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Objective: DNAJC6 mutations were recently described in two families with autosomal recessive juvenile parkinsonism
(onset age < 11), prominent atypical signs, poor or absent response to levodopa, and rapid progression (wheelchair-bound
within ~10 years from onset). Here, for the first time, we report DNAJC6 mutations in early-onset Parkinson’s disease (PD).
Methods: The DNAJC6 open reading frame was analyzed in 274 patients with early-onset sporadic or familial PD. Selected var-
iants were followed up by cosegregation, homozygosity mapping, linkage analysis, whole-exome sequencing, and protein studies.
Results: We identified two families with different novel homozygous DNAJCé mutations segregating with PD. In
each family, the DNAJC6 mutation was flanked by long runs of homozygosity within highest linkage peaks. Exome
sequencing did not detect additional pathogenic variants within the linkage regions. In both families, patients
showed severely decreased steady-state levels of the auxilin protein in fibroblasts. We also identified a sporadic
patient carrying two rare noncoding DNAJC6 variants possibly effecting RNA splicing. All these cases fulfilled the cri-
teria for a clinical diagnosis of early-onset PD, had symptoms onset in the third-to-fifth decade, and slow disease pro-
gression. Response to dopaminergic therapies was prominent, but, in some patients, limited by psychiatric side
effects. The phenotype overlaps that of other monogenic forms of early-onset PD.
Interpretation: Our findings delineate a novel form of hereditary early-onset PD. Screening of DNAJCé6 is warranted
in all patients with early-onset PD compatible with autosomal recessive inheritance. Our data provide further evi-
dence for the involvement of synaptic vesicles endocytosis and trafficking in PD pathogenesis.
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Parkinson’s disease (PD) is a progressive, neurodege-
nerative disorder manifesting with bradykinesia, rest-
ing tremor, muscular rigidity, postural instability, and a
good, prolonged response to levodopa and dopaminergic
agonists. The ongoing discovery of Mendelian forms of
PD provides important clues to understand the disease
pathogenesis. Mutations in Parkin,' PINKI1,> and DJ-I°
cause autosomal recessive forms of early-onset PD (symp-
toms onset < age 45), which display slow disease progres-
sion, absence of atypical signs, and good response to
dopaminergic therapies. Different types of autosomal
recessive parkinsonisms are caused by mutations in
ATP13A2,* PLA2G6, FBX07,°” DNAJC6° or
SYNJ1.'®'"" Unlike the previous forms, mutations in
these genes cause juvenile-onset (<age 20) parkinsonism
with atypical clinical signs and poor or absent response
to levodopa.

Mutations in DNAJC6 [DnaJ (Hsp40) Homolog,
Subfamily C, Member 6] were recently described in two
consanguineous families with juvenile-onset, atypical par-
kinsonism, termed PARK19 (MIM 615528). The
patients from a Palestinian family carried a homozygous
splice-site mutation,® whereas those from a Turkish fam-
ily had a homozygous truncating mutation.” In both
families, parkinsonism manifested during childhood
(<age 11) and the disease progression was very rapid,
leading to wheelchair-bound state within ~10 years from
onset. The affected family members had poor or absent
response to levodopa or additional prominent atypical
signs (i.e., mental retardation, seizures, dystonia, and
pyramidal signs). Furthermore, a 7-year-old patient carry-
ing a homozygous genomic deletion (including most of
the DNAJC6 exons, but also two neighboring genes) was
reported with early-onset obesity, mental retardation, and
epilepsy.'> No clinical signs of parkinsonism were pres-
ent, but the patient was still very young and his clinical
presentation possibly incomplete.

DNAJCG6 encodes the brain-specific isoform of aux-
ilin. Auxilins have a well-established role in the clathrin-
mediated endocytosis (CME), the process responsible for
the uptake of material into the cells through clathrin-
coated vesicles. In neurons, CME is an important mecha-
nism for the formation of new vesicles at the presynaptic
terminal and synaptic vesicles recycling.'?

Previous mutational screenings of DNAJC6 in PD
patients were negative,®'*'> but they included only small
numbers of patients or tested only a single variant. The
role and frequency of DNAJC6 mutations in PD
remained therefore unknown.

Here, by combining direct sequencing, linkage
analysis, whole-exome sequencing, and expression studies
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of the auxilin protein, we identify novel DNAJC6 patho-
genic mutations in patients with early-onset PD. Our
data delineate a novel monogenic form of the disease and
have broad implications for understanding the disease
pathogenesis, and for improving the diagnostic work-up
and the genetic counselling of early-onset PD.

Subjects and Methods

Subjects Included in the Study

We studied 274 unrelated probands with PD, including 92
cases with familial PD compatible with autosomal recessive
inheritance (mean onset age: 54.65; standard deviation [SD],
12.34; range, 19-84), and 182 patients affected by early-onset
sporadic PD (mean onset age: 35.20; SD, 7.98; range, 13-50).
The diagnosis of clinically definite PD was made according to
the criteria of the UK PD Society Brain Bank'® (with the
exception that a positive family history of PD was not consid-
ered an exclusion criterion). The patients were examined and
recruited in several movement disorder centers within the Inter-
national Parkinsonism Genetics Network (members of the net-
work are listed in the Supplementary Material). The patients
originated from Italy (n = 147), the Netherlands (n =78), Bra-
zil (n=39), Portugal (n=7), Spain (n=2), and Turkey
(n=1). Written informed consent was obtained from all the
included individuals. This study was approved by appropriate
institutional review boards and complied with the legal require-

ments of the different jurisdictions involved.

