjects
This prospective case-control study recruited 721 Chinese Han 
patients with AD (40.87% male; mean AAO 65.80 ± 10.91 years) 
from Xiangya Hospital, Central South University, between 
January 1, 2016 and December 31, 2019. Each patient was 

thoroughly examined and evaluated by two experienced 
neurologists and was diagnosed as probable AD on the basis 
of the National Institute of Neurological and Communicative 
Disorders and Stroke and the Alzheimer’s Disease and Related 
Disorders Association criteria (McKhann et al., 1984). Patients 
with other neurological diseases were excluded. Among the 
721 AD patients, no patients carried pathogenic mutations in 
APP, PSEN1, or PSEN2. Additionally, 365 unrelated individuals 
(from communities near Xiangya Hospital) matched for 
age, gender, and ethnical origin without any AD-related 
symptoms or other neurological disorders were recruited as 
normal controls [NCs; 47.95% male; mean age 70.65 ± 5.35 
years], and the cognitive examination using the Mini-Mental 
State Examination showed their cognitive functions were 
normal. The Ethics Committee of Xiangya Hospital, Central 
South University approved the study on March 9, 2016 (No. 
201603198; Additional file 1). All participants or the legal 
guardians voluntarily agreed to participate in this study, 
and all of them provided written informed consent forms 
(Additional file 2). This study followed the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines for protocol reporting (Additional file 3) 
and Declaration of Helsinki. Demographic data [age, gender, 
education, Mini-Mental State Examination (Jiang et al., 2021)] 
of the participants were collected.

Genetic testing
Genomic DNA from peripheral blood leukocytes was 
isolated according to standard procedures as previously 
described (Jiao et al., 2014; Zhang et al., 2020). The DNA 
quality and quantity were assessed by both NanoDrop 
spectrophotometer 2000 (Thermo Scientific, Wilmington, DE, 
USA) and Qubit Fluorometer 3 (Life Technologies, Carlsbad, 
CA, USA). We designed a targeted panel including GBA, SNCA, 
and VPS35, and used a targeted gene sequencing panel to 
screen all exon regions and the nearby sequences of these 
three genes in each subject. As previously reported (Xiao et 
al., 2020), the extracted DNA was sheared into fragments 
using Bioruptor Pico (Diagenode, Seraing, Belgium), and 
fragments were restricted to around 200 bp using Qseq100 
DNA Analyzer (Bioptic Inc., New Taipei City, Taiwan, China). 
The prepared libraries and target enrichment were obtained 
using SureSelectXT Reagent kit (Agilent Technologies, Santa 
Clara, CA, USA) following the manufacturer’s instructions. The 
resulting libraries were sequenced on the Illumina NovaSeq 
6000 platform (Illumina, San Diego, CA, USA) using paired-
end 150-bp sequencing. The resulting data were trimmed to 
remove low-quality bases and adapter contamination using 
Fastp (version 0.18.0). They were then aligned to the human 
genome reference sequence GRCh37/hg19 using the BWA 
software (version 0.7.15, http://bio-bwa.sourceforge.net/) 
(Li and Durbin, 2010), duplicates were marked using Picard 
(version 2.18.7, https://github.com/broadinstitute/picard), 
and variant calling was performed with Genome Analysis 
Toolkit 4 (GATK) HaplotypeCaller (version 3.2, https://github.
com/broadinstitute/gatk/) (McKenna et al., 2010). ANNOVAR4 
(https://annovar.openbioinformatics.org/) (Wang et al., 2010) 
was used to annotate genomic variants. The mean depth of 
coverage per individual was 641.6×, and the average sample 
coverage was 99.94%. Furthermore, among these samples, 
98.76% of the bases were covered > 20×, and 97.51% of the 
bases were covered > 30×. Additionally, we determined the 
APOE genotype in each subject using PCR amplification and 
sequenced all PCR products on an ABI 3730xl DNA analyzer 
(Applied Biosystems, Waltham, MA, USA). Sequencher 
software (http://www.genecodes.com/) was applied to 
analyze the DNA sequences. We used SIFT (http://provean.
jcvi.org/index.php) (Ng and Henikoff, 2001), PolyPhen-2 
(Adzhubei et al., 2010), and other online software to predict 
the pathogenicity of nonsynonymous variants in the three 
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genes mentioned above. Among the software used, ReVe 
is a novel computational method proposed by our team in 
which rare missense variants with ReVe > 0.7 are considered 
pathogenic (Li et al., 2018).

Statistical analysis
Continuous variables are presented as mean ± standard 
deviation (SD). We used the Mann-Whitney U test to analyze 
the differences in age and education and in the Mini-Mental 
State Examination. We used the chi-square test to perform 
comparisons of gender and the allele frequency distribution 
of APOE between AD patients and control individuals using 
SPSS (version 25.0, https://www.ibm.com/products/spss-
statistics). We used PLINK 1.9 (http://zzz.bwh.havard.edu/
plink/index.shtml) (Purcell et al., 2007) to exclude variants 
with a genotyping rate < 80% and Hardy-Weinberg P < 0.001, 
which means deviation from the Hardy-Weinberg equilibrium. 
Then, we divided all remaining variants into two parts: 
common variants [0.01 ≤ minor allele frequency (MAF) ≤ 0.5] 
and rare variants (0 < MAF < 0.01), according to the MAF in 
the controls. The single common variant association test was 
executed between the AD and control groups using PLINK 
1.9. Additionally, we used PLINK 1.9 to adjust age, sex, and 
APOE ε4 status (APOE ε4+ and APOE ε4–) for each common 
variant. For rare variants, we combined them and studied 
the entire effect of each gene on AD through the sequence 
kernel association test-optimal (SKAT-O) (Lee et al., 2012), 
where three related variates (age, sex, and APOE ε4 status) 
were controlled. For all analyses, P < 0.05 was considered 
statistically significant.

Results
Participant characteristics 
In total, 1086 Han Chinese participants comprising 721 AD 
patients and 365 healthy controls were recruited in this study. 
Among the 721 cases, 310 were early-onset AD patients 
(42.26% male; mean AAO 55.49 ± 6.02 years) and 411 were 
late-onset AD patients (39.17% male; mean AAO 73.94 ± 5.93 
years). The mean AAO of all AD patients was (65.80 ± 10.91) 
years, with a mean disease course of 3.34 ± 2.53 years. The 
Mini-Mental State Examination scores showed a statistically 
significant difference between these two groups (P < 0.001); 
the mean scores of the AD and control groups were 10.96 
and 27.79, respectively. The percentage of APOE ε4 carriers 
was significantly higher in the AD cases (43.27%) compared 
with the controls (19.72%), which is consistent with a previous 
study (Farrer et al., 1997).

