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Abstract: Deciphering of genetic variants plays a critical role in
research and clinic of genetic disorders, such as the well known
neurodegenerative disease Parkinson disease (PD). To combine pool
of targeted genes and next-generation sequencing (NGS), investigators
could obtain high efficient but low-cost sequencing data of interested
genes. Aim to discover genetic variants that might contribute to PD, we
selected 48 candidate genes involved in different pathways and con-
ducted a pilot study to screen nonsynonymous SNPs (nsSNPs) in 4
pooled samples from 237 sporadic Chinese PD patients. Using our
custom-designed NimbleGen array and Illumina HiSeq2000, a total of 4
novel nsSNPs (c. 352G>T in STK39, c. 823G>T in DGKQ, c. 36T>A
in DLA-DRBS, and c. 1981G>T in GRN) were discovered but not
validated by Sanger sequencing. Additionally, we also selected 6
annotated nsSNPs without report in previous PD studies and validated
by Sanger sequencing. However, genotyping analysis of 6 validated
nsSNPs in 50 PD patients and 50 controls showed no significant
differences in cases compared with controls. These data represent the
first documentation and validation of these mutations in PD using target
gene capture sequencing. Additional replication studies in other popu-
lations and functional research are merited to better evaluate precapture
multiplex protocol and validate the role of the 6 nsSNPs in PD risk.

(Medicine 94(20):¢836)

Abbreviations: MAF = minor allele frequency, NGS = next-
generation sequencing, nsSNP = nonsynonymous SNP, PD =
Parkinson disease, SNP = single-nucleotide polymorphism.

INTRODUCTION
G enetic variation, including single-nucleotide polymorph-
isms (SNPs), plays a significant role in both Mendelian
and non-Mendelian diseases. Recently, the understanding of the
genetics of Parkinson disease (PD) has seen remarkable devel-
opments 5 known genes are proved be causative for monogenic
forms,' > while more than 11 loci were identified as risk factors
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for the development of common forms of PD.%’ Mutations in
SNCA and LRRK?2 were identified as a cause for dominant forms
of PD, while mutant PARK2, PINKI, and DJ-1 were shown to
motivate recessive forms of PD. Above 5 genes were all
recognized by genetic linkage approaches, which required large
pedigrees with affected and unaffected people. Given that a
great number of genes and people sequenced by Sanger sequen-
cing, this method must be time consuming and costly. Since
LRRK?2 was identified in family patients by Sanger in 2004, then
no other genes have been found. However, a large sample size
of sporadic PD cases still remain unexplained genetically.

The recent emergence of genome technologies provided
wide-spectrum vision for the etiology of many diseases and was
gradually making its way into clinical laboratories. From 2005,
some next-generation sequencing (NGS) platforms have been
launched, such as Illumina HiSeq2000, Roche 454, and ABI
SOLID, all of which will generate a great amount of sequence
codes. Although NGS technology with high-throughput screen-
ing can be applied to decipher gene variants, its high cost still
impede wide application in resequencing projects of whole
human genome. Therefore, target sequence of interested geno-
mic regions is an important approach for promoting its appli-
cations. The combination of target gene capture with NGS has
been used in research and diagnosis on several complicated
disorders and common diseases.® '* Target-capture platforms,
like Agilent SureSelect target-enrichment system and Nimble-
gen solid-phase hybrid array, have been developed to either
capture the entire human exome or regions of interest. Recently,
Nimblegen announced that the new precapture multiplex pro-
tocol enables multiple DNA samples to be barcoded and
captured in a single SeqCap EZ Library for exome or custom
capture experiments.

Previous studies proved that target gene capture-sequen-
cing technology applied into detection of rare variants with high
fidelity, throughput, and speed but low cost.'® In this study, we
designed a customed, solid-phase array (Roche NimbleGen,
Inc., Madison, WI) to capture 48 genes involved in PD patho-
genic pathways (Table 1). After target regions enrichment,
sequence by the HiSeq2000 Analyzer (Illumina, San Diego,
CA) was conducted to analyze the variants of these genes in 4
pooled blood genomic DNA samples mixed from 237 Chinese
sporadic PD patients. Furthermore, we performed the Sanger
sequencing followed by PCR to validate the data obtained from
NGS platform in 50 PD patients and 50 controls.