DNAJCé6 Sequencing

Genomic DNA was isolated from peripheral blood or saliva
using standard protocols. DNA samples underwent Sanger
sequencing of the entire DNAJC6 coding region and exons-
intron boundaries (MIM 608375). Exons and intron-exon
boundaries of the DNAJC6 gene were amplified using polymer-
ase chain reaction (PCR; primers are reported in Supplementary
Table 1). Amplification reactions were performed in a total vol-
ume of 20 pl, containing 1 X FastStart Tag DNA Polymerase
buffer, 200uM of each dNTE 10uM of forward primer,
10 UM of reverse primer, 0.5 units of FastStart Tag DNA Poly-
merase (Roche, Basel, Switzerland), and 40ng of genomic
DNA. PCR conditions: 5 minutes 94°C initial denaturation
followed by 30 or 28 cycles of 30 seconds at 94 °C; 30 seconds
at 60°C; 90 seconds at 72°C, with a final extension for 5
minutes at 72 °C.

PCR reactions were purified using 5 units of Exol and 1
unit of Fast AP (Life Technologies, Carlsbad, CA), 45 minutes
at 37°C, 15 minutes at 80°C. Direct sequencing was per-
formed using Big Dye Terminator chemistry (version 3.1; Life
Technologies) as recommended by the manufacturer. Dye ter-
minators were removed using SephadexG50 (GE Healthcare,
Little Chalfont, UK) and loaded on an ABI 3130XL Genetic
Analyzer (Life Technologies). For sequence analysis, the soft-
ware packages Seqscape v2.6 (Life Technologies) and Sequenc-
ing Analysis v5.1 (Life Technologies) were used.
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Variants identified were annotated according to the GenBank
accession numbers NM_001256864.1 and NP_001243793.1, cor-
responding to the longest protein isoform (auxilin isoform 1).

Additional Genetic Studies in DNAJC6 Variant
Carriers

Variants were selected for further investigations if they were (1)
exonic or with a possible effect on splicing (<100 base pairs
[bp] from splice sites), (2) rare in 1000 Genomes (allele
frequency < 0.005), and (3) segregating with PD (if additional
family members were available). Patients carrying the selected
variants were screened for mutations in genes known to cause
autosomal recessive, early-onset PD (parkin, PINKI, and DJ-1)
by DNA Sanger sequencing and copy number analysis using
multiplex ligation-dependent probe amplification (MLPA) kits
P051 and P052 (MRC Holland, Amsterdam, the Netherlands).
Furthermore, in these patients we sequenced DNAJ/C6 5'UTR
(untranslated region), 3’'UTR, and promoter regions (1,000 bp
upstream of the translation initiation codon of NM_014787.3),
and we performed DNAJC6 copy number analysis by real-time
quantitative PCR (qPCR). Five qPCR assays targeting different
exons (2, 5, 10, 15, and 19) of the DNAJC6 gene were carried
out. qPCR reactions contained 200nM of primer, 1 X KAPA
SYBR FAST qPCR Master Mix (Kapa Biosystems, Wilmington,
MA), and 20ng of genomic DNA. All reactions were performed
in triplicates on a Bio-Rad CFX96 Real-Time System. Data were
analyzed using CFX Manager Software (v3.0; Bio-Rad Laborato-
ries, Hercules, CA). The assays SELIL and RBM11 were used as
reference targets assuming to detect two chromosomal copies in
all the tested samples. PCR conditions: 3 minutes at 94 °C initial
denaturation followed by 30 cycles of 5 seconds at 94 °C; and 30
seconds at 60 °C with relative fluorescence units (RFU) data col-
lection. qPCR primers are reported in Supplementary Table 2.
All assays were validated by testing linearity over 3 orders of
magnitude and by observation of a single peak in RFU data col-
lected during a melting curve as a function of temperature.
Intensities were compared to at least two control DNA samples
from unrelated or unaffected individuals and two genome refer-
ence targets without copy number variations. All copy number
values were defined within the normal range for relative quantity

values between 0.8 and 1.2.

Genetic Studies of Families With DNAJCé6
Biallelic Mutations

We identified two familial and one sporadic PD probands car-
rying biallelic DNAJC6 variants. To further support the patho-
genicity of these variants, all available and consenting affected
and unaffected relatives were examined and genomic DNA
samples were obtained. The two families with biallelic DNAJ/C6
variants were investigated using homozygosity mapping, linkage

analysis, and whole-exome sequencing.

