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Objective: GJB2 (gap junction protein, beta 2, 26 kDa: connexin 26)is a gap junction protein gene that has
been implicated in many cases of autosomal recessive non-syndromic deafness. Point and deletion
mutations in G/B2 are the most frequent cause of non-syndromic deafness across racial groups. To clarify
the relation between profound non-syndromic deafness and GJB2 mutation in Japanese children, we
performed genetic testing for GJB2.

Methods: ‘We conducted mutation screening employing PCR and direct sequencing for GJB2 in 126
children who bad undergone cochlear implantation with congenital deafness.

Results: We detected 10 mutations, including two unreported mutations (p.R32S and p.P225L) in GJB2.
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Japanese children We identified the highest-frequency mutation (c.235delC: 44.8%) and other nonsense or truncating
p.P225L mutations, as in previous studies. However in our research, p.R143W, which is one of the missense
Connexin 26 mutations, may also show an 1mportant correlation with severe deafness.

GJB2

Conclusion: Our results suggest that the frequencies of mutations in G/B2 and GJB6 deletlons differ
among cohorts. Thus, our report is an 1mportant study of GJB2 in Japanese children with profound non-
syndromxc deafness.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction tions have been reported globally [the Connexin-Deafness

homepage: http://davinci.crg.es/deafness/], and these mutations
show a relatively high local dependence (founder effect). A high
prevalence of c.35delG has been found among Caucasians;
c.235delC among Eastern Asians, including Japanese [10-13];
c.167delT among Ashkenazi Jews [14]; p.R143W among certain
Africans [15]; and p.W24X among Indians [16,17] and European
Gypsies [18~20]. Some recent reports have indicated a genotype-
phenotype correlation: children with two truncating mutations,

People with any degree of sensory impairment may encounter
problems such as discrimination within the education system or
when looking for work, and a reduced life expectancy. Sensori-
neural hearing loss (SNHL) is the most common sensory
impairment in developed societies [1,2], where one child in
1000 presents at birth with severe or profound deafness [3].

Recent advances in human genetics have indicated that more

than half of congenital SNHL cases involve a genetic factor [4]. In"

75-80% of genetic cases, SNHL is the result of autosomal recessive
inheritance, and both parents have normal hearing [5]. Mutations
of GJB2 are the most frequent cause of autosomal recessive non-
syndromic deafness. Indeed, previous studies have shown that
GJB2 mutations account for up to 50% of non-syndromic deafness
cases [6]. Hearing-impaired subjects with biallelic GjB2 mutations
range widely but most commonly follow a severe to profound and
non-progressive pattern [7-9]. About 100 different GJB2 muta-
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such as ¢.35delG or ¢.235delC, are profoundly deaf, while children
with a truncating and missense mutation, or two missense
mutations, show better hearing [9,21,22]. Since improved speech
performance after cochlear implantation in early childhood is
usually observed in hearing-impaired subjects with GJB2 muta-
tions [23], the genetic testing of newborn babies will provide
useful prognostic information when selecting appropriate treat-
ment for such children.

In the present study, to clarify the frequency and genotype-
phenotype correlation of GJB2 mutations in children with profound
non-syrgdr;bmic deafness, we performed genetic testing for GJB2
mutations:involving 119 Japanese children who had undergone
cochlear implantation with congenital deafness.
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2. Materials and methods
2.1. Subjects

We enrolled 119 Japanese children, who were unrelated to each
other, with non-syndromic deafness for genetic analysis. Of these,
107 were sporadic cases (with only one affected individual in the
family); the remaining 12 patients were autosomal recessive cases
(with normal hearing parents and at least two affected children).
The study sample consisted of 70 males (58.8%) and 49 females
(41.2%). All of their hearing impairment levels were. severe (71-
95 dB) to profound (>95 dB); impairments were detected between
0 and 3 years old. All children had undergone cochlear implanta-
tion at Tokyo Medical University School of Medicine.