Common variant association test
We screened all the SNCA, GBA, and VPS35 exon regions and 
their nearby sequences in all individuals. After weeding out 
variants whose genotyping rate was less than 80%, which also 
deviated from the Hardy-Weinberg equilibrium, we identified 
12 common variants including eight SNCA variants, two GBA 
variants, and two VPS35 variants (Table 1). We performed 
the single common variant association test on each common 
variant between AD cases and NCs using PLINK 1.9, but none 
of these 12 common variants reached statistical significance 
before adjustments. Furthermore, we corrected for gender, 
age, and APOE ε4 status, but all P-values were still higher than 
0.05.

Gene-based rare variants association test
After weeding out variants whose genotyping rate was less 
than 80%, which also deviated from the Hardy–Weinberg 
equilibrium, 117 rare variants (0 < MAF < 0.01) remained, 
comprising 38 SNCA variants, 28 GBA variants, and 51 VPS35 
variants. We applied SKAT-O to compare the cumulative 
burden of the rare SNCA, GBA, and VPS35 variants between 
AD cases and control participants, but no statistical difference 
was found. As Table 2 shows, among the 38 rare SNCA 
variants, 20 were only identified in AD patients and 9 were 
only found in control individuals. Compared with the healthy 
controls, the frequency of carriers of rare variants was not 
significantly higher in AD cases (corrected SKAT-O P = 0.33). Of 
the 28 rare GBA variants (Table 3), 67.86% of the variants (n 
= 19) were only found in AD patients and 14.49% (n = 4) were 
only found in controls. The P-value in SKAT-O after correction 
was 0.56, suggesting no significant association between rare 
GBA variants and AD in our cohort. Of the 51 rare variants 
identified in VPS35 (Table 4), which were mostly located in 
untranslated regions, 32 were only found in AD patients. No 
statistical difference in the cumulative effect of all 51 variants 
was observed between the AD and control groups, with a 
corrected P-value of 0.38.

Additionally, we further analyzed the effects of ultra-rare 
variants (MAF < 0.001) on AD; however, the SKAT-O results 
failed to show an association between these three genes and 
AD (Additional Table 1). Considering rare pathogenic variants 
may affect AD, we performed an additional SKAT-O that 
included only rare pathogenic variants, which were predicted 
as loss of function or ReVe > 0.7, however no significant 
difference was found between the two groups (Additional 
Table 2).

Table 1 ｜ Association analysis of common variants of GBA, SNCA, and VPS35 genes

Gene Position Ref Alt dbSNP

MAF

P value P’ OR (95% CI)AD NC

SNCA Chr4:90645671 T A rs1045722 0.477 0.479 0.9279 0.9791 0.991 (0.823–1.195)
Chr4:90645674 C T rs3857053 0.477 0.485 0.7176 0.7665 0.966 (0.801–1.165)
Chr4:90646886 G A rs356165 0.427 0.392 0.1403 0.1855 1.155 (0.954–1.398)
Chr4:90757941 T – rs1412247618 0.185 0.213 0.1291 0.1598 0.838 (0.668–1.053)
Chr4:90757947 T A rs2583986 0.015 0.014 0.7961 0.8601 1.106 (0.515–2.376)
Chr4:90757948 T A rs2245804 0.339 0.345 0.7992 0.8563 0.975 (0.802–1.185)
Chr4:90758225 G C rs555070398 0.014 0.011 0.5587 0.4164 1.281 (0.558–2.940)
Chr4:90758361 C T rs372025454 0.01 0.013 0.5833 0.9011 0.790 (0.340–1.835)

GBA Chr1:155214473 A G rs12034326 0.282 0.267 0.4554 0.4652 1.082 (0.879–1.332)
Chr1:155214576 – GA rs1571981318 0.012 0.015 0.5403 0.4638 0.786 (0.363–1.702)

VPS35 Chr16:46693140 G A rs76259065 0.067 0.06 0.5744 0.4928 1.113 (0.766–1.616)
Chr16:46693303 T A rs79050797 0.104 0.103 0.9532 0.7324 1.009 (0.748–1.359)

AD: Alzheimer’s disease; Alt: alternate allele; Chr: chromosome; CI: confidence interval; dbSNP: dbSNP137 (https://www.ncbi.nlm.nih.gov/snp/); GBA: 
glucocerebrosidase; MAF: minor allele frequency; NC: normal control; OR: odds ratio; P’: P-value after the adjustment of age, gender, and APOE ε4 status; Ref: 
reference allele; SNCA: synuclein alpha; VPS35: vacuolar protein sorting 35 homolog.
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Table 2 ｜ Rare variants of SNCA gene in AD patients and normal controls

Position dbSNP
Mutation 
regions cDNA change AA change MAF gnomAD

Number
Functional predictions: 
damaging/totalAD NC

Chr4:90645280 – 3′UTR c.*2499G>T – – 1 0 –
Chr4:90645296 – 3′UTR c.*2483G>A – – 0 1 –
Chr4:90645337 – 3′UTR c.*2442G>T – – 1 0 –
Chr4:90645349 – 3′UTR c.*2430C>A – 9.70E-05 1 0 –
Chr4:90645392 – 3′UTR c.*2387C>T – – 1 0 –
Chr4:90645430 – 3′UTR c.*2349C>G – 3.20E-05 0 3 –
Chr4:90645502 rs375815714 3′UTR c.*2277A>C – 6.50E-05 6 0 –
Chr4:90645552 rs551886776 3′UTR c.*2227C>A – 2.00E-04 4 1 –
Chr4:90645576 rs566899780 3′UTR c.*2203G>A – 3.20E-05 1 0 –
Chr4:90645673 rs555697933 3′UTR c.*2106G>A – 5.00E-04 9 2 –
Chr4:90645883 rs186189862 3′UTR c.*1896C>T – 4.80E-03 0 1 –
Chr4:90646311 – 3′UTR c.*1468T>C – – 1 0 –
Chr4:90646313 – 3′UTR c.*1466G>T – 3.30E-05 0 1 –
Chr4:90646469 – 3′UTR c.*1309_*1310insT – – 2 0 –
Chr4:90646469 rs777296100 3′UTR c.*1309_*1310insTT – – 27 21 –
Chr4:90646472 – 3′UTR c.*1306_*1307insCTTT – – 1 2 –
Chr4:90646473 – 3′UTR c.*1305_*1306insGTTT – – 1 2 –
Chr4:90646477 – 3′UTR c.*1301_*1302insCTTTT – – 2 0 –
Chr4:90646493 – 3′UTR c.*1286C>T – 1.80E-03 2 0 –
Chr4:90646501 – 3′UTR c.*1277_*1278insCT – 2.00E-04 3 0 –
Chr4:90646556 – 3′UTR c.*1223A>G – – 1 0 –
Chr4:90646601 – 3′UTR c.*1177_*1178insA – – 0 1 –
Chr4:90646686 – 3′UTR c.*1092_*1093insAA – 4.00E-04 4 1 –
Chr4:90646790 rs954649153 3′UTR c.*989C>T – 3.30E-05 0 1 –
Chr4:90646795 – 3′UTR c.*984delT – – 0 1 –
Chr4:90646858 rs148246747 3′UTR c.*921G>A – 3.20E-05 4 2 –
Chr4:90646885 rs192179063 3′UTR c.*894G>A – 3.00E-04 13 4 –
Chr4:90647186 – 3′UTR c.*593C>T 3.20E-05 1 0 –
Chr4:90647276 – 3′UTR c.*503A>G – 1 0 –
Chr4:90647277 rs560621582 3′UTR c.*502G>A 4.00E-04 2 0 –
Chr4:90647315 rs183204610 3′UTR c.*464C>A 6.50E-05 1 0 –
Chr4:90647374 rs985546471 3′UTR c.*405C>T 2.00E-04 1 2 –
Chr4:90647505 – 3′UTR c.*274T>G – 1 0 –
Chr4:90647531 – 3′UTR c.*248C>T – 0 1 –
Chr4:90647662 rs184023281 3′UTR c.*117G>A 6.50E-05 1 0 –
Chr4:90650354 rs191055637 Exon c.381G>A p.M127I 3.20E-05 1 0 14/24
Chr4:90650386 rs145138372 Exon c.349C>T p.P117S – 1 0 6/24
Chr4:90650392 – Exon c.343G>A p.D115N – 0 1 6/24