Homozygosity Mapping

DNA samples of the two families underwent genome-wide
SNP array genotyping. For the GPS-0313 family, we used
[lumina Infinium CytoSNP-850K BeadChip (Illumina,
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San Diego, CA; 851,274 single-nucleotide polymorphisms
[SNPs] at a median distance of 1.8kb); the DNA samples of
the two parents and the three siblings were included. For the
PAL-50 family, we employed Illumina HumanOmniExpress
BeadChip (Illumina; 730,525 SNPs at a median distance of
2.1 kb); the DNA samples of four siblings were included.
Analysis of homozygosity was performed using Nexus
Copy Number, Discovery Edition (v7; BioDiscovery, El
Segundo, CA). For the identification of regions of homozygos-
ity shared between affected siblings, the minimum length for

homozygous runs was set to 1Mb.

Linkage Analysis

SNP array data were used to perform parametric multipoint link-
age analysis with the software MERLIN (v1.1.2)."7 We assumed
an autosomal recessive model, with the following settings:
markers allele frequencies set to equal; disease allele frequency set
to 0.0001; and penetrances set to 0.0001/0.0001/1.0.

Both the GPS-0313 and PAL-50 families are of white
(Caucasian) ethnicity. In both families, the parents of the
patients denied consanguinity within at least two previous gen-
erations. However, in both families the parents originate from
very small villages in peripheral regions of The Netherlands and
South Brazil, respectively. Their offspring show several extended
(>3Mb) runs of homozygosity, supporting parental consanguin-
ity (Supplementary Table 3). For these reasons, the two families
were modeled as consanguineous with the two parents being
third cousins. Because the parents of the patients denied con-
sanguinity within at least two previous generations, we consid-
ered unlikely a closer consanguineous loop (first or second
cousins) and assumed a third-cousins marriage as the closest
relatedness. Of note, more distant relatedness between the
parents would yield even higher logarithm of odds (LOD)

scores at the linkage peak on chromosome 1.

Whole-Exome Sequencing
We performed whole-exome sequencing of one affected mem-
ber of each family (GPS-0314 and PAL-54) at BGI Europe.
Sequencing was performed using in-solution capturing (Agilent
SureSelect Human All Exon V5 50Mb; Agilent Technologies,
Santa Clara, CA) and Illumina HiSeq2000, 90 bases paired-end
sequencing (Illumina). Reads were aligned to the human refer-
ence genome hgl9 (build GRCh37.p13) using Burrows-
Wheeler Alignment Tool'® and variants were called using
Genome Analysis Toolkit (GATK)." Variants were filtered
using Cartagenia Bench Lab NGS 4.0 (Agilent Technologies).
Genomic regions of interest were previously determined
based on linkage and homozygosity mapping. We selected all the
variants that were (1) within the regions of interest, (2) homozy-
gous, (3) nonsynonymous exonic or close to splice sites (<8 bases),
and (4) rare in databases (allele frequency lower than 0.01 in 1000
Genomes, Exome Variant Server ESP6500SI-V2, and dbSNP141).

Additional Linkage and Exome Data Analyses
To exclude the presence of additional novel, likely deleterious
variants in the rest of the genome, in both the GPS-0313 and
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PAL-50 families we also performed genome-wide linkage analy-
sis under autosomal recessive inheritance using the parameters
set as above, but assuming no parental relatedness.

Regions with positive values of LOD scores were then
inspected using whole-exome sequencing data (obtained in the
GPS-0314 and PAL-54 patients). We selected all the variants
that were: (1) within linkage regions; (2) nonsynonymous
exonic or close to splice sites (<8 bases); (3) absent from public
databases (1000 Genomes, Exome Variant Server ESP6500SI-
V2, dbSNP141, and Exome Aggregation Consortium); and (4)
homozygous or double heterozygous (heterozygous variants
located in genes with multiple heterozygous variants fulfilling
criteria 1, 2, and 3).

In Silico and Structural Analysis
The effect of the missense variants identified in the study was
investigated using five different protein damage prediction soft-
ware: Sorting Intolerant From Tolerant (SIFT),*® PolyPhen-2,'
likelihood ratio test (LRT),?> MutationTaster,”> and Mutatio-
nAssessor.” Morcover, variants with a possible effect on splicing
were tested using five splicing prediction tools (SpliceSite-
Finder-like, MaxEntScan,”> NNSPLICE,*® GeneSplicer,”” and
Human Splicing Finder™®) integrated in Alamut Visual v4.2
(Interactive Biosoftware, Rouen, France).

The effect of the DNAJC6 missense mutation (p.Arg927-
Gly) was investigated using publicly available X-ray crystallo-
graphic structures of the bovine auxilin ] domain. The
sequences of the auxilin protein homologs in Homo sapiens and
Bos Taurus were aligned using the software T-Coffee.”” The
homologs were completely identical in the domain under study
(J domain). Crystallographic structures of the auxilin J domain,
and the complex between auxilin J domain and the ATPase
domain of Hsc70 (AMPPNP form) were retrieved from the
Protein Data Bank (PDB ID 1NZ6 and 2QWR).>*?! A modi-
fied structure with the mutant amino acid was generated with
the UCSF Chimera package (v1.10.1). Chimera is developed
by the Resource for Biocomputing, Visualization, and Infor-
matics at the University of California, San Francisco (supported
by NIGMS P41-GM103311).>2 Molecular graphics and analy-
ses were performed with the Pymol Molecular Graphics System

v1.5.0.5 (Schrodinger, New York, NY).