MATERIALS AND METHODS
Study Subjects

Two hundred and thirty-seven unrelated patients with
sporadic PD (94 female and 143 male) were recruited from
the Neurology Department of Xiamen First Hospital. The
average age and the average onset age of patients were
60.3£11.3 (25-83) years and 56.4+10.8 (23-80) years,
respectively. Patients were examined by 2 neurologists based
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TABLE 1. The Information of 48 Genes for Capture Sequence

Gene Symbol

Gene Description

PARK-Locus

Mode of Identification

SNCA Synuclein, alpha (non-A4 component of amyloid precursor) PARK1/PARK4 Linkage analysis

Parkin Parkinson disease (autosomal recessive, juvenile) 2 PARK2 Linkage analysis

UCHLI Ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase) PARKS Functional candidate
gene approach

PINK1 PTEN induced putative kinase 1 PARK6 Linkage analysis

DJ1 Parkinson disease (autosomal recessive, early onset) 7 PARK7 Linkage analysis

LRRK2 Leucine-rich repeat kinase 2 PARKS Linkage analysis

ATP13A2 ATPase type 13A2 PARK9 Linkage analysis

ELAVIA ELAV (embryonic lethal, abnormal vision, drosophila)-like 4 PARK10 Linkage analysis

(Hu antigen D)

USP24 Ubiquitin specific peptidase 24

GIGYF2 GRBI10 interacting GYF protein 2 PARKI11 Linkage analysis

HTRA2 HtrA serine peptidase 2 PARKI13 Candidate gene approach

PLA2G6 Phospholipase A2, group VI (cytosolic, calcium-independent) PARK14 Linkage analysis

FBXO7 F-box protein 7 PARKI15 Linkage analysis

SLC45A3 Solute carrier family 45, member 3 PARK16 GWAS

NUCKS1 Nuclear casein kinase and cyclin-dependent kinase substrate 1

RAB7LI RAB7, member RAS oncogene family-like 1

SLC41A1 solute carrier family 41, member 1

PM20D1 Peptidase M20 domain containing 1

EIF4G1 Eukaryotic translation initiation factor 4 gamma, 1 PARK18 Linkage analysis

ACMSD Aminocarboxymuconate semialdehyde decarboxylase - GWAS

APOE Apolipoprotein E - Candidate gene approach

ATXN2 Ataxin 2 - Candidate gene approach

ATXN3 Ataxin 3 - Candidate gene approach

BDNF Brain-derived neurotrophic factor - Funcitonal candidate gene
approach

BSTI Bone marrow stromal cell antigen 1 - GWAS

CCDC62 Coiled-coil domain containing 62 - GWAS

CYP2D6 Cytochrome P450, family 2, subfamily D, polypeptide 6 - Candidate gene approach

DGKQ Diacylglycerol kinase, theta 110kDa - GWAS

DRD?2 Dopamine receptor D2 - Candidate gene approach

FGF20 Fibroblast growth factor 20 - GWAS

GAK Cyclin G associated kinase - GWAS

GBA Glucosidase, beta; acid (includes glucosylceramidase) - Candidate gene approach

GRN Granulin - Candidate gene approach

HIPIR Huntingtin interacting protein 1 related - GWAS

HLA-DRB5 Major histocompatibility complex, class II, DR beta 5 - GWAS

LAMP3 Lysosomal-associated membrane protein 3 - GWAS

LINGOI Leucine rich repeat and Ig domain containing 1 - Candidate gene approach

MAOB Monoamine oxidase B - Candidate gene approach

MAPT Microtubule-associated protein tau - GWAS

Mcccl Methylcrotonoyl-coenzyme A carboxylase 1 (alpha) - GWAS

ND3 NADH-ubiquinone oxidoreductase chain 3 - Candidate gene approach

NR4A2 Nuclear receptor subfamily 4, group A, member 2 - Linkage analysis

PDXK Pyridoxal (pyridoxine, vitamin B6) kinase - Candidate gene approach

POLG Polymerase (DNA directed), gamma - Linkage analysis

SPG11 Spastic paraplegia 11 (autosomal recessive) - Candidate gene approach

STK39 Serine threonine kinase 39 (STE20/SPS1 homolog, yeast) - GWAS

SYT11 Synaptotagmin XI - GWAS

VDR Vitamin D (1,25-dihydroxyvitamin D3) receptor - Candidate gene approach

on diagnostic criteria of United Kingdom PD Brain Bank.'" All
patients were divided into the early onset PD (onset before 50
years; n=>51) and the late onset PD (onset at or after 50 years;
n=186). Written informed consent form was obtained from all
of the patients and the protocols of the study was approved by
the Xiamen First Hospital Ethics Committee.
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DNA Extraction