Carriers (n) 95 48
Frequency (%) 13.18 13.15
SKAT-O              P = 0.33 (adjusted by age, gender, and APOE ε4)

Twenty-four online software were used including: SIFT, PolyPhen2-HDIV, PolyPhen2-HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, PROVEAN, VEST3, 
MetaSVM, MetaLR, M-CAP, CADD, DANN, fathmm-MKL, Eigen, GenoCanyon, fitCons, GERP++, phyloP, phastCons, SiPhy, REVEL, and ReVe; damaging/total is 
the ratio of online software that predicted the variant as damaging among the 24 online software. Transcript NM_001146055 was used for SNCA variants 
nomenclature. AA: Amino acid; AD: Alzheimer’s disease; APOE: apolipoprotein E; cDNA: complementary deoxyribonucleic acid; dbSNP: dbSNP137 (https://
www.ncbi.nlm.nih.gov/snp/); MAF gnomAD: the minor allele frequency of variants in the genome aggregation database; NC: normal control; SKAT-O: sequence 
kernel association test-optimal; SNCA: synuclein alpha; 3′UTR: 3′ untranslated region. 

Discussion
Though AD and PD have markedly different clinical and 
pathological  features,  being the two most common 
neurodegenerative disorders, they have shared mechanisms 
in the development of neurodegeneration (Xie et al., 2014; 
Ferencz and Gerritsen, 2015; Dai et al., 2020), indicating 
the significance of verifying PD-related genetic risk factors 
in populations with AD and vice versa. We presented a 
comprehensive analysis of the association between AD risk 
and three common PD-related genes termed GBA, SNCA, and 
VPS35 in a Chinese cohort including 721 AD patients and 365 
controls. To our knowledge, it is the first reported study that 
investigated the association of GBA, SNCA, and VPS35 variants 
with AD in Chinese patients using a targeted gene sequencing 

panel. However, no nominally significant associations were 
identified between these three PD-related genes and AD.

Mutations in the synuclein family play an important role in 
PD, which is not surprising because synucleins are the main 
marked pathology of PD (Ferencz and Gerritsen, 2015). It has 
been reported that about half of the individuals with AD have 
enough LB pathology to be considered to have a secondary 
diagnosis of LBD (Azar et al., 2020). Furthermore, single 
nucleotide polymorphisms in SNCA play a role in LB pathology 
in AD subjects (Linnertz et al., 2014). However, no significant 
association between SNCA and AD was observed in our study, 
which is consistent with Zhu et al. (2017), who concluded 
that the SNCA variant was unlikely to play important roles 
in the genetic susceptibility to late-onset AD in a northern 
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Han Chinese population. In contrast, Yoshino and colleagues 
(Yoshino et al., 2016) have found that the SNCA mRNA 
expression was significantly elevated in peripheral leukocytes 
from AD patients. Recent studies have further demonstrated 
that the cerebrospinal fluid α-syn concentration was 
significantly higher in AD compared with PD, dementia with LB 
(Wang et al., 2015), and healthy controls (Wang et al., 2016). 
Another study has revealed that soluble α-syn was involved 
in the pathophysiology of AD and may be a better predictor 
of cognitive impairment associated with AD than soluble Aβ 
and tau levels (Larson et al., 2012). We thus speculated that 
the α-syn effects on AD mainly result from gene expression 
and interactions with other genes and proteins (Twohig 
and Nielsen, 2019), rather than from SNCA variants, though 
further confirmations are needed.

GBA mutations were initially discovered to be associated with 
PD through clinical observations, and subsequent studies 
further identified the association between GBA and other 
diseases, including Gaucher’s disease, dementia with LB, and 
multiple system atrophy (Gan-Or et al., 2018). Compared 
with non-carriers, patients carrying GBA mutations tend 
to have increased risk of cognitive impairment, psychosis, 
depression, and rapid eye movement sleep behavior disorder; 
however, the underlying mechanism is unclear (Creese et 
al., 2018; Gan-Or et al., 2018). It has been estimated that 

there are about 300 mutations and gene re-arrangements 
in GBA with different effects on the enzymatic activity of 
glucocerebrosidase (Gan-Or et al., 2018). Because GBA 
mutations show association with reduced cerebrospinal 
fluid levels of total α-syn in patients with PD (Lerche et al., 
2020) and dementia with LB (Lerche et al., 2019), the cross 
talk between glucocerebrosidase and α-syn is a potential 
target for therapy of LBD (Blandini et al., 2019). However, 
the difference in frequencies of GBA mutations between the 
AD and control groups in our cohort did not reach statistical 
significance, which is consistent with a study by Tsuang et al. 
(2012) in which the entire GBA coding region was screened, 
but GBA was not identified as a susceptibility gene in pure 
AD. Therefore, although the association between GBA and 
LBD has been confirmed, whether GBA variants increase the 
predisposition to AD needs further investigation. 