Protein Expression Analysis
To investigate further the pathogenicity of the DNAJC6 variants
identified, we analyzed the expression of the auxilin protein in
patient-derived fibroblasts. Primary fibroblasts were obtained
from skin biopsies of both the Dutch patients (GPS-0313 and
GPS-0314) and one of the two Brazilian patients with novel
homozygous DNAJC6 mutations (PAL-54), one unaffected rela-
tive of the Dutch family, who was a heterozygous mutation car-
rier (GPS-0315), and four unrelated unaffected control donors.
The expression of auxilin was studied in protein extracts from
fibroblasts using Western blotting.

Fibroblast cell lines were expanded in growth medium
(Dulbecco’s modified Eagle’s medium, 15% fetal calf serum,

penicillin, and streptavidin), and at 90% confluence lysed in
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radioimmunoprecipitation assay lysis buffer (150mM NaCl,
1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulphate, and 50 mM of Tiis, pH 8.0.) contain-
ing protease inhibitor Complete (Roche). Lysates were cleared
by spinning 10,000g for 10 minutes. For Western blotting, pro-
teins were precipitated using the TCA protein precipitation
protocol,> separated on 4% to 15% Criterion TGX precast
gels (Bio-Rad Laboratories), and transferred to nitrocellulose
using the Trans-Blot Turbo Transfer System (Bio-Rad Laborato-
ries). Blots were blocked using 5% Protifar (Nutricia, Amster-
dam, the Netherlands) in phosphate-buffered saline (PBS),
0.1% (v/v) TWEEN 20 (Sigma-Aldrich, St. Louis, MO). Pri-
mary antibodies used were: rabbit anti-auxilin (1:1,000; a gift
from Dr Pietro De Camilli, Yale University, New Haven, CT of
note, this antibody is validated for the detection of endogenous
auxilin in  Western blotting)3 4, rabbit anti-gamma-tubulin
(1:2,000; Sigma-Aldrich T5192); mouse anti-vinculin (Clone
V284; 1:5000; Santa Cruz Biotechnology, Dallas, TX). After
washing in PBS, 0.1% (v/v) TWEEN 20, blots were incubated
with fluorescently conjugated goat anti-mouse (IRDye 800) and
goat anti-rabbit (IRDye 680) secondary antibodies (LI-COR
Biosciences, Lincoln, NE). After washing in PBS, 0.1% (v/v)
TWEEN 20, the blots were imaged and analyzed using an
Odyssey Imaging system (LI-COR).

Images were analyzed by removing the median back-
ground from the total intensity of each band. Auxilin intensities
were divided by intensities of the loading control vinculin and
normalized using the sum of all data points in each replicate.’®
Four independent biological replicates of each individual were
analyzed by signal quantification of multiple Western blots (12
technical replicates in total). The technical replicates belonging
to the same biological replicate were averaged and used for the
statistical analysis. We performed one-way analysis of variance
(ANOVA) using eight groups, one for each subject (four unre-
lated healthy donors, GPS-0313, GPS-0314, GPS-0315, and
PAL-54). Post-hoc test between the control subjects and the
remaining individuals were conducted using pair-wise # tests
and correcting for multiple comparisons (Bonferroni’s correc-
tion). Statistical analyses were conducted in R (v3.2.1; R Foun-
dation for Statistical Computing, Vienna, Austria).

Results

DNAJC6 Genetic Studies

The results of the DNAJC6 sequencing analysis in the
274 PD probands are displayed in Table 1 and Figure
2C. We identified 14 samples with a total of 15 exonic
or possible-splicing variants passing our filtering criteria.
To exclude the possibility that any of these variants was
in linkage disequilibrium with other variants in the gene,
we also screened the entire DNAJ/C6 5'UTR, 3'UTR,
and part of the promoter in these 14 samples, but no
additional pathogenic variants were detected. Moreover,
qPCR experiments could not detect any copy number
variants in DNAJC6. Also, none of these 14 samples car-
ried pathogenic variants in parkin, PINKI, and DJ/-1.

Volume 79, No. 2
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A B C
GPS-0313 Family PAL-50 Family BR-2652 Family
c.2779A>G (p.Arg927Gly) €.2223A>T (p.Thr741=) c.1468+83del
c.2038+3A>G
b g b A R 0O
GPS GPS BR BR
0316 0315 2652 2652F
M/R M/R c.1468+83del R/M R/IR
¢.2038+3A>G M/R R/R
‘S e . ®
GPS GPS GPS PAL PAL PAL PAL BR
0313 0317 0314 50 55 56 54 2652A
M/M M/R M/M M/M R/R M/R M/M c.1468+83del R/M
¢.2038+3A>G R/R

FIGURE 1: Pedigrees of the PD patients with biallelic DNAJC6 mutations. The genotypes of the available family members are
reported. To protect subjects’ privacy, the sex of some individuals has been disguised. Black symbols denote individuals
affected by early-onset PD. PD = Parkinson’s disease; M = mutation; R = reference (normal sequence).

