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Whole exome sequencing of rare variants
in EIF4G1 and VPS35 in Parkinson
disease

ABSTRACT

Objective: Recently, vacuolar protein sorting 35 (VPS35) and eukaryotic translation initiation
factor 4 gamma 1 (EIF4G1) have been identified as 2 causal Parkinson disease (PD) genes. We
used whole exome sequencing for rapid, parallel analysis of variations in these 2 genes.

Methods: We performed whole exome sequencing in 213 patients with PD and 272 control individ-
uals. Those rare variants (RVs) with,5%frequency in the exome variant server database and our own
control data were considered for analysis. We performed joint gene-based tests for association using
RVASSOC and SKAT (Sequence Kernel Association Test) as well as single-variant test statistics.

Results: We identified 3 novel VPS35 variations that changed the coded amino acid (nonsynony-
mous) in 3 cases. Two variations were in multiplex families and neither segregated with PD. In
EIF4G1, we identified 11 (9 nonsynonymous and 2 small indels) RVs including the reported path-
ogenic mutation p.R1205H, which segregated in all affected members of a large family, but also in
1 unaffected 86-year-old family member. Two additional RVs were found in isolated patients only.
Whereas initial association studies suggested an association (p 5 0.04) with all RVs in EIF4G1,
subsequent testing in a second dataset for the driving variant (p.F1461) suggested no association
between RVs in the gene and PD.

Conclusions:We confirm that the specificEIF4G1 variation p.R1205H seems to be a strong PD risk
factor, but is nonpenetrant in at least one 86-year-old. A few other select RVs in both genes could
not be ruled out as causal. However, there was no evidence for an overall contribution of genetic
variability in VPS35 or EIF4G1 to PD development in our dataset. Neurology� 2013;80:982–989

GLOSSARY
AAO5 age at onset; EIF4G15 eukaryotic translation initiation factor 4 gamma 1; EVS5 Exome Variant Server; ICD5 internal
control database; nsRV 5 nonsynonymous rare variant; PD 5 Parkinson disease; RV 5 rare variant; SKAT 5 Sequence Kernel
Association Test; SNP5 single-nucleotide polymorphism; sRV5 synonymous rare variant;VPS355 vacuolar protein sorting 35;
WES 5 whole exome sequencing.

Parkinson disease (PD) is the second most common neurodegenerative brain disorder and affects
approximately 2% of the population older than 65 years.1 A few families have a mendelian form of
PD (,10%). Research of these families has led to the subsequent discovery of at least 5 causal
genes (SNCA, PARK2, PINK1, PARK7, and LRRK2).2–6 These genes have been consistently
shown to segregate with disease in the families studied. Additional genes have been identified,
but reports on their pathogenicity remain inconsistent: HTRA2,7 UCHL1,8 and ATP13A2.9

Recently, 2 new genes have been implicated as causal genes for PD: vacuolar protein sorting
35 (VPS35)10 gene and eukaryotic translation initiation factor 4 gamma 1 (EIF4G1) gene.11

Next-generation sequencing technology—including whole exome sequencing (WES)—provides
the opportunity to investigate all these genes and possible new genes in parallel.

We set out to utilize the advantages of WES to investigate the genetic involvement of the recently
identified genes EIF4G1 and VPS35 in PD development, both on a single variant and gene level.

METHODS Subject ascertainment. Subjects used in this study were collected by the University of Miami, Morris K. Udall

Parkinson Disease Research Center of Excellence (J.M. Vance, principal investigator), and 13 centers of the Parkinson Disease

From the John P. Hussman Institute for Human Genomics (K.N., G.B., V.I., A.D., D.D.K., A.M., L.W., S.Z., G.W.B., E.R.M., W.K.S., J.M.V.),
and Morris K. Udall Parkinson Disease Center of Excellence (K.N., G.B., V.I., A.D., A.M., L.W., S.Z., G.W.B., E.R.M., W.K.S., J.M.V.), Miller
School of Medicine, University of Miami, FL.
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Genetics Collaboration.12 All the patients and controls were

examined by a neurologist, the majority movement disorder

specialists. A standard neurologic examination including the

Unified Parkinson’s Disease Rating Scale was performed and

has been described previously.12 Unaffected individuals demon-

strated no signs of the disease at age of examination. Two hun-

dred thirteen cases of PD were included in an initial WES

discovery dataset. All individuals are of white, non-Hispanic/

Latino descent. Among the 213 PD cases, 188 are unrelated.