Dysfunction of the endosomal-lysosomal network has 
gained increased attention in the field of neurodegenerative 
disorders including AD (Choy et al., 2012; Vagnozzi et al., 
2019). VPS35, located at 16q11.2, encodes VPS35 protein, 
one of the major components of the retromer complex 
(Deng et al., 2013; Li et al., 2020). As a main protein involved 
in endosomal protein sorting, VPS35 plays a role in the 
suppression of AD neuropathology by inhibiting β-secretase 
(BACE1) activity and Aβ production (Wen et al., 2011), 

Table 3 ｜ Rare variants of GBA gene in AD patients and normal controls

Position dbSNP
Mutation 
regions cDNA change AA change MAF gnomAD

Number
Functional predictions: 
damaging/totalAD NC

Chr1:155204900 rs552938719 Intron – – 3.30E-05 3 2 –
Chr1:155204901 rs577529715 Intron – – 3.30E-05 4 1 –
Chr1:155204979 rs750970574 Intron – – – 1 0 –
Chr1:155204994 rs1135675 Exon c.1497G>C p.V499V 3.00E-04 2 0 –
Chr1:155205043 rs421016 Exon c.1448T>C p.L483P 7.00E-04 0 1 15/24
Chr1:155205498 – Exon c.1362C>T p.P454P - 1 0 –
Chr1:155205513 rs750193229 Exon c.1347G>A p.T449T 3.20E-05 2 1 –
Chr1:155205548 – Exon c.1312G>A p.D438N – 1 0 18/24
Chr1:155206051 rs773947710 Exon c.1209C>T p.S403S – 1 0 –
Chr1:155206101 rs765182863 Exon c.1159T>G p.W387G – 1 0 11/24
Chr1:155206170 rs121908305 Exon c.1090G>A p.G364R – 1 0 11/24
Chr1:155207193 rs747591577 Exon c.938A>G p.H313R – 1 0 7/24
Chr1:155207383 – Intron – – – 0 1 –
Chr1:155207387 rs140335079 Intron – – – 2 0 –
Chr1:155208081 rs398123531 Exon c.605G>A p.R202Q 1.00E-04 4 2 8/24
Chr1:155209678 – Exon c.306A>G p.T102T – 0 1 –
Chr1:155209716 – Exon c.268C>T p.L90L – 0 1 –
Chr1:155210467 – Exon c.69C>G p.G23G – 1 0 –
Chr1:155210478 rs143187997 Exon c.58A>G p.I20V 3.20E-05 1 0 4/24
Chr1:155210969 – 5′UTR c.-66G>A – – 1 0 –
Chr1:155211040 rs567284407 5′UTR c.-137G>A – – 1 0 –
Chr1:155211079 rs534311114 Intron – – 6.50E-05 1 0 –
Chr1:155210969 – 5′UTR c.-66G>A – – 1 0 –
Chr1:155211040 rs567284407 5′UTR c.-137G>A – – 1 0 –
Chr1:155211079 rs534311114 Intron – – 6.50E-05 1 0 –
Chr1:155214308 – 5′UTR – – – 1 0 –
Chr1:155214332 – 5′UTR – – – 1 0 –
Chr1:155214398 – 5′UTR – – 9.70E-05 1 2 –

Carriers (n) 35 12
Frequency (%) 4.85 3.29
SKAT-O             P = 0.56 (adjusted by age, gender, and APOE ε4)

The 24 online software used included: SIFT, PolyPhen2-HDIV, PolyPhen2-HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, PROVEAN, VEST3, MetaSVM, 
MetaLR, M-CAP, CADD, DANN, fathmm-MKL, Eigen, GenoCanyon, fitCons, GERP++, phyloP, phastCons, SiPhy, REVEL, ReVe; and damaging/total is the ratio 
of online software that predict the variant as damaging among the 24 online software. Transcript NM_000157 was used for GBA variants nomenclature. AA: 
Amino acid; AD: Alzheimer’s disease; APOE: apolipoprotein E; cDNA: complementary deoxyribonucleic acid; dbSNP: dbSNP137 (https://www.ncbi.nlm.nih.
gov/snp/); GBA: glucocerebrosidase; MAF gnomAD: the minor allele frequency of variants in the genome aggregation database; NC: normal control; SKAT-O: 
sequence kernel association test-optimal; 5′UTR: 5′ untranslated region.
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Table 4 ｜ Rare variants of VPS35 gene in AD patients and normal controls

Position dbSNP
Mutation 
regions cDNA change (NM_018206) AA change MAF gnomAD

Number
Functional predictions: 
damaging/totalAD NC

Chr16:46691879 rs925652164 3′UTR c.*2505C>T – 6.50E-05 1 0 –
Chr16:46691918 rs193290216 3′UTR c.*2466T>C – 1.00E-04 5 4 –
Chr16:46691997 – 3′UTR c.*2387T>C – 6.50E-05 0 1 –
Chr16:46692152 – 3′UTR c.*2232A>G – – 2 0 –
Chr16:46692330 rs200961009 3′UTR c.*2053_*2054insT – 4.70E-03 1 1 –
Chr16:46692533 – 3′UTR c.*1851A>G – – 1 0 –
Chr16:46692681 – 3′UTR c.*1703delA – 3.20E-05 1 0 –
Chr16:46692771 rs568752537 3′UTR c.*1612_*1613insC – 1.00E-03 0 1 –
Chr16:46692816 – 3′UTR c.*1567_*1568insAA – – 1 0 –
Chr16:46692888 rs892792235 3′UTR c.*1496A>T – – 2 1 –
Chr16:46692995 – 3′UTR c.*1389G>A – – 0 1 –
Chr16:46693004 rs545490118 3′UTR c.*1380C>T – 3.20E-05 1 0 –
Chr16:46693075 – 3′UTR c.*1309_*1282delTCTTGAGGG