Three probands carried DNAJC6 homozygous or
double heterozygous variants (Fig 1). GPS-0313 and
PAL-50, two patients with familial early-onset PD, car-
ried novel homozygous mutations in DNAJC6, whereas
BR-2652, a patient with early-onset sporadic PD, carried
two heterozygous variants with possible effect on splicing.

The clinical features of these patients are reported in

Table 2.

Family GPS-0313

A novel homozygous DNAJC6 ¢.2779A>G variant (pre-
dicted protein effect: p.Arg927Gly) was present in GPS-
0313, a Dutch proband with early-onset, familial PD
compatible with autosomal recessive inheritance (Fig 2A).
Sanger sequencing of his affected sister (GPS-0314)
revealed the same homozygous mutation, whereas his
parents and one healthy sibling were heterozygous muta-
tion carriers (Fig 1A).

Genome-wide linkage analysis revealed a single,
nearly significant peak on chromosome 1 (maximum
LOD: 3.07), including the DNAJC6 locus. In this
region, homozygosity mapping showed a 10.7-Mb run of
homozygosity (from rs6660751 to rs10789400) present
in both affected siblings, but absent from the unaffected
family members (Fig 3A,D). Exome sequencing in one
of the affected siblings, GPS-0314, achieved an average
coverage of 132X, with 91% of the target regions cov-
ered at least 10 X (Supplementary Table 4). According to
our filtering criteria, the p.Arg927Gly was the only likely
pathogenic variant within the linkage region. Also, this
variant was absent from all the databases tested, includ-
ing the Exome Aggregation Consortium (ExAC; 121,412
alleles),*® and was predicted to be pathogenic by all the
prediction software (Supplementary Table 5). Notably,
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the variant was also absent in the Genome of the Nether-
lands (GoNL) database.””

These two patients developed the first motor symp-
toms, bradykinesia and tremor, during the third decade
of life. In one of them, GPS-0313, parkinsonism signs
developed after 6 months of neuroleptic treatment, pre-
scribed for psychotic disturbances since the age of 21.
Over the years, the motor disorder progressed slowly.
Their magnetic resonance imaging (MRI) and F-18 fluo-
rodeoxyglucose/positron emission tomography ('*F-FDG
PET) were unremarkable, whereas *E-DOPA PET imag-
ing revealed nigrostriatal abnormalities compatible with
PD. Supplementary Videos land 2 display these patients
after 27 and 16 years of disease evolution. GPS-0313
had more severe parkinsonism and was wheelchair-
bound, whereas, remarkably, his sister had very little pos-
tural instability and relatively preserved gait. Of note,
both patients responded well to dopaminergic therapies,
but the dosages had to be limited to control psychiatric
side effects.

Family PAL-50

A different, novel DNAJC6 homozygous variant,
c.2223A>T (p.Thr741=; Fig 2A), was present in PAL-
50, a Brazilian proband with early-onset, familial PD
compatible with autosomal recessive inheritance. This
variant is located 5 bases before the end of exon 15.
Sanger sequencing confirmed the mutation in homozy-
gous state in the affected sister (PAL-54), whereas two
unaffected siblings were heterozygous (PAL-56) or non-
carriers (PAL-55; Fig 1B). Also in this family, linkage
analysis identified a single, nearly significant peak on
chromosome 1 (LOD score: 3.18), corresponding to a
16.1-Mb  homozygous run (from rs3118027 to
1s6672527; Fig 3B,D). Exome sequencing in PAL-54
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A B
Arg927
c.2779A>G Cc.2223A>T
p.Arg927Gly p.Thr741= H.sapiens PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE,
’ ' = e A RY (D GMAD LV T PEQVKKVYRKAVLVVHPDKATGQPYE
M.mulatta PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE
C.lupus PVGMADLVTPEQVKKVYREAVLVVHPDKATGQPYE]
B.taurus PVGMADLVTPEQVKKVYRKAVLVVHPDKATGQPYE
M.musculus PVGMADLVTPEQVKKVYRZAVLVVHPDKATGQPYE
BB TE oY S R PV GMAD LV T PEQVKKVYRZAVLVVHPDKATGQPYE
G.gallus PVEMADLVTPEQVKKVYRIJAVLVVHPDKATGQPYE,
D.rerio
GAAGGTGTACBGGAAGGCTGT  ACCTTGGGACTCTAGGTACAA  X.tropicalis
C c.397A>T c.1855C>T c.2517del
p.Met133Leu p.Arg619Cys p.Phe839Leufs*22
c.1468+83del c.2038+3A>G
c.626T>C c.2223A>T c.2779A>G
p.Leu209Pro p.Thr741= p.Arg927Gly
DNAJCE - ! l l g
Isoform 1
NM_001256864.1
oIoaT3 — AR
NM_014787.3