Two groups were used as controls. Eighty-five white, non-His-

panic/Latino control individuals from the Udall control dataset

were sequenced here by WES. All had normal neurologic ex-

aminations and normal Modified Mini-Mental State Examina-

tion. In addition, the Hussman Institute for Human Genomics

has whole exome data for 188 self-reported white, non-Hispanic/

Latino subjects; these include unrelated samples from families with

diagnoses of autism, hereditary spastic paraplegia, multiple sclerosis,

and thrombotic storm. These “internal control database” (ICD)

samples are analyzed using the same sequencing protocol as our

initial PD dataset. Although no individuals had clearly symptomatic

PD, they were not necessarily examined by a neurologist. However,

because the frequency of PD in the general population is low

(0.3%), misclassification in this “control” group would be very

low and negligible to the analysis. We used these samples as addi-

tional control data to minimize costs.

Standard protocol approvals, registrations, and patient
consents. All subjects were collected with IRB approval at the

University of Miami and provided written informed consent.

Whole exome sequencing. Sequence capture. Genomic DNA

was extracted from blood and processed according to the Illumina

Paired-End Sample Preparation Guide with modifications listed

in Agilent’s protocol (Agilent Technologies Inc., Santa Clara,

CA; v2.0.1, May 2010). Fragmented DNA was captured using

the SureSelect Human All Exon Kit, designed to cover 38 or 50

Mb of human genomic sequences. We used the 38-Mb capture

kit in the initial 21 individuals (all patients), and updated to the

50-Mb kit for the remaining samples (n 5 277).

Next-generation sequencing. The libraries were loaded onto an

Illumina cBot for cluster generation (HiSeq Paired End Cluster Gen-

eration Kit v1.5 and later version TruSeq PE Cluster Kit v2.5-cBot-

HS; Illumina, Inc., San Diego, CA). One lane of each flow cell was

reserved for a PhiX control. The primer-hybridized flow cells were

then transferred to HiSeq2000 sequencers and paired-end sequencing

was done with TruSeq SBS Kit-HS (200 cycle) (Illumina) in a 2 3

101b mode.

Alignment and base calling. The base calling was done by Illu-
mina CASAVA 1.6 pipeline, and aligned to hg19, using Genome

Analysis Tool Kit v1.1. The Unified Genotyper from the Genome

Analysis Tool Kit calls both variants and indels and performs VQS

(variant quality score) recalibration and genotype refinement to make

accurate variant calls.13 Additionally, the Unified Genotyper gen-

erates normalized Phred-scaled likelihood scores without priors,

for each alternate genotype. Variants with VQSLOD ,23 and

alternate Phred-scaled likelihood scores,99 are excluded from the

remainder of the analysis presented here. All of the remaining

variants were annotated using ANNOVAR.14 Variations were

screened against the Exome Variant Server (EVS) version

ESP5400 from the NHLBI Exome Sequencing Project (Seattle,

WA) (URL: http://evs.gs.washington.edu/EVS/) for previously

observed variants.