Genomic DNA was extracted from whole peripheral blood
of the subjects using MagCore®™ Genomic DNA Whole Blood
Kit (Cat. No. MGB400-04, RBC Bioscience Taiwan) on an
automatic extraction machine MagCore HF16 (RBC Bioscience
Corp., Taiwan). DNA quantification was determined by the
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NanoDrop ND2000 (Nanodrop Technologies, Wilmington, DE,
USA) spectrophotometer, and the integrity of extracted genomic
DNA was examined by 1% agarose electrophoresis. A total of
237 extracted genomic DNA samples were mixed into 4 pooled
samples used for target capture and NGS.

Target Gene Capture and NGS

A custom capture array (NimbleGen, Roche) was designed
to enrich 48 candidate genes implicated in the pathology of PD
according to GeneReviews (NCBI). These genes included all
exons, splice sites, and the immediately adjacent intron
sequences. Genomic DNA was captured on a NimbleGen’ array
following the manufacturer’s protocols. Briefly, approximately
1 mg genomic DNA of participants was fragmented to a size
range of 20 to 300 bp by ultrasonoscope. The fragmented DNA
was purified and treated with T4 DNA polymerase, T4 phos-
phonucleotide kinase, and the Klenow fragment of Escherichia
coli DNA polymerase. Adapters from Illumina were ligated
onto the polished ends and confirmed by PCR. PCR primer has a
barcode sequence which was used as the sample index signa-
ture. The resulting library was hybridized to a custom Nimble-
Gen’ array. After hybridization, the DNA fragments bound to
the array were washed and eluted by 300 mL of elution buffer
(Qiagen, Hilden, Germany). Eluted library was sent to Illumina
HiSeq2000 Analyzers for sequencing according to the manu-
facture’s protocol. The following data filtering and analysis
were totally followed the previous analysis pipeline.'”

Genotyping

In order to confirm the DNA sequence variants screened by
NGS, the target sites and the flanking sequences were amplified

100

in recruited 100 samples (50 PD patients and 50 controls)
individually with specific primers designed using Primer 5.0.
PCR products were purified and sequenced by Sanger sequen-
cing through ABI3730 (Applied Biosystems, Foster City, CA,
USA), and sequence data were analyzed with Lasergene 8
software (DNAStar, WI, USA).

Statistical Analysis

All statistical analyses were performed using SPSS18.0
software. The frequencies of allele and genotype were compared
between cases and controls by Fisher exact test. Statistically
significant difference was accepted at a two-sided P < 0.05.

RESULTS

Total Sequence Enrichment and Target Region
Mapping

To discover DNA variants of PD associated genes, we
designed a unique capture array to enrich the 48 genes involved
in PD. The enriched regions were sequenced by HiSeq2000
Analyzer (Illumina). Using target gene capture sequencing, we
obtained a total 0f 87,234,014 to 103,783,232 high-quality reads
across the 4 pooled samples from 237 sporadic PD patients.
Although target region capture average ratio was 56.35%,
94.07% of the yielded clean reads could be mapping to the
reference human genome (HG19). The majority of coverage
ratio was over 94%, and average depth of target genes was more
than 100-fold (Figure 1). Therefore, sequencing coverage was
fully adequate to detect gene variants within the majority of the
targeted regions.
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FIGURE 1. The coverage ratio and average depth distribution in target genes. (A) The coverage ratio distribution of target genes. The
coverage ratio of each gene was more than 94%, except for CCDC62 (90.23%), CYP2D6 (92.61%), and BDNF (92.96%). (B) The
average depth distribution of target genes. The average depth of each target gene was over 100-fold, except for HLA-DRB5 (83.09x).
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Discovery of Novel Nonsynonymous SNPs
(nsSNPs)

A total of 6455 common genetic variants across the 4 pooled
samples were found by NGS, among which 109 variants were
located in exons including 59 nsSNPs. In our study, we focused on
both novel nsSNPs and annotated nsSNPs without report in
previous PD studies, but they may implement strong influence
on the structure and/or functions of protein leading to the rare
phenotype of PD. As the result, we discovered 4 nsSNPs as novel
after mapping our sequence data to The Single Nucleotide
Polymorphism Database (dbSNP) 136 built containing data from
1000 genomes. Additionally, we identified 6 annotated nsSNPs
without report in PD studies by PubMed search.