Isoform 3
NM_001256865.1

1kb
c.801-2A>G

—_— AR

€.2371C>T
p.GIn791*

FIGURE 2: DNAJC6 mutations. (A) Electropherograms of the two DNAJC6 homozygous mutations. (B) Alignment of the auxilin
protein homologs in different species (protein accession numbers are reported in Supplementary Table 8). Protein homologs in
different species were aligned using the software T-Coffee.?’ The arginine at position 927 is also indicated. (C) Schematic rep-
resentation of the DNAJC6 transcripts with the mutations previously identified in the two PARK19 families (bottom) and the
novel mutations identified here in patients with early-onset PD (top). Mutations detected in homozygous or compound hetero-

zygous state are bolded. PD = Parkinson's disease.

achieved an average coverage of 141 X with 91% of the
target regions covered at least 10 X (Supplementary Table
4).
revealed two additional homozygous variants besides the
DNAJC6 ¢.2223A>T: a c¢.589A>G (p.Argl97Gly) in
LI1TDI (NM_001164835.1) with an allele frequency of
0.003 in 1000 Genomes and ExAC and a novel
¢.2065G>A (p.Gly689ser) in HOOKI (NM_015888.4).

Both variants were excluded from further investigations

Within this linkage region, exome sequencing

because predicted to be benign by all the protein damage
prediction tools, and because conservation analysis
showed that species other than humans carry the mutated
amino acids (Supplementary Table 6). On the contrary,
the DNAJCG6 ¢.2223A>T variant was absent from all the
available databases, including the ExAC, and three of the
five prediction software tools suggested a splicing effect:
the introduction of an aberrant splicing acceptor site 1
site,

base after the constitutive donor

2227 + 1 (Supplementary Table 7). These two patients

at position

developed PD symptoms at the age of 42 and 31, respec-
tively. Their clinical course was typical for PD, including
good response to levodopa and severe motor complica-
tions (wearing off and dyskinesia). Because of these,
PAL-54 also underwent bilateral subthalamic nucleus
DBS, with marked improvement. Supplementary Videos
3 and 4 display the patients at the ages of 62 and 46
years.

February 2016

Proband BR-2652

Two DNAJC6  heterozygous  variants, a  novel
c.2038 + 3A>G and a c.1468 + 83del with allele fre-
quency of 0.004 in 1000 Genomes, were present in BR-
2652, a sporadic Brazilian patent with early-onset PD
(Fig 1C). Genotyping of available relatives was consistent
with the patient being compound heterozygous. Four of
five splicing prediction software suggested that the
¢.2038 + 3A>G variant may cause loss of the splicing
donor site at position 2038, whereas the same analysis
for the c.1468 + 83del did not suggest an effect on splic-
ing (Supplementary Table 7). This proband developed
PD at the age of 33, with right-hand tremor. The par-
kinsonism was responsive to levodopa and displayed a
prolonged course. He also received left-side pallidotomy
in 2006 and right-side pallidotomy in 2010. Supplemen-
tary Video 5 displays the patient at the age of 44, after
11 years of disease.

Additional Linkage and Exome Data Analyses

Our linkage analysis assuming no parental relatedness
identified positive LOD scores in 33 genomic regions
(total: 671Mb; maximum LOD: 0.23) in the GPS-0313
family and 32 regions (total: 383Mb; maximum LOD:
0.24) in the PAL-50 family. The analysis of the whole
the DNAJC6

exome sequencing data  revealed
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FIGURE 3: Genome-wide linkage analysis and homozygosity mapping. Genome-wide linkage analysis of the GPS-0313 (A) and
PAL-50 (B) families. Values of LOD score (red lines) were calculated for all the autosomes applying a grid of 1cM. (C) Linkage
analysis of the chromosome 1 locus. Red line, GPS-0313 family; blue line, PAL-50 family; black line, cumulative LOD score.
Dashed lines mark the LOD score threshold of 3.0. (D) Homozygosity mapping of GPS-0313 and PAL-50 families showing the
overlapping regions of homozygosity on chromosome 1. For each available sample of the two families, and for each probe in
the region, probe B-allele frequency (vertical axis) is represented as a function of its genomic position (horizontal axis). Dashed
line indicates the position of the DNAJC6 locus; red probes and orange areas indicate regions of homozygosity longer that

1Mb. LOD = logarithm of odds.

c.2779A>G (p.Arg927Gly) as the only variant surpassing
our filtering criteria in GPS-0314.

In PAL-54, this analysis revealed only two variants,
which were already identified by our homozygosity-based
strategy, within the chromosome 1 linkage peak: the
DNAJC6 ¢.2223A>T and the HOOKI c.2065G>A
(p-Gly689ser).  Additional

detected. Further inspection of the exome data revealed a

novel variants were not

heterozygous variant in the glucocerebrosidase gene

(GBA; NM_000157.3: ¢.1088T>C, p.Leu363Pro) in

252

PAL-54, which was present also in PAL-50. GBA variants
were not found in the exome data of GPS-0314. Hetero-
zygous GBA variants are known to be risk factors for the
development of PD. However, the p.Leu363Pro variant
has never been reported in patients with this disease.