In silico analysis of rare variants. Conservation scores GERP

(Genomic Evolutionary Rate Profiling) and phastCons (Phylogenetic

Analysis with Space/TimeModels) are both obtained throughANNO-

VAR. PolyPhen2 was used to predict effects of amino acid changes on

protein functional status.15 Programs SpliceView, NNsplice, and ESE-

finder were used to predict the effect of variants on splicing.16–18

Statistical analysis. We performed joint gene-based tests for associ-

ation between PD and VPS35 or EIF4G1 using 2 methods: the CA

sum test19 implemented in version 1.11 of the RVASSOC program19a

and the Sequence Kernel Association Test (SKAT).20 Both combine

squared single-variant score statistics, which makes them robust to the

inclusion of neutral and protective variants and more powerful than

pooling tests. The CA sum test considers the sum of single-variant

Cochran-Armitage trend x2 statistics and calculates a permutation p
value with 1M permutations. SKAT is based on a general linear

model framework. Version 0.75 of the SKAT R package was run

with default settings and without covariates. With complete genotype

data and without covariates, the tests are expected to yield similar

inferences. However, the tests differ in the handling of missing data

and covariates.

Sanger sequencing. To determine whether variant p.R1205H

in the family lies on the same background haplotype as previously

published, we performed Sanger sequencing for those variants not

covered in WES (primer sequences available upon request).

Genotyping assay. Samples for genotyping were analyzed using

a TaqMan® allelic discrimination Assay-By-Design method (ABI;

Applied Biosystems, Foster City, CA) (primer and probe sequences

available upon request).

RESULTS Whole exome sequencing. Identified variants
are shown in tables 1 and 2. The samples had an average
depth of 57.3x/51.8x and an average coverage of 87.1%
(80%–94%) (38-Mb capture kit)/84.6% (69%–95%)
(50-Mb capture kit) at minimum coverage of 8x. Spe-
cifically, at least 99% and 91% of the coding sequence
of VPS35 and EIF4G1, respectively, were covered at a
depth of at least 8x in the PD samples and controls.

VPS35.WES of 213 patients with PD revealed 4 var-
iants in the regions coding for protein (exome) in VPS35
meeting our QC criteria: 3 variants that changed the
amino acid coded in the protein (nonsynonymous rare
variants [RVs] or nsRVs) variants (p.P316S; p.Y507F;
p.E787K) and 1 variant that did not change an amino
acid (synonymous, sRV) variant with minor allele fre-
quency#5% (table 1). None of the 3 nonsynonymous
variants was observed in the 85 Udall controls of this
study, the ICD, or the EVS. We observed the p.E787K
variant in a patient with an age at onset (AAO) of 60
years but not in his uncle, who was diagnosed with PD
at the age of 81 years. The first 2 nsRVs (p.P316S;
p.Y507F) were each identified in 1 patient with early
AAO (26 years and 29 years, respectively). However, the
mother of the patient with the p.Y507F variant also
carried this variation and was unaffected at the age of
73 years.We identified the p.P316S variant in a sporadic
patient. In silico analysis predicts a “probably damaging”
effect for p.Y507F, but supports a “probable benign”
effect of the changes in variants p.P316S and p.E787K.
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EIF4G1. WES of 213 patients with PD revealed 19
coding RVs in EIF4G1, of which 8 are nsRVs (includ-
ing p.R1205H), 9 sRVs, and 2 small deletions (table 2).
The other 2 coding variants constitute common single-
nucleotide polymorphisms (SNPs). The patients with
PD carrying the 8 nsRVs (24/188 5 12.8%) had an
average AAO of 54 years (range 35–80 years).11 Seven
of the RVs are not present in the EVS: 3 nsRVs
(p.A425V; p.A428M; p.V541G) and 4 sRVs.We iden-
tified all these novel nsRVs in 1 patient each and not in
any of the 85 Udall controls or ICD controls. Interest-
ingly, both p.A425V and p.A428M were identified in
the same singleton patient. Sanger sequencing in the
unaffected parents of this patient showed that both
variants were inherited from the same unaffected parent
(age at examination 71 years). We observed nsRV
p.V541G in 1 sporadic patient with no other family
members available for testing. Four of the 5 remaining
nsRVs (p.R1205H [discussed below]; p.P486S;
p.A550P; p.P1229A) had frequencies ,1% in EVS
and ICD (table 2). Variant p.P486S was present in 2
patients and none of the 85 Udall controls or ICD
controls. We observed the other 2 variants (p.A550P;
p.P1229A) in both patients and controls. These patients
are sporadic or singleton individuals, so no further seg-
regation analysis could be performed for these. Interest-
ingly, we identified only 1 control-specific variation in
the 85 Udall controls (p.R740Q). We did not observe
this variation in the ICD. In silico analyses of the 8 nsRV
positions are shown in table 2.