CAGAGGCCCCAGTTCCTCT
– – 1 0 –

Chr16:46693086 – 3′UTR c.*1298C>G – – 1 0 –
Chr16:46693086 – 3′UTR c.*1298delC – – 1 0 –
Chr16:46693105 – 3′UTR c.*1279T>G – – 1 0 –
Chr16:46693127 rs931658990 3′UTR c.*1257G>A – 6.50E-05 1 0 –
Chr16:46693279 rs145628294 3′UTR c.*1105A>G – – 1 3 –
Chr16:46693418 – 3′UTR c.*966T>C – – 1 0 –
Chr16:46693522 – 3′UTR c.*862_*861delTA – – 0 1 –
Chr16:46693546 – 3′UTR c.*837_*838insT – – 1 0 –
Chr16:46693621 rs34926621 3′UTR c.*762_*763insTT – 2.00E-04 3 2 –
Chr16:46693817 – 3′UTR c.*567T>C – – 0 1 –
Chr16:46693839 – 3′UTR c.*545G>A – 3.20E-05 1 0 –
Chr16:46693873 – 3′UTR c.*511delA – 3.20E-05 0 1 –
Chr16:46693901 – 3′UTR c.*483C>G – – 0 1 –
Chr16:46693980 – 3′UTR c.*403_*404insGA – – 1 0 –
Chr16:46694038 – 3′UTR c.*346G>C – – 1 0 –
Chr16:46694095 – 3′UTR c.*289C>G – – 2 0 –
Chr16:46694100 rs879053227 3′UTR c.*284_*281delCACA – 2.00E-04 1 2 –
Chr16:46694100 rs879039152 3′UTR c.*284_*283delCA – – 2 0 –
Chr16:46694101 rs878915318 3′UTR c.*283_*281delCAC – 1.80E-03 6 5 –
Chr16:46694101 – 3′UTR c.*282_*283insAAAAAA – – 1 2 –
Chr16:46694104 rs886052006 3′UTR c.*279_*280insCAAA – 2.00E-04 1 0 –
Chr16:46694107 rs886052008 3′UTR c.*276_*277insCAA – 4.10E-05 2 0 –
Chr16:46694108 rs886052010 3′UTR c.*275_*276insCAA – 8.10E-05 1 1 –
Chr16:46694110 – 3′UTR c.*273_*274insCAA – 3.00E-03 2 0 –
Chr16:46694237 rs759782658 3′UTR c.*147C>T – – 1 0 –
Chr16:46694245 – 3′UTR c.*139A>T – – 1 0 –
Chr16:46694330 rs527800239 3′UTR c.*54T>A – 6.50E-05 1 0 –
Chr16:46695785 – Intron – – – 1 0 –
Chr16:46696916 rs755145722 Exon c.1806C>T p.V602V – 1 0 –
Chr16:46696946 rs770819201 Exon c.1776G>C p.G592G v 2 0 –
Chr16:46697081 – Intron – – – 1 0 –
Chr16:46706261 rs530665086 Exon c.1284T>C p.F428F 1.00E-04 1 2 –
Chr16:46708460 – Intron – – – 1 0 –
Chr16:46708588 rs757051230 Intron – – 9.80E-05 4 1 –
Chr16:46716039 rs193077277 Exon c.151G>A p.G51S 5.00E-04 1 1 8/24
Chr16:46717515 rs774604183 Exon c.7A>G p.T3A – 1 0 6/24
Chr16:46723055 rs763096994 5′UTR c.-10G>T – – 1 0 –
Chr16:46723075 rs746704070 5′UTR c.-30G>A – 3.20E-05 1 0 –

Carriers (n) 65 32
Frequency (%) 9.02 8.77
SKAT-O              P = 0.38 (adjusted by age, gender, and APOE ε4)

Functional predictions using 24 online software including: SIFT, PolyPhen2-HDIV, PolyPhen2-HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, PROVEAN, 
VEST3, MetaSVM, MetaLR, M-CAP, CADD, DANN, fathmm-MKL, Eigen, GenoCanyon, fitCons, GERP++, phyloP, phastCons, SiPhy, REVEL, and ReVe; damaging/
total is the ratio of online software that predict the variant as damaging among the 24 online software. Transcript NM_018206 was used for VPS35 variant 
nomenclature. AA: Amino acid; AD: Alzheimer’s disease; APOE: apolipoprotein E; cDNA: complementary deoxyribonucleic acid; dbSNP: dbSNP137 (https://
www.ncbi.nlm.nih.gov/snp/); MAF gnomAD: the minor allele frequency of variants in the genome aggregation database; NC: normal control; SKAT-O: sequence 
kernel association test-optimal; 3′UTR: 3′ untranslated region; 5′UTR: 5′ untranslated region. VPS35: vacuolar protein sorting 35 homolog.
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which has been further confirmed by Bhalla et al. (2012), 
who observed that VPS35 deficiency was associated with 
increased levels of Aβ. Additionally, VPS35 is significantly 
reduced in primary tauopathy like progressive supranuclear 
palsy and Picks’ disease, and is considered as a new potential 
target for therapy of human tauopathies (Vagnozzi et al., 
2019). However, Vardarajan et al. (2012) have analyzed the 
association between AD and 15 genes related to retromer 
function in a case-control study recruiting 8309 Caucasian 
AD cases and 7366 normal individuals, among which, four 
genes showed significant association, whereas no significant 
difference in VPS35 variants was observed between the 
AD cases and the controls. Taken together with our results, 
we infer that currently there is no significant evidence 
proving that VPS35 variants are associated with the genetic 
susceptibility to AD.

It should be noted that there were several limitations in the 
present study. First, the number of participants was relatively 
small, which to some degree may contribute to the negative 
results. Second, all patients were clinically diagnosed with 
AD, but because we did not have access to histopathological 
evidence in this study, the enrolled patients fulfilling clinical 
criteria were labeled as probable AD with relatively high 
specificity. Additionally, the study subjects were mostly from 
southern China and all the patients were from one center; 
therefore, further studies on subjects with different ethnicities 
from different centers are warranted. 

In summary, to our knowledge, this is the first reported 
study that investigated the association between Chinese 
AD cases and variants of the GBA, SNCA, and VPS35 genes 
using a targeted gene sequencing panel. Our results suggest 
that these genes do not play important roles in the genetic 
susceptibility to AD in the Chinese population. Because of the 
relatively small number of eligible participants in our study, 
further studies are needed to assess the association between 
GBA, SNCA, and VPS35 and AD. Additionally, further studies 
involving more genes, genetic interactions, mRNA expression, 
and other gene products (e.g., proteins and other RNA types) 
in larger cohorts with different ethnicities are essential to 
identify more shared mechanisms between AD and PD.

Acknowledgments: The authors are grateful to all subjects for 
participation in this study. 
Author contributions: Study design and patient evaluation: YFZ, JLW, XXL, 
LS, BJ; genetic test: LS, BJ; data collection: YFW, XWX, LZ, YLJ, YZ, LNG, XW, 
HL; data analysis: XWX, BJ; manuscript draft: YFW; manuscript revision: 
YFW, BJ. All authors approved the final version of the manuscript.
Conflicts of interest: The authors have no conflict of interest to report.
Financial support: This study was supported by the National Natural 
Science Foundation of China, Nos. 81971029 (to LS) and 82071216 (to 
BJ). The funding bodies played no role in the study design, collection, 
analysis and interpretation of data, in the writing of the report, or in the 
decision to submit the paper for publication.
Institutional review board statement: This study was approved by the 
Ethics Committee of Xiangya Hospital, Central South University on March 
9, 2016 (No. 201603198).
Declaration of participant consent: The authors certify that they have 
obtained all appropriate participant consent forms from the conscious 
participants or the legal guardians. In the forms, the participants or the 
legal guardians have given their consent for participants’ images and 
other clinical information to be reported in the journal. The participants 
and the legal guardians have understand that the participants’ names 
and initials will not be published and due efforts will be made to conceal 
the participants’ identity.
Reporting statement: This study followed the STrengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) guidance 
for protocol reporting.
Biostatistics statement: The statistical methods of this study were 
reviewed by the epidemiologists of Central South University.
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication.