Expression and Structural Studies of the Auxilin
Protein

The results of our protein expression studies showed
that, in primary fibroblasts, the steady-state levels of

Volume 79, No. 2
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TABLE 3. Statistical Analysis of DNAJC6 Expression in Subject-Derived Fibroblasts
GPS-0313 GPS-0314 GPS-0315 PAL-54
Control 1 6.6 x 107% 1.3x107% 0.02702 1.7 x 107%
Control 2 3.0x107™ 5.8 %107 0.40799 0.00715
Control 3 2.3x107% 4.5x107% 0.07662 6.0x 107
Control 4 1.3 x107% 2.5x107% 0.00600 31x107%
The table displays the p values for pair-wise # test comparisons between controls and subjects with DNAJC6 mutations. p values
are not corrected for multiple testing. Values surpassing the Bonferroni-corrected threshold (p < 0.0125) are bolded.

auxilin are markedly and significantly lower in patients
with homozygous DNAJC6 mutations than in control
subjects (ANOVA p=1.08 X 10~ %; Table 3; Fig 4A,B).
The unaffected heterozygous mutation carrier (GPS-
0315) had auxilin levels intermediate between those of
controls and patients.

Furthermore, our in silico structural studies showed
that the Arginine at position p.927 (replaced by Glycine
in the patients of the Dutch family) is located in the ]

domain, which is a known crucial functional domain of

auxilin, and it is facing the interacting partner, Hsc70.
The mutation has a drastic steric effect and reduces the
charge potential of a positively charged patch at the pro-
tein surface, a region possibly involved in the interaction
with Hsc70, or with other molecular partners (Fig

4C,D).

Discussion
Our study reveals a novel role for DNAJ/C6 mutations in
carly-onset PD. Two of the ninety-two probands (2.2%)
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J domain

FIGURE 4: Protein analyses. (A) Auxilin expression in human fibroblasts; a representative Western blot is shown; vinculin and y-
tubulin are included as loading controls. (B) Quantitative analysis of auxilin levels in patients’ fibroblasts, expressed as percent-
age of the average expression in 4 unrelated control individuals. All data are from four biological replicates. The plots of the
patients with DNAJC6 homozygous mutations are in red; the heterozygous carrier of the Dutch missense mutation (GPS-0315)
is in gray; the control subjects are in blue. (C) Crystal structure of the bovine auxilin J domain with visualization of the electro-
static potential surface for the wild-type (left) and mutant (right) proteins (PDB accession no.: 1NZ6). The replacement of the
Arginine-927 with a Glycine modifies a large positively charged patch on the protein surface, with drastic sterical and electro-
static consequences. The more positively charged regions are displayed in blue, whereas negatively charged regions are dis-
played in red; the position of the residue homolog to the human Arginine-927 is indicated. (D) Crystal structure of the bovine
auxilin J domain complexed with the Hsc70 ATPase domain and ATP analog (PDB accession no.: 2QWR). The residue homolog
to the human Arginine-927 is located in the auxilin domain (red) that interacts with Hsc70 (blue). The Arginine-927 points
toward Hsc70, suggesting a possible involvement in the interaction between the two proteins.
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with familial PD compatible with autosomal recessive
inheritance carried novel homozygous mutations.

Several lines of evidence support the contention
that the two homozygous variants identified are disease
causing. First, each of these variants is located within the
highest, and nearly significant, linkage peak obtained in
the respective family (Fig 3A-C) and also supported by
the results of the homozygosity mapping. Second, within
these linkage regions, exome sequencing revealed no evi-
dence of disease-causing variants in genes other than
DNAJC6. Moreover, novel pathogenic variants were not
found by exome sequencing in any other genomic loci
detected in the two families under an autosomal recessive
mode of inheritance, without assuming parental consan-
guinity. Third, both variants are absent from all the avail-
able databases (more than 120,000 alleles). Fourth, the
two variants are predicted to be deleterious by our in sil-
ico analyses. Last, the steady-state levels of auxilin are
markedly and significantly decreased in fibroblasts of
patients from both families (Fig 4A,B), providing com-
pelling experimental evidence for the pathogenicity of
the DNAJC6 homozygous mutations. Of note, these
results also delineate a loss-of-function mechanism for
these mutations, in keeping with the recessive disease
inheritance in these families.

The ¢.2779A>G (p.Arg927Gly) mutation is classi-
fied as disease causing by all the prediction tools, it
replaces an amino acid that has been highly conserved in
evolution (Fig 2B), and is located within the ] domain.
Moreover, the mutation appears to cause a substantial
modification of the biochemical properties of the domain
(Fig 4A,B). This could affect the protein stability, or
binding to Hsc70, or both, and would be in keeping
with the observed decreased levels of auxilin protein in
patients’ fibroblasts. The synonymous ¢.2223A>T is pre-
dicted to affect splicing by the majority of the prediction
software tested. To investigate the effect of the
¢.2223A>T, we also undertook DNAJC6 mRNA expres-
sion analysis in fibroblasts, but the expression levels in
control subjects were unreliable (data not shown). This is
in keeping with the known fact that DNAJC6 messenger
RNA expression is essentially brain specific and very low
in any other tdssues (EST profile in NCBI UniGene:
Hs.647643).5%° Furthermore, we cannot exclude the pos-
sibility that this synonymous variant is in linkage disequi-
librium with another causative variant located in introns
or other noncoding regulatory elements of DNA/CG,
which were not detectable by our screening.