Additionally, we observed 2 small coding deletions
in EIF4G1. Indels are currently not included in EVS so
no frequency in a large population could be obtained.
The novel p.E525del was confirmed in 1 of 2 affected
siblings.

The location of the observed variants is shown in
figure 1. Variations p.V541G, p.A550P, and p.E525del
are positioned between p.A502V—previously reported
to perturb EIF4E and EIF4G1 interaction11—and the
EIF4E interaction site, suggesting that these variants
might also influence EIF4E interaction. One more

variant is located within 25 base pairs of a functional
domain or pathogenic mutation (p.P486S).

Mutation p.R1205H. We observed the previously re-
ported pathogenic mutation p.R1205H in 1 individual
with a positive family history. Subsequent Sanger
sequencing showed segregation of the mutation with
its family members with clinical PD (figure 2). These
patients had AAO of 54 years, 57 years, and 73 years.
However, the mutation also segregated with 2 other
individuals. One uncle (II.1), examined at age 90 years,
had an “unclear” PD diagnosis. He displayed dementia
and postural instability early in the course of symptoms
and was wheelchair-bound. The second individual
(II.3) had no symptoms of PD on examination at the
age of 86 years. All individuals carrying p.R1205H
shared the same SNP alleles as in the founder haplotype
reported for this mutation11 (figure 2). We did not
observe this mutation in the 2 control groups. Both
conservation measures and PolyPhen2 support a patho-
genic effect of this variation. Interestingly, this variation
was observed twice in EVS.

Gene-based statistical analysis. Because the evidence sup-
porting the common disease-RV hypothesis is increas-
ing, we wanted to test the hypothesis that overall the
genes VPS35 and EIF4G1 are associated with PD,
which would provide further evidence of the involve-
ment of the RVs that we identified. We used 2 differ-
ent programs for this purpose, RVASSOC and SKAT.
Neither RVASSOC nor SKAT showed association
between PD and VPS35 for all variants or all RVs
(table 3). Because only 4 coding variants were observed
with only 1 predicted to be deleterious (table 1), no
additional association analyses on functional variants
were performed. When analyzing the variants and in-
dels in EIF4G1, we obtained initial evidence of asso-
ciation between PD and EIF4G1 when including all
variants or just all RVs (SKAT p 5 0.04 for both anal-
yses) (table 3). We broke down these groups further,
and unexpectedly found association for the synonymous
variants (p 5 0.02 in RVASSOC and SKAT), but not

Table 1 Coding variants identified in VPS35

Amino acid change
Unrelated
cases (%)a

Udall
controls (%)a rs no.

Frequency (%)a

in EVS
Frequency (%)b

in ICD GERP phastCons PolyPhen2

Nonsynonymous variants

P316S 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 5.490 1.0 Neutral

Y507F 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 3.990 1.0 Deleterious