Data sharing statement: All related data can be accessed by contacting 
the corresponding author via jbin0911@163.com.
Plagiarism check: Checked twice by iThenticate. 
Peer review: Externally peer reviewed. 
Open access statement: This is an open access journal, and articles 
are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix, 
tweak, and build upon the work non-commercially, as long as appropriate 
credit is given and the new creations are licensed under the identical 
terms.
Additional files: 
Additional file 1: Ethics approval document (Chinese).
Additional file 2: Informed consent form (Chinese).
Additional file 3: STROBE checklist.
Additional Table 1: Ultra-rare variants (MAF < 0.001) in gene-based 
SKAT-O test.
Additional Table 2: Rare pathogenic variants (MAF < 0.01, LoF or ReVe > 
0.7) in gene-based SKAT-O test.

References
Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, 

Kondrashov AS, Sunyaev SR (2010) A method and server for predicting 
damaging missense mutations. Nat Methods 7:248-249.

Azar M, Chapman S, Gu Y, Leverenz JB, Stern Y, Cosentino S (2020) Cognitive 
tests aid in clinical differentiation of Alzheimer’s disease versus Alzheimer’s 
disease with Lewy body disease: evidence from a pathological study. 
Alzheimers Dement 16:1173-1181.

Bhalla A, Vetanovetz CP, Morel E, Chamoun Z, Di Paolo G, Small SA (2012) 
The location and trafficking routes of the neuronal retromer and its role in 
amyloid precursor protein transport. Neurobiol Dis 47:126-134.

Blandini F, Cilia R, Cerri S, Pezzoli G, Schapira AHV, Mullin S, Lanciego JL (2019) 
Glucocerebrosidase mutations and synucleinopathies: Toward a model of 
precision medicine. Mov Disord 34:9-21.

Brás J, Gibbons E, Guerreiro R (2021) Genetics of synucleins in 
neurodegenerative diseases. Acta Neuropathol 141:471-490.

Choy RW, Cheng Z, Schekman R (2012) Amyloid precursor protein (APP) 
traffics from the cell surface via endosomes for amyloid β (Aβ) production 
in the trans-Golgi network. Proc Natl Acad Sci U S A 109:E2077-2082.

Creese B, Bell E, Johar I, Francis P, Ballard C, Aarsland D (2018) 
Glucocerebrosidase mutations and neuropsychiatric phenotypes in 
Parkinson’s disease and Lewy body dementias: Review and meta-analyses. 
Am J Med Genet B Neuropsychiatr Genet 177:232-241.

Dai DL, Tropea TF, Robinson JL, Suh E, Hurtig H, Weintraub D, Van Deerlin V, 
Lee EB, Trojanowski JQ, Chen-Plotkin AS (2020) ADNC-RS, a clinical-genetic 
risk score, predicts Alzheimer’s pathology in autopsy-confirmed Parkinson’s 
disease and Dementia with Lewy bodies. Acta Neuropathol 140:449-461.

Deng H, Gao K, Jankovic J (2013) The VPS35 gene and Parkinson’s disease. 
Mov Disord 28:569-575.

Dunn AR, O’Connell KMS, Kaczorowski CC (2019) Gene-by-environment 
interactions in Alzheimer’s disease and Parkinson’s disease. Neurosci 
Biobehav Rev 103:73-80.

Endres K (2021) Apolipoprotein A1, the neglected relative of Apolipoprotein 
E and its potential role in Alzheimer’s disease. Neural Regen Res 16:2141-
2148. 

Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, Myers 
RH, Pericak-Vance MA, Risch N, van Duijn CM (1997) Effects of age, sex, 
and ethnicity on the association between apolipoprotein E genotype and 
Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease Meta 
Analysis Consortium. JAMA 278:1349-1356.

Ferencz B, Gerritsen L (2015) Genetics and underlying pathology of dementia. 
Neuropsychol Rev 25:113-124.

Gan-Or Z, Liong C, Alcalay RN (2018) GBA-associated Parkinson’s disease and 
other synucleinopathies. Curr Neurol Neurosci Rep 18:44.

Hane FT, Lee BY, Leonenko Z (2017) Recent progress in Alzheimer’s disease 
research, Part 1: pathology. J Alzheimers Dis 57:1-28.

Jiang Y, Xiao X, Wen Y, Wan M, Zhou L, Liu X, Wang X, Guo L, Liu H, Zhou 
Y, Wang J, Liao X, Shen L, Jiao B (2021) Genetic effect of MTHFR C677T, 
A1298C, and A1793G polymorphisms on the age at onset, plasma 
homocysteine, and white matter lesions in Alzheimer’s disease in the 
Chinese population. Aging (Albany NY) 13:11352-11362.

Research Article



NEURAL REGENERATION RESEARCH｜Vol 17｜No. 3｜March 2022｜689

Jiao B, Liu X, Tang B, Hou L, Zhou L, Zhang F, Zhou Y, Guo J, Yan X, Shen L 
(2014) Investigation of TREM2, PLD3, and UNC5C variants in patients with 
Alzheimer’s disease from mainland China. Neurobiol Aging 35:2422.e9-
2422.e11.

Kalia LV, Lang AE (2015) Parkinson’s disease. Lancet 386:896-912.
Kozlov S, Afonin A, Evsyukov I, Bondarenko A (2017) Alzheimer’s disease: as it 

was in the beginning. Rev Neurosci 28:825-843.
Lane CA, Hardy J, Schott JM (2018) Alzheimer’s disease. Eur J Neurol 25:59-

70.
Larson ME, Sherman MA, Greimel S, Kuskowski M, Schneider JA, Bennett DA, 

Lesné SE (2012) Soluble α-synuclein is a novel modulator of Alzheimer’s 
disease pathophysiology. J Neurosci 32:10253-10266.

Lee S, Emond MJ, Bamshad MJ, Barnes KC, Rieder MJ, Nickerson DA, Christiani 
DC, Wurfel MM, Lin X (2012) Optimal unified approach for rare-variant 
association testing with application to small-sample case-control whole-
exome sequencing studies. Am J Hum Genet 91:224-237.

Lerche S, Wurster I, Roeben B, Zimmermann M, Riebenbauer B, Deuschle 
C, Hauser AK, Schulte C, Berg D, Maetzler W, Waniek K, Lachmann I, 
Liepelt-Scarfone I, Gasser T, Brockmann K (2020) Parkinson’s disease: 
glucocerebrosidase 1 mutation severity is associated with CSF alpha-
synuclein profiles. Mov Disord 35:495-499.