All cases underwent otoscopic examination and audiometric
testing. Subjective tests of hearing acuity were assessed based on
the auditory brain-stem response (ABR) and auditory steady-
state response (ASSR) in infants and children. Behavioral
observation audiometry (BOA) was used as a subsidiary measure
to ABR and ASSR. A detailed history was taken to exclude other
possible causes of deafness (such as neonatal complications,
bacterial meningitis or other infections, use of ototoxic medica-
tion, or head trauma). Extended pedigrees were elicited from

each family to exclude interfamilial relations. Temporal bone -

- computed tomography was used in children to exclude any
anomalies. The control group was carefully chosen to determine
the carrier frequency, and consisted of 150 unrelated mdmduals
with normal hearing. x

Informed consent was obtained from the parents or guardians
when necessary, and these were approved by the Ethical
Committees of Juntendo University School of Medicine.

2.2. Genetic analysis

All samples from the children and normal controls were
extracted from peripheral blood using the QJAamp DNA Blood Mini
Kit (QIAGEN, Germantown, MD, USA). The coding region of GJB2
was amplified from DNA samples by the polymerase chain reaction
(PCR) using the primers GJB2-F 5'-GTGTGCATTCGTCTTITCCAG-3’
and GJB2-R 5'-GCGACTGAGCCITGACA-3'. PCR products were
sequenced using the PCR primers and sequence primers G/B2-A
5/-CCACGCCAGCGCTCCTAGTG-3' and GJB2-B 5-GAAGATGCTGCT
GCTTGTGTAGG-3'. The sequencing reaction products were elec-
trophoresed on an ABI Prism 310 Analyzer (Applied Biosystems).
When no mutation or a single heterozygous mutation in G/B2 was
confirmed, we performed the multiplex PCR assay and direct
sequencing for the coding region of GJB6. Multiplex PCR was
carried out according to the method of Del Castillo et al. [24] to
confirm the presence of the del(G/B6-D1351830) and del(GJB6-
D1351854) deletions in GJB6.

Samples with no mutation or a single heterozygous mutation in
G/B2 and GJB6 were analyzed for the gene dosage using real-time
quantitative PCR (qPCR) to detect exon rearrangements in G/B2 and
GJB6. gPCR was performed with TagMan Gene Expression Assays
(Hs00269615_s1 for GJB2, and Hs00272726_s1 for GJB6, Applied
Biosystems) and the 7500 Fast Real-Time PCR System (Applied
Biosystems).

We obtained blood samples from the family which had one of two
unreported mutations, pP225L, and the unréported one was
confirmed as follows. The samples were subjected to mutation
screening by PCR and direct sequencing for GJ/B2. The PCR product
was subcloned into pCR 2.1 vecto-TOPO by TOPO TA cloning
(Invitrogen, Carlsbad, CA, USA), and independent subclones were
sequenced employing M13forward (5_-TTGTAAAACGACGGCCAG)
and reverse (5_-ACACAGGAAACAGCTATG) primers. The sequence
data using in this study have been submitted to the GenBank
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databases uﬂder accession ~numbers X65361,

NM_0008186, and NM_001037.

AB098335,

2.3, Statzstlca! :analyszs

A Z-test was used to calculate the difference in the allele
frequency. In-all-statistical analyses, P-values of 0.01 or less were
considered significant.

3. Results -+ N
3.1. Mutation, screening of GJB2
\,:, ;:: N

GJB2 muta'ﬁohs were found in 45 of the 119 affected individuals,
and, of these, ;35 patients were homozygous or compound
heterozygous (29 4%). GJB2-related deafness patients, who had
two GJB2 mutant -alleles, were found in 7 of 12 familial cases
(58.3%), and there were 28 of 107 sporadic cases (26.2%). Eight
mutations, mciudlng two unreported ones (p.R32S and p.P225L),
were identified in these patients (Table 1). Three mutations were
truncating mutations {one was a nonsense mutation (p.Y136X),
and two were frameshifts (c.235delC and c¢.176-191del)]. The
remaining five! were missense mutations (p.R143W, p.G45E,
p.T86R, p.R32S, and p.P225L). Among these mutations, c.235delC
was the most frequent. The c.235delC mutation accounted for

' 52.9% (37 of 70Y-of the GJB2-mutated alleles (Table 1).