Validation of 4 Novel nsSNPs

To confirm the 4 novel nsSNPs (c. 352G>T in STK39, c.
823G>T in DGKQ, ¢. 36T>A in DLA-DRBS5, and c. 1981G>T
in GRN) discovered in 48 candidate genes of 4 pooled samples,
Sanger sequencing was used to validate the results in 50 PD
patients and 50 controls (Figure 2). However, 4 novel nsSNPs
were not validated as they are likely subject to sequencing
errors.

Genotyping and Association Analysis of 6
Annotated nsSNPs

Using the Sanger sequencing, we performed validation and
genotyping analysis of 6 annotated nsSNPs in 50 PD patients and
50 controls. Genotyping results are shown in Table 2. We
detected 6 annotated nsSNPs in both patients and controls. Minor
allele frequency (MAF) of these nsSNPs was not significant
according to nominal P-values by Fisher exact test. We found
rs822522 in SYTI1I that was only allele ““C*” in 100 Chinese
people, which was consistent to dbSNP report. Except for
rs11240573 in PM20D1, MAFs of the most nsSNPs reached
up to 5%, but none of them showed significant differences in
frequencies between controls and cases. Genotypic analysis of
minor homozygote or minor heterozygote also shown no signifi-
cant differences in frequencies between controls and patients.

DISCUSSION
This is a pilot study to explore the hypothesis that sporadic
PD patients have individually rare but collectively more fre-
quent functional variants in 48 PD associated genes in Chinese
population by precapture multiplex protocol. We capitalized on
advances in NGS to identify novel, potentially casual variants in

( 109 variants in exonic region )

59 nsSNPs

4 novel nsSNPs —
not confirmed

Example: GRN ¢, 1981G>T

s6acccaflccr

1511540014-CC

66 AcHarca

6 annotated nsSNPs
confirmed

Example: PM20D1 ¢.97C>T

ccAaclarrca ecaAaclarrca

1s11540014-CT 1s11540014-TT

FIGURE 2. Schematic overview of results from discovery to validation. The number of common mutations was 6455 among 4 pooled
samples from 237 sporadic PD patients. Validation and genotyping analysis of 4 novel nsSNPs and 6 annotated nsSNPs by Sanger
sequencing. Genotyping was performed for 50 PD patients and 50 controls. Total numbers of validated and not validated nsSNPs are
indicated. c.1981G>Tin GRNand c.97C>T (rs11540014) in PM20D1 represent specific examples of not confirmed and confirmed calls,

respectively.
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TABLE 2. Genotype and Allele Analysis of 6 Annotated nsSNPs in 50 PD Patients and 50 Controls

Minor Homzygote

Minor Heterozy- Minor Allele

Amino Count gote Count Count
Nucleotide Acid
Gene dbSNP Change Change Patients Controls P Patients Controls ‘P Patients Controls P
ATXN2 187969300  ¢.743G>A p.Ser248Asn 13 (0.26) 12 (0.24) 1.00 24 (0.48) 21 (0.42) 0.69 50 (0.50) 45 (0.45) 0.57
HLA-DRBS 153200405  ¢c.490A>G p.Ser164Gly 20 (0.40) 15 (0.30) 0.40 0 (0.00) 0 (0.00) NA 40 (0.40) 30 (0.30) 0.18
MAPT rs112757188 ¢.1339T>C p.Ser447Pro 19 (0.38) 13 (0.26) 0.28 26 (0.52) 27 (0.54) 1.00 64 (0.64) 53 (0.53) 0.15
PM20D1  r1s11540014 ¢97C>T  p.His33Tyr 11 (0.22) 10 (0.20) 1.00 23 (0.46) 23 (0.46) 1.00 45 (0.45) 43 (0.43) 0.89
PM20D1 1511240573  ¢.1036G>A p.Gly346Arg 5 (0.10) 2 (0.04) 0.44 13 (0.26) 11 (0.22) 0.82 23 (0.23) 15 (0.15) 0.21
SYT11 rs822522 c.144G>C p.GIn48His 50 (1.00) 50 (1.00) NA 0 (0.00) 0 (0.00) NA 100 (1.00) 100 (1.00) NA