Lerche S, Machetanz G, Wurster I, Roeben B, Zimmermann M, Pilotto A, 
Preische O, Stransky E, Deuschle C, Hauser AK, Schulte C, Lachmann I, 
Waniek K, Gasser T, Berg D, Maetzler W, Brockmann K (2019) Dementia 
with lewy bodies: GBA1 mutations are associated with cerebrospinal fluid 
alpha-synuclein profile. Mov Disord 34:1069-1073.

Li H, Durbin R (2010) Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics 26:589-595.

Li J, Zhao T, Zhang Y, Zhang K, Shi L, Chen Y, Wang X, Sun Z (2018) Performance 
evaluation of pathogenicity-computation methods for missense variants. 
Nucleic Acids Res 46:7793-7804.

Li JG, Chiu J, Praticò D (2020) Full recovery of the Alzheimer’s disease 
phenotype by gain of function of vacuolar protein sorting 35. Mol 
Psychiatry 25:2630-2640.

Linnertz C, Lutz MW, Ervin JF, Allen J, Miller NR, Welsh-Bohmer KA, Roses AD, 
Chiba-Falek O (2014) The genetic contributions of SNCA and LRRK2 genes 
to Lewy Body pathology in Alzheimer’s disease. Hum Mol Genet 23:4814-
4821.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, 
Garimella K, Altshuler D, Gabriel S, Daly M, DePristo MA (2010) The 
Genome Analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res 20:1297-1303.

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM (1984) 
Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA 
Work Group under the auspices of Department of Health and Human 
Services Task Force on Alzheimer’s Disease. Neurology 34:939-944.

Ng PC, Henikoff S (2001) Predicting deleterious amino acid substitutions. 
Genome Res 11:863-874.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, 
Sklar P, de Bakker PI, Daly MJ, Sham PC (2007) PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J Hum 
Genet 81:559-575.

Quinn PMJ, Moreira PI, Ambrósio AF, Alves CH (2020) PINK1/PARKIN signalling 
in neurodegeneration and neuroinflammation. Acta Neuropathol Commun 
8:189.

Sanchez-Mut JV, Heyn H, Vidal E, Moran S, Sayols S, Delgado-Morales R, 
Schultz MD, Ansoleaga B, Garcia-Esparcia P, Pons-Espinal M, de Lagran MM, 
Dopazo J, Rabano A, Avila J, Dierssen M, Lott I, Ferrer I, Ecker JR, Esteller 
M (2016) Human DNA methylomes of neurodegenerative diseases show 
common epigenomic patterns. Transl Psychiatry 6:e718.

Seguella L, Sarnelli G, Esposito G (2020) Leaky gut, dysbiosis, and enteric glia 
activation: the trilogy behind the intestinal origin of Parkinson’s disease. 
Neural Regen Res 15:1037-1038. 

Sidransky E, Lopez G (2012) The link between the GBA gene and parkinsonism. 
Lancet Neurol 11:986-998.

Sims R, Hill M, Williams J (2020) The multiplex model of the genetics of 
Alzheimer’s disease. Nat Neurosci 23:311-322.

Sklerov M, Kang UJ, Liong C, Clark L, Marder K, Pauciulo M, Nichols WC, Chung 
WK, Honig LS, Cortes E, Vonsattel JP, Alcalay RN (2017) Frequency of GBA 
variants in autopsy-proven multiple system atrophy. Mov Disord Clin Pract 
4:574-581.

Tan SH, Karri V, Tay NWR, Chang KH, Ah HY, Ng PQ, Ho HS, Keh HW, Candasamy 
M (2019) Emerging pathways to neurodegeneration: Dissecting the critical 
molecular mechanisms in Alzheimer’s disease, Parkinson’s disease. Biomed 
Pharmacother 111:765-777.

Trinh J, Farrer M (2013) Advances in the genetics of Parkinson disease. Nat 
Rev Neurol 9:445-454.

Tsuang D, Leverenz JB, Lopez OL, Hamilton RL, Bennett DA, Schneider JA, 
Buchman AS, Larson EB, Crane PK, Kaye JA, Kramer P, Woltjer R, Kukull 
W, Nelson PT, Jicha GA, Neltner JH, Galasko D, Masliah E, Trojanowski JQ, 
Schellenberg GD, et al. (2012) GBA mutations increase risk for Lewy body 
disease with and without Alzheimer disease pathology. Neurology 79:1944-
1950.

Twohig D, Nielsen HM (2019) α-synuclein in the pathophysiology of 
Alzheimer’s disease. Mol Neurodegener 14:23.

Vagnozzi AN, Li JG, Chiu J, Razmpour R, Warfield R, Ramirez SH, Praticò D (2019) 
VPS35 regulates tau phosphorylation and neuropathology in tauopathy. 
Mol Psychiatry doi: 10.1038/s41380-019-0453-x.

Vardarajan BN, Bruesegem SY, Harbour ME, Inzelberg R, Friedland R, St 
George-Hyslop P, Seaman MN, Farrer LA (2012) Identification of Alzheimer 
disease-associated variants in genes that regulate retromer function. 
Neurobiol Aging 33:2231.e15-2231.e30.

Vilariño-Güell C, Wider C, Ross OA, Dachsel JC, Kachergus JM, Lincoln SJ, 
Soto-Ortolaza AI, Cobb SA, Wilhoite GJ, Bacon JA, Behrouz B, Melrose HL, 
Hentati E, Puschmann A, Evans DM, Conibear E, Wasserman WW, Aasly 
JO, Burkhard PR, Djaldetti R, et al. (2011) VPS35 mutations in Parkinson 
disease. Am J Hum Genet 89:162-167.

Wang JC, Liu HY, Cao YP (2020) tau protein and Alzheimer’s disease. Zhongguo 
Zuzhi Gongcheng Yanjiu 24:2775-2781.

Wang K, Li M, Hakonarson H (2010) ANNOVAR: functional annotation of 
genetic variants from high-throughput sequencing data. Nucleic Acids Res 
38:e164.

Wang Q, Tian Q, Song X, Liu Y, Li W (2016) SNCA gene polymorphism may 
contribute to an increased risk of Alzheimer’s disease. J Clin Lab Anal 
30:1092-1099.

Wang ZY, Han ZM, Liu QF, Tang W, Ye K, Yao YY (2015) Use of CSF α-synuclein 
in the differential diagnosis between Alzheimer’s disease and other 
neurodegenerative disorders. Int Psychogeriatr 27:1429-1438.