We 1dent1ﬁed 10 subjects who had three-or more mutations. All
of them had p. G45E and p.Y136X, including one homozygous child.
TA cloning and ‘sequencing of subcloned PCR products revealed
that all subjects had both mutations in the same allele (data not
shown) G45E accompamed with Y136X has been reported as a
pathogemc mutation in previous reports, especially in Japanese
patients [11 2.:] although it remains unclear which mutation is
more related.to: ‘the pathogenicity.

We compared the allele frequency for each mutation with that
in Ohtsuka’s study [25] (Fig. 1). The frequency of c. 235delC and
three mutatxons (p.R143W, p.G45E[Y136X, and ¢.176-191del) in
this study wete significantly different from that in Ohtsuka’s study
(P < 0.01). While the p.V37I mutation was reported to be the
second most frequent autosomal recessive deafness allele in Asian
countries [11,12], the present subjects did not follow this pattern.

In one subject, we identified a missense mutation, p.P225L,
which has not previously been reported (Fig. 2). The sister and
father of the-proband had this mutation, while they showed a
normal hearing’ function. The mother, with a normal hearing
function, showed no mutation at this site, while shie revealed only
heterozygous p:G45E/Y136X mutation as a known pathogenic
mutation of GJB2. The sequencing results of TA cloning further
confirmed the existence of the pP225L nonsense mutation in this
patient. We also.identified another unreported mutation, p.R32S,
in another subject. The patient had p.R325/p.G45E/Y136X muta-
tions. The amino acid positions of two unreported mutations

AR :
Table 1 R
Mutations identified in the Cx26 gene, GJB2 (NG_008358.1), in child cases of
congenital deafness.:

Nucleotide change ~ Amino acid change Allele (%)
c235delC 1 pleu79CysfsX3 37 (52.9)
cd27¢>T ' pArgl43Trp(pR143W) 15 (21.4)
c 134G>A/c.408€>A p.Gly45Glu/p.Tyr136X(p.G45E/Y136X) 10 (143)
¢176_191del * p.Gly59AlafsX18 4(57)
¢.257C>G : p.Thr86Arg(p.T86R) 2(29)
€.94C>A . p.Arg32Ser’(p.R32S) 1(14)
c674C>T "' pPro225Leu’(p.P225L) 1(14)
Total mutations ‘ 70 (100)

# Novel mutatjons detected in this study.
N )..A
&
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Fig. 1. Allele frequency for each mutation in three groups. AZ~test was used to assess the difference in frequency. Note the P-value of <0.01 between the two deafness groups

for ¢.235delC, p.R143W, p.G45E/Y136X, and c.176-191del. *P < 0 01.

) x‘,

(p.R32S and p.P225L) are highly conserved among various species,
and we did not detect any of these mutations in 300 chromosomes
in normal Japanese controls. :

4. Discussion : 3

In{this study, GJB2-related deafness patients : !accounted for
29.4% of non-syndromic deafness cases. This frequency was less
than in a previous report, which pointed to a frequency of around
50%[6]. Familial cases were twice as prevalent as sporadic cases. In
most of the previously reported studies, the prévalence of GJB2
mutations was significantly higher in familial' non-syndromic
deafness than in sporadic cases [7,26,27]. The frequent mutations
of GJB2 (c.235delC, p.R143W, p. G45E[Y136X, and. c‘[76-19]de1) in
this study were partly different from previous. reports [25]. It is
assumed that all of our subjects had severe to profound deafness,

P225L (hetero)

¢

' G45E/Y136X
P226L(hetero) P 2251

as they had received cochlear implants, whereas Ohtsuka’s
subjects had mild to profound deafness and included heterozygous
mutations. A few studies have confirmed that some genotypes are
correlated with clinical phenotypes in GJB2-related deafness.
Further, truncating mutations are associated with a greater degree
of deafness than non-truncating mutations [9,21,22]. For this
reason, three of these cases might be truncating mutations. In
contrast, p.R143W mutation was previously implicated in an
extraordinarily high prevalence of profound deafness in Ghana
[15,28] and Caucasians [9]. This missense mutation may also show
an important correlation with severe deafness in Japan. On the
other hand, an effect of geography on the allele frequency may
have been present, because most of our subjects were from a
different area compared to a previous report {25].