E787K 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 5.290 1.0 Neutral

Synonymous variant

I747 3 (0.80) 0 (0.0) rs140543776 0 (0.0) 2 (0.53) 4.000 1.0 —

Abbreviations: EVS 5 Exome Variant Server; GERP 5 Genomic Evolutionary Rate Profiling; ICD 5 internal control database; NA 5 not available.
a Allelic frequencies calculated using chromosome number in 188 unrelated cases, 85 Udall controls, or 5,400 EVS individuals.
bAllelic frequencies calculated using chromosome number in the ICD database, consisting of 188 white controls.
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the nonsynonymous or functionally deleterious variants.
The association with the synonymous variants was
driven primarily by p.F1461 (single variant analysis
p 5 0.002; 10/188 patients vs 2/272 controls). We
did not observe any of the other nsRVs in haplotype
with p.F1461, which seemed to rule out p.F1461 as a
tagging SNP. In silico analysis of this variant showed no
effect on splicing (SpliceView, NNsplice) or binding of
exonic splicing enhancers (ESEfinder). Thus, we per-
formed association analysis in a larger population of
826 unrelated patients and 218 controls. This analysis
showed consistent direction of the effect but did not
confirm the previous strong association (p 5 0.14).

DISCUSSION In this new age of high-throughput
sequencing, we will identify “private” genetic changes
or specific, rare genetic changes (RVs) that are found in
only a few individuals. Some of these changes may be

clinically relevant and lead to a significantly increased
risk for disease. However, many, if not most, of these
RVs will provide a moderate, mild, or lack of suscepti-
bility to disease. Although we can only state the likeli-
hood of each single change being important to the
disease, we can get some measure of the overall impor-
tance of the gene’s contribution to PD risk. To do this,
we examine whether the total number of specific RVs
are significantly more abundant in the PD population
than controls.

In this report, we strongly support that the
p.R1205H variant is involved in PD, with the segrega-
tion of p.R1205H in 3 patients with PD in 1 large fam-
ily. However, unlike in the first report, we also found
this variant in an 86-year-old unaffected family member,
suggesting the mutation has a reduced penetrance. Inter-
estingly, another study21 recently reported the presence
of p.R1205H in 3 general population controls, but the

Table 2 Coding variants identified in EIF4G1

Amino acid change
Unrelated
cases (%)a

Udall
controls (%)a rs no.

Frequency (%)a

in EVS
Frequency (%)b

In ICD GERP phastCons PolyPhen2

Nonsynonymous variants

A425Vc 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 2.050 0.993 Deleterious

A428Mc 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 2.51 0.905 Deleterious