NA =not available.
* Fisher exact test of minor allele.

these genes involved in major pathways of PD. Thus far, there
was no such kind of a study has been reported in genetics studies
of PD. In our study, we focused on 4 novel nsSNPs and 6
annotated nsSNPs without report in previous PD studies, which
were discovered from 4 pooled genomic DNA samples mixed
from 237 sporadic PD patients. Among them, 4 novel nsSNPs
were not confirmed to be real variants given that there are
billions of nucleotides in a human genome, even low exper-
imental error rates yield many errors in variant calls. Never-
theless, 6 annotated nsSNPs were validated to be true positive.
Our genotyping analysis of 6 annotated nsSNPs in 50 PD
patients and 50 controls indicated that none of them was
significant. Our data represent the first documentation of using
target gene capture sequencing to identify rare variants from
pooled samples in Chinese population. Additional replication
studies in different populations and functional studies are
warranted to better evaluate precapture multiplex protocol
and validate the role of the 6 nsSNPs in PD risk.

The NGS platforms have dramatically developed through-
out the laboratories. Although various aspects of DNA sequen-
cing have been improved but a higher accuracy than the
traditional Sanger sequencing does not appear to be one of
them. Different kinds of sequencing errors signals might result
from each process, from initially sample preparation to final
data analysis. Generally, the error rate of NGS was between
0.1% and 1.0%.' Thus, it is important to mitigate sequencing
error through replicate and increase samples in NGS."* In many
investigations, individual samples and pooled samples are
generally 2 kinds of prepared samples for sequencing. From
other perspective, sequencing every diploid sample individually
is a kind of pooled-line method because 2 haploid genomes are
sequenced together. To call variants accurately for both hap-
loids, the diploid needs to be sequenced to a sufficient depth (eg,
20%)."* However, individual samples are commonly not
reached to such a depth (eg, the 1000 Human Genome Pro-
ject'®), in fact the majority of technology-detected aggregate
properties of these individual sequences. For polymorphisms
estimation issues, little information would be lost using sequen-
cing pooled samples and also the efficiency would be largely
improved when the sample number is large. 161t has been shown
that the dual sequencing application could minimize the con-
founding effects of sequencing errors. It is the fact that dual
platform is a standard pattern for NGS sequencing, on which-
ever platform, required to be backed up by other genotyping
method, commonly Sanger sequencing.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

As other multifactorial or complex disease, the interaction
between environmental factors (such as a negative association
with smoking) and genetic factors is response for pathogenesis
of PD. Recent advances in high-throughput genetic analysis
have brought new insights into the disorders, and PD was
considered to be more than one disease entity. Table 1 lists
loci with mutations have a causing or additive effect on PD.
These loci include those traditionally noted as ““Parkinson loci”’
(such as the new autosomal dominant gene EIF4G1'") as well as
others that are not, which are emerging as important in the
pathogenesis of PD. However, our study has some limitations.
Ligation of barcodes to fragmented PCR amplicons may result
in uneven sequence coverage of different samples. The use of
error-correcting barcodes would allow a greater proportion of
pooled sequences to be deconvoluted.'® Because of the differ-
ence in the probe: sample ratio for the array and solution capture
methods, we may perform target enrichment by solution hybrid-
ization for pooled samples. Future large studies are warranted to
confirm our findings.

CONCLUSION

In summary, target gene capture sequence combines NGS
with the capture of nucleotide sequencing from the subset of
“‘high interest’’ genes. This method was evaluated by capturing
specific sequences from 48 PD related genes in Chinese popu-
lation. As expected, we found both positive and negative results.
Nevertheless, we conclude that target gene capture sequencing
is an effective way to identify rare variants of target disease
genes. It is expected that following on the success of genome-
wide association studies, in the next few years, target sequen-
cing will reveal more novel genes involved in genetic diseases.
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