The relation between p.V371 mutation of GJB2 and SNHL is
controversial. While some reports suggest that this mutation is

GTTTAA

. Fig. 2. (A) The pedigree and PCR direct sequencing results for the family; the arrow indicates the proband. (B) The sequencing results on TA cloning. Genomic PCR products
were subcloned into a plasmid vector and sequenced separately (see Section 2). The sequences from independent clones are shown in the above two examples. I shows wild-
type sequence, whereas Il shows mutated sequence in which the prolme residue is changed to leucine. Three of 8 subclones showed a missense mutation similar to thatin IL
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more common among individuals of Asian ancestry [11,12,29],
others suggest that homozygous p.V371 is associated with slight/
mild hearing lass [22,30,31]. In this study, no cases of homozygous
p.V371 were observed. These findings support that this mutation is
associated with mild hearing loss, because all of our subjects
showed severe deafness. '

The two unreported GJB2 mutations, p.R32S and p.P225L, were
not detected in normal hearing controls. These appeared in amino
acid residues that were highly conserved. Additionally, three types
of mutation were seen in arginine as the thirty-second amino acid,
such as p.R32C, p.R32L, and p.R32H. Therefore, R32 is thought to be
a mutation “hot spot.” Thus, it is likely that these are pathological
mutations, rather than rare or functionally neutral polymorphic
changes. On the other hand, the mutation site of p.P225 located at
the C-terminus of Connexin26 has not previously been reported. As
the C-terminus region of connexins is thought to be an important
region for intracellular molecular signaling and interaction with
scaffolding proteins and the cytoskeleton [32-34], p.P225L
mutation found in this study may affect important intracellular
molecular networks to maintain the normal function of the
cochlear gap junction.

5. Conclusion

In conclusion, this study identified significant genotypic

features of Japanese children with profound non-syndromic .

deafness. Further research is required covering a-broader range
of genes in the subjects in this study with either single
heterozygous or no mutation, in order to better understand the
epidemiology of deafness in Japan.
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of PINK1
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Parkinson’s disease (PD) is the second most common
neurodegenerative disease. Mutations in PINK7 (PARKG6)

are the second most frequent cause of autosomal -

recessive, young-onset PD, after parkin {PARK2). PINK1
(a kinase with an N-terminal mitochondrial targeting
sequence} provides protection against mitochondrial dys-
function and regulates mitochondrial morphology via fis-
sion/fusion machinery. PINK1 also acts upstream of parkin
{a cytosolic E3 ubiquitin ligase) in a common pathway.
Recent studies have described PINK1/parkin function in
the maintenance of mitochondrial quality via autophagy
{mitophagy). PINK1/parkin-mediated mitophagy provides
new insights into the etiology of PD and could be a
suitable target for new treatment of PD. In this review,
we discuss the molecular genetics and functions of PINK1,
which could be key factors in novel rational therapy for
sporadic PD as well as PINK7-linked PD.

Parkinson’s disease (PD)

PD is the second most common neurodegenerative disease
worldwide after Alzheimer’s disease. The prevalence of PD
increases with age, and is estimated to be ~1% in those
aged > 65 years [1]. The major clinical features are: (i) motor
symptoms (called ‘parkinsonism’), which include resting
tremor, rigidity, bradykinesia (slowness in executing move-

ment) and postural instability; and (ii) non-motor symptoms

(e.g. cognitive dysfunction, autonomic nervous system dys-
function, sleep disorders). Pathological features include
pronounced loss of dopaminergic neurons in the substantia
nigra pars compacta and eosinophilic cytoplasmic inclusion
containing a-synuclein aggregates (known as Lewy bodies)
in the remaining dopaminergic neurons. No treatment is
available to suppress the progression of cell death, and the
goal of current therapies is only to alleviate symptoms.
The pathogenesis of PD remains unclear, although mi-
tochondrial dysfunction due to oxidative stress has been
proposed to play a major part [2]. Most cases of PD are
sporadic, but ~5-10% of PD cases are hereditary. Several
genes (e.g. a-synuclein, parkin, PTEN-induced putative
kinase 1 (PINK1), DJ-1, leucine rich repeat kinase 2
(LRRK?)) have been identified as causative genes for
familial Parkinson’s disease (FPD) [3]. PINKI-linked PD
(PARKG6-linked PD) is the second most common autosomal
recessive young-onset PD, after parkin-linked PD (PARK2-
linked PD). Initial studies suggested that PINK1 provided
protection against mitochondrial dysfunction [4-6]. How-
ever, the exact function of PINK1 remains unclear. Recent
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evidence also suggests that PINK1 plays a part in mito-
chondrial quality control via autophagy machinery, in
collaboration with parkin (a cytosolic E3 ligase). In this
review, we analyze the recent work published on PINK1
function, which can be a key factor in novel rational
therapy for sporadic PD as well as PINKI-linked PD.