M432V 100 (26.7) 59 (34.7) rs2178403 1,899 (17.6) 85 (23.1) 3.130 0.0010 Neutral

P486S 2 (0.53) 0 (0.0) rs112545306 7 (0.06) 0 (0.0) 24.310 0.000 Neutral

V541G 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 4.800 0.999 Neutral

A550P 1 (0.27) 1 (1.0) rs111924994 16 (0.14) 1 (0.27) 3.780 0.089 Neutral

R740Q 0 (0.0) 1 (0.58) NA 0 (0.0) 0 (0.0) 5.86 1.000 Deleterious

R1205H 1 (0.28) 0 (0.0) rs112176450 2 (0.02) 0 (0.0) 5.2 1.000 Deleterious

P1229A 3 (0.85) 1 (0.58) rs35629949 47 (0.44) 3 (0.80) 20.492 0.0030 Deleterious

L1233P 15 (4.1) 4 (2.4) rs2230570 454 (4.2) 8 (2.1) 21.850 0.0010 Neutral

Small indels

G466_A468del 15 (4.0) 4 (2.4) rs111659103 — 5 (1.3) — — —

E525del 1 (0.27) 0 (0.0) NA — 0 (0.0) — — —

Synonymous variants

P317 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 21.940 0.744 —

P539 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 24.780 0.028 —

T834 1 (0.27) 0 (0.0) NA 0 (0.0) 0 (0.0) 24.580 0.935 —

P992 2 (0.54) 1 (0.58) rs112420733 45 (0.38) 1 (0.27) 27.390 0.647 —

S1098 1 (0.28) 0 (0.0) NA 0 (0.0) 0 (0.0) 23 0.978 —

H1335 101 (27.2) 29 (17.1) rs2230571 1,958 (18.2) 69 (18.4) 25.390 0.9680 —

V1417 5 (1.4) 3 (1.8) rs76779558 186 (1.7) 5 (1.3) 22.930 0.0010 —

F1461 10 (2.7) 0 (0.0) rs111921843 114 (1.1) 2 (0.53) 25.840 0.932 —

D1462 11 (2.9) 4 (2.4) rs112718796 170 (1.6) 2 (0.53) 1.900 1.000 —

D1517 2 (0.53) 0 (0.0) rs11559218 64 (0.59) 1 (0.27) 26.030 0.7330 —

Abbreviations: EVS 5 Exome Variant Server; GERP 5 Genomic Evolutionary Rate Profiling; ICD 5 internal control database; NA 5 not available.
a Allelic frequencies calculated using chromosome number in 188 unrelated cases, 85 Udall controls, or 5,400 EVS individuals.
bAllelic frequencies calculated using chromosome number in the ICD database, consisting of 188 disease controls.
c Identified in the same individual on the same parental chromosome.
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authors indicated that these carriers may have or develop
the disease at a later age. Of the remaining novel nsRVs,
p.A425 and p.A428M are unlikely to be causal based on
the presence of the variant in the unaffected parent
of the carrier. p.V541G has now been reported in 2
patients21 and no controls, and is well conserved in
vertebrates, although the change is not predicted to be
functionally significant. Therefore, it remains as a pos-
sible causal variant. p.P486S has also now been reported
in 4 patients,22 but also 7 controls in the EVS, and is

poorly conserved in evolution and predicted to be func-
tionally neutral. It therefore seems unlikely to contribute
to PD risk.

However, it is interesting that, similar to others, we
also found that most of the variants we identified in
EIF4G1 are clustered within close proximity (,50
amino acids) of the functional domains involving PABP
and EIF4E (figure 1), suggesting they might affect the
protein’s function. A recent analysis of the EVS data-
set22 suggests, however, that the high number of

Figure 1 EIF4G1 protein and its interaction domains

Amino acids located in the protein are denoted by AA prefix; protein accession number: NP_937884.1. Gray boxes are inter-
action sites; boxed texts are the interacting proteins. Missense variations above the protein box were found in this study
with frequency,1%. Underlined missense variants are identified in patients only. p.R740Q (gray) was observed in controls
only. Variants below the protein box were reported to be pathogenic by the original publication.11

Figure 2 Sharing analysis in p.R1205H family

Sex is masked to maintain confidentiality. Darkened individuals in the pedigree are affected. ? 5 unclear status; N/A 5 not
available. Box alleles represent haplotype reported by the original publication.11
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variants surrounding p.A502V in controls as well as
patients suggests they may not be functionally related,
but rather could indicate a higher tolerance for genetic
variability in this region. The lack of significance in RVs
between patients and controls for EIF4G1 in this study
supports the latter hypothesis. However, as data on
more individuals is gathered, specific locations within
this region may still prove to be important in PD risk.

In 2011, the first novel causal gene identified
through next-generation sequencing for PD was
described: VPS35.10 This and additional studies re-
ported the p.D620N change in 9 families as well as
other missense variants in sporadic cases.23,24 In
VPS35, we identified 3 nsRVs, of which p.Y507F
suggests a noncausal effect based on family segrega-
tion. The p.P316S variant has been previously re-
ported in 2 affected individuals and 1 unaffected
individual in 1 family,10 but in no controls and is
highly evolutionarily conserved. Therefore, it remains
as a variant with a possible strong risk effect. The
p.E787K variant is less clear. The carrier’s affected
uncle did not carry this variation. The uncle’s AAO
was 21 years later than the carrier, however, so this
difference could suggest a possible different etiology
of PD in this individual. This chromosomal position
is also highly conserved, so it is possible that other
factors contributed to the uncle’s disease, and the
variant remains a possible contributor to PD risk.