Wen L, Tang FL, Hong Y, Luo SW, Wang CL, He W, Shen C, Jung JU, Xiong F, 
Lee DH, Zhang QG, Brann D, Kim TW, Yan R, Mei L, Xiong WC (2011) VPS35 
haploinsufficiency increases Alzheimer’s disease neuropathology. J Cell Biol 
195:765-779.

Xiao X, Jiao B, Liao X, Zhang W, Yuan Z, Guo L, Wang X, Zhou L, Liu X, Yan 
X, Tang B, Shen L (2020) Association of genes involved in the metabolic 
pathways of amyloid-β and tau proteins with sporadic late-onset 
Alzheimer’s disease in the Southern Han Chinese population. Front Aging 
Neurosci 12:584801.

Xie A, Gao J, Xu L, Meng D (2014) Shared mechanisms of neurodegeneration 
in Alzheimer’s disease and Parkinson’s disease. Biomed Res Int 
2014:648740.

Yoshino Y, Mori T, Yoshida T, Yamazaki K, Ozaki Y, Sao T, Funahashi Y, Iga JI, 
Ueno SI (2016) Elevated mRNA expression and low methylation of SNCA in 
Japanese Alzheimer’s disease subjects. J Alzheimers Dis 54:1349-1357.

Zhang X, Jiao B, Weng L, Zhou Y, Guo L, Wang X, Zhou L, Liu X, Xiao X, Liu 
H, Zhu X, Li C, Zhu Y, Yang Q, Lin Z, Jiang Y, Wen Y, Zhou H, Shen L, Liao X 
(2020) Lack of association between LGMN and Alzheimer’s disease in the 
Southern Han Chinese population. Eur J Neurosci 52:4009-4017.

Zhu XC, Cao L, Tan MS, Jiang T, Wang HF, Lu H, Tan CC, Zhang W, Tan L, Yu JT 
(2017) Association of Parkinson’s disease GWAS-linked loci with Alzheimer’s 
disease in Han Chinese. Mol Neurobiol 54:308-318.

Zimprich A, Benet-Pagès A, Struhal W, Graf E, Eck SH, Offman MN, 
Haubenberger D, Spielberger S, Schulte EC, Lichtner P, Rossle SC, Klopp N, 
Wolf E, Seppi K, Pirker W, Presslauer S, Mollenhauer B, Katzenschlager R, 
Foki T, Hotzy C, et al. (2011) A mutation in VPS35, encoding a subunit of the 
retromer complex, causes late-onset Parkinson disease. Am J Hum Genet 
89:168-175.

C-Editor: Zhao M; S-Editors: Yu J, Li CH; L-Editors: Yu J, Song LP; T-Editor: Jia Y



NEURAL REGENERATION RESERACH www.nrronline.org

1

STROBE Statement—Checklist of items that should be included in reports of case-control studies

Item
No Recommendation

Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract Page 1
(b) Provide in the abstract an informative and balanced summary of what was done and
what was found

Page 1

Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being reported Page 1-2
Objectives 3 State specific objectives, including any prespecified hypotheses Page 1-2

Methods
Study design 4 Present key elements of study design early in the paper Page 2-3
Setting 5 Describe the setting, locations, and relevant dates, including periods of recruitment,

exposure, follow-up, and data collection
Page 2

Participants 6 (a) Give the eligibility criteria, and the sources and methods of case ascertainment and
control selection. Give the rationale for the choice of cases and controls

Page 2-3

(b) For matched studies, give matching criteria and the number of controls per case Page 3
Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect

modifiers. Give diagnostic criteria, if applicable
Page 3

Data sources/
measurement

8* For each variable of interest, give sources of data and details of methods of assessment
(measurement). Describe comparability of assessment methods if there is more than one
group

Page 3

Bias 9 Describe any efforts to address potential sources of bias Page 3
Study size 10 Explain how the study size was arrived at Page 3
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, describe

which groupings were chosen and why
Page 4

Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding Page 4
(b) Describe any methods used to examine subgroups and interactions Page 4
(c) Explain how missing data were addressed NA
(d) If applicable, explain how matching of cases and controls was addressed NA
(e) Describe any sensitivity analyses NA

Results
Participants 13

*
(a) Report numbers of individuals at each stage of study—eg numbers potentially eligible,
examined for eligibility, confirmed eligible, included in the study, completing follow-up,
and analysed

Page 4

(b) Give reasons for non-participation at each stage NA
(c) Consider use of a flow diagram NA

Descriptive data 14
*

(a) Give characteristics of study participants (eg demographic, clinical, social) and
information on exposures and potential confounders

Page 4

(b) Indicate number of participants with missing data for each variable of interest NA
Outcome data 15

*
Report numbers in each exposure category, or summary measures of exposure Page 4

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their
precision (eg, 95% confidence interval). Make clear which confounders were adjusted for
and why they were included

Page 4-5

(b) Report category boundaries when continuous variables were categorized Page 4
(c) If relevant, consider translating estimates of relative risk into absolute risk for a
meaningful time period

NA
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“#Page 1” is included in the file named “Title PageFirst Page File”, others are in the file named
“Blinded Article file”

*Give information separately for cases and controls.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is
available at http://www.strobe-statement.org.

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity analyses Page 5

Discussion
Key results 18 Summarise key results with reference to study objectives Page 5-7
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision.

Discuss both direction and magnitude of any potential bias
Page 5-7

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity of
analyses, results from similar studies, and other relevant evidence

Page 5-7

Generalisability 21 Discuss the generalisability (external validity) of the study results Page 5-7

Other information
Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, for

the original study on which the present article is based
#Page 1
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Additional Table 1 Ultra-rare variants (MAF < 0.001) in gene-based SKAT-O test
Gene Number of variants P-value P’
SNCA 32 0.57 0.73
GBA 28 0.31 0.25
VPS35 38 0.21 0.20
APOE: Apolipoprotein E; GBA: glucocerebrosidase; MAF: minor allele frequency; P’: P-value after the
adjustment of age, gender, and APOE ε4 status; SKAT-O: sequence kernel association test-optimal; SNCA:
synuclein alpha; VPS35: vacuolar protein sorting 35 homolog.
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Additional Table 2 Rare pathogenic variants (MAF < 0.01, LoF or ReVe > 0.7) in gene-based SKAT-O test
Gene Number of variants P-value P’
SNCA 2 0.43 0.48
GBA 4 0.66 0.57
VPS35 1 0.62 0.90
APOE: Apolipoprotein E; GBA: glucocerebrosidase; MAF: minor allele frequency; LoF: loss of function; P’:
P-value after the adjustment of age, gender, and APOE ε4 status; SKAT-O: sequence kernel association
test-optimal; SNCA: synuclein alpha; VPS35: vacuolar protein sorting 35 homolog.