We also identified a sporadic patient with early-
onset PD with two rare, compound heterozygous
DNAJC6 variants. Because of its novelty and the results
of the splicing prediction software, the ¢.2038 + 3A>G

254

variant appear to be likely deleterious. Instead, the
c.1468 + 83del is only moderately rare in databases, and
the evidence of its splicing effect is less compelling.
Despite being unable to conclusively prove their pathoge-
nicity, the coexistence in the same patient of these two
rare variants in trans is intriguing and suggests a patho-
genic nature. Furthermore, as said before, we cannot
exclude the possibility that one or both of these variants
are in linkage disequilibrium with other causative variants
located in introns or other noncoding regulatory ele-
ments, which were not detectable by the methods used
here. Unfortunately, fibroblasts from this patient were
unavailable to perform protein expression studies.

We also detected 11 patients with rare heterozygous
variants in DNAJC6, but sequencing and gene dosage
assays did not reveal additional mutations in these sam-
ples. Interestingly, at least four of the heterozygous var-
(p-Phe839Leufs*22,  p.Leu209Pro,
p-Met133Leu, and p.Arg619Cys) are either novel or

iants  identified

extremely rare in databases and are predicted to have a
deleterious effect for the protein function (Supplementary
Table 5), which is dramatic in the case of the frameshift
variant (p.Phe839Leufs*22). These variants might be a
coincidental finding. However, we cannot exclude that
additional variants in frans were missed because they are
outside the sequenced regions or undetectable by our
assays. Another hypothesis is that single heterozygous var-
iants in DNAJC6 act as risk factors for PD. Similar
hypotheses have been proposed for single heterozygous
variants in other genes causing autosomal recessive PD.*
It will be interesting to test this hypothesis for DNAJ/C6
in future studies.

From the clinical standpoint, our patients with
homozygous DNAJC6 mutations have a very different
phenotype than the PARK19 patients reported earlier.
The Palestinian and Turkish patients developed motor
symptoms during childhood (before < 11 years old) and
were all wheelchair-bound or bedridden within ~10
years from onset. Furthermore, they displayed atypical
clinical signs, such as mental retardation, seizures, and
dystonia, or they had poor or absent response to levo-
dopa.®* On the contrary, the patients identified in our
study developed parkinsonism in their third to fifth dec-
ade of life, experienced a much slower disease progres-
sion, and they all responded well to dopaminergic
therapies, including DBS in 1 case. These clinical fea-
tures are compatible with the diagnosis of early-onset PD
and overlap the phenotype of other monogenic forms of
PD caused by parkin, PINKI, or DJ-1 mutations. It is
possible that the phenotypic variability is owing to the
fact that the novel mutations identified here might allow
some residual activity to the auxilin protein. In other
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words, our data suggest a possible genotype-phenotype
correlation in patients with DNAJ/C6 mutations, with
complete loss-of-function variants causing the juvenile,
atypical form (PARK19), whereas milder mutations
(described in our study) cause early-onset PD. The obser-
vation of severely reduced, but detectable, residual levels
of auxilin protein in the fibroblasts of our patients fits
very well with this hypothesis.

The established role of auxilin in the CME is cru-
cial for neurons that need CME for the formation of
new vesicles at the presynaptic terminal and synaptic
vesicles recycling.'” Together with their molecular part-
ner, Hsc70, auxilins are essential to complete the last
step of the CME, the uncoating of the vesicles after their
separation from the plasma membrane.'®%

Our findings add to a growing body of evidence
for the involvement of synaptic vesicles recycling in PD.
First, recessive mutations in SYNJI, encoding another
close molecular partner of auxilin, cause early-onset par-
kinsonism (PARK20).'®!" The knockout mice models of
DNAJC6 and SYNJI display similar severe neurological
phenotypes, with defective synaptic vesicle recycling, and
clathrin-coated vesicle accumulation.*"** Second, com-
mon variants in GAK (encoding auxilin-2, a different
ubiquitously expressed form of auxilin) have been identi-
fied by genome-wide association studies as a risk factor
for late-onset idiopathic PD.*>** Last, the protein prod-
ucts of other genes causing Mendelian PD have been
linked to the recycling of synaptic vesicles. The LRRK2
and parkin protein interact with endophilin-A45’46; the
VPS35 protein is part of the retromer complex that
recycles membrane-associated protein to the trans-Golgi
network®’; and a-synuclein has been implicated in several
ways to vesicles recycling and release.*®*’

In conclusion, the identification of early-onset PD
patients with DNAJC6 mutations changes the current
view of DNAJC6, from being the cause of a rare and
atypical juvenile parkinsonism, to be the fourth gene
involved in autosomal recessive, early-onset PD. Screen-
ing of DNAJC6 is therefore warranted in all patients
with early-onset PD compatible with autosomal recessive
inheritance, with broad implications for the diagnostic
workup and genetic counseling of patients. Our data pro-
vide further support for disturbed synaptic vesicle endo-
cytosis and trafficking in the pathogenesis of PD.
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