The first EIF4G1 study11 reported functional analy-
ses that suggested both of the mutations they reported
in EIF4G1 disrupted interaction of the protein with
its physiologic binding partners, cap-binding protein
EIF4E, and RNA helicase EIF4A, which form the
EIF4F translation initiation complex. We thus also eval-
uated the WES data for EIF4E and EIF4A, but did not
see any evidence for RVs contributing to PD in these
genes. Interestingly, we previously reported association

of decreased PD AAO with variants in EIF2B3 coding
for the gamma subunit of another translation initiation
factor complex (EIF2B), specifically regulating protein
synthesis under mild cellular stress.25 Because many of
the known PD genes are involved in protection of
the mitochondria against cellular stress (PARK2,
PINK1, PARK7, HtrA26,26–30), genes involved in
handling this cellular stress could contribute to risk
of developing PD. The field’s knowledge of
EIF4G1 interaction partners denotes that its com-
plex is part of the larger RNA transport/translation reg-
ulation pathway (KEGG; http://www.genome.jp/kegg/).
This EIF4F complex interacts with FMR1 interacting
protein (KEGG) in the regulation of the actin cyto-
skeleton pathway. This pathway was ranked as the sev-
enth strongest association in our recent joint pathway
analysis in PD using both genome-wide associa-
tion studies and gene expression analysis.31 VPS35
pathways are less clarified at present.

It seems intuitive that the uniqueness of the patho-
genic strength of the p.R1205H variation in EIF4G1,
relative to the other RVs in the gene, suggests that
the function disrupted by this variation, and its down-
stream effects, is a potentially important piece of infor-
mation in understanding the pathogenesis of PD.

One method to measure the cumulative importance
of RVs in a gene is by using the newer gene-based sta-
tistical association techniques to find whether RV tests
across a gene show differences in cases and controls, as
we did here with 2 different algorithms. The original
study reported a nonsignificant overall 3-fold difference
in number of novel RVs in cases only vs controls only,11

suggesting a possible RV effect. However, although we
saw an initial weak association with all RVs, subsequent
testing of the driving variation (p.F1461) demonstrated
no association in a larger dataset, suggesting that the
initial p.F1461 association was likely by chance or the
second dataset provided a false-negative result. However,
although major effects of most variations in EIF4G1 or
VPS35 are not suggested by our analysis, larger datasets
could still detect an overall smaller susceptibility effect.
The WES data presented here, however, agrees with
several more recent reports that also do not support
a major involvement of VPS35 variability, besides
p.D620N, in the development of PD.24,32–34

In general, no evidence for an overall significant
contribution of VPS35 or EIF4G1 variability to PD
development was identified in our dataset. This study
emphasizes the importance of examining RVs indi-
vidually and in larger datasets before they are declared
“pathogenic.” Our data confirmed that p.R1205H is
a strong PD risk factor, but is nonpenetrant in one
86-year-old individual. Several additional RVs in this
study remain potential strong contributors to PD
risk, but more data are required before this can be
confirmed.

Table 3 Gene-based association analyses inWES data by RVASSOC and SKATa

VPS35 EIF4G1

RVASSOC SKAT RVASSOC SKAT

All variants 1 indels p 5 0.61 p 5 0.64 p 5 0.06 p 5 0.04b

All rare variants 1 indels (<5% in EVS) p 5 0.46 p 5 0.65 p 5 0.08 p 5 0.04b

All nonsynonymous variants NA NA p 5 0.36 p 5 0.27

All rare nonsynonymous variants
(<5% in EVS)

NA NA p 5 0.24 p 5 0.28

All synonymous variants NA NA p 5 0.02b p 5 0.02b

All rare synonymous variants (<5% in EVS) NA NA p 5 0.02b p 5 0.02b

All deleterious variants (PolyPhen2) NA NA p 5 0.45 p 5 0.68

Abbreviations: EVS 5 Exome Variant Server; NA 5 not available; SKAT 5 Sequence Kernel
Association Test; WES 5 whole exome sequencing.
a Analysis included 188 unrelated cases vs 85 Udall and 188 internal control database
controls.
bSignificant value.
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