Clinical characteristics of PINK1-linked PD

Clinical features

The clinical features of PINKI-linked PD include parkin-
sonism associated with a good response to levodopa (the
precursor to the dopamine), frequent occurrence of levodo-
pa-induced dyskinesias, and infrequent occurrence of dys-
tonia at onset, similar to those of sporadic PD. The only
distinctive features are the earlier age of onset and slower
progression [7]. The age of onset of PINKI-linked PD is
around the early thirties [8,9], whereas that of sporadic PD
is after the age of 60 years’. Unlike parkin-linked PD,
hyperreflexia and sleep benefit are not common in PINKI-
linked PD. However, some patients with PINKI-linked PD
exhibit foot dystonia at onset and sleep benefit, mimicking
those with parkin-linked PD. Others with PINK]1-linked
PD show atypical clinical features associated with psychi-
atric problems and dementia, both of which are rare in
patients with parkin-linked PD.

Pathological features

As mentioned above, accumulation of Lewy bodies is the
pathological hallmark of sporadic PD. Lewy bodies were
also detected in the brain of a PINKI-linked PD patient
with compound heterozygous mutations (c.1252_1488 del
and ¢.1488 + 1G > A) [10], whereas they are absent in the
brains of parkin-linked PD patients [11,12]. Other patho-
logical changes seen in the PD patient with the compound
heterozygous PINKI-mutations include neuronal loss in
the substantia nigra pars compacta accompanied with
astrocytic gliosis and moderate microgliosis. No apparent
cell loss, Lewy bodies, or abnormal neurites are seen in the
locus ceruleus. However, pathological examination has
been reported in only one case of PINKI-linked PD, so
further pathological studies are needed to determine the
association between Lewy bodies and the pathogenesis of
PINK]-linked PD.

PINK1

Molecular structure

The PINK1 gene contains 8 exons spanning ~1.8 kilobases
and encodes a 581-amino acid protein. The transcript is

0165-6147/$ — see front matter ® 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.tips.2011.06.001 Trends in Pharmacological Sciences, October 2011, Vol. 32, No. 10 573

— 220 —



Trends in Pharmacological Sciences Qctober 2011, Vol. 32, No. 10

:: Sh 4 &
1 34 94 110 156
Cleaved sites

Pink1 domain

509 581

TRENDS in Pharmacological Sciences

Figure 1. Putative functional domains and motifs of PINK1. Possible cleaved sites consist of the end of mitochondrial targeting sequence (MTS), sites between MTS and the

transmembrane domain {TMD), and sites in the TMD.

ubiquitously expressed and predicted to encode an N-
terminal 34—amino acid mitochondrial targeting sequence
(MTS), a transmembrane domain (TMD) (residues 94-110)
and a highly conserved protein kinase domain (residues
156-509) showing a high degree of homology to the serine/
threonine kinases of the Ca®*'/calmodulin family [13]
(Figure 1). It is important to understand the topology
and subcellular distribution of PINK1 when considering
PINK1 functions. PINK1 is a mitochondrial membrane
integral protein whose kinase domain localizes in the outer
mitochondrial membrane and is accessible from the cyto-
plasm. The TMD is crucial for anchoring PINK1 to the
mitochondrial membrane and to ensure that the kinase
domain faces the cytoplasm [14]. Subcellular fractionation
shows that overexpressed PINK1 is localized in the mito-
chondria and eytoplasm [15], although the localization of
endogenous PINK1 is not clear. This is because PINK1 is
so rapidly turned over under basal conditions [16,17] that
the expression level of PINK1 is very low and no antibodies
against endogenous PINKI1 are available. A chimeric pro-
tein consisting of a fluorescence protein fused to the
N-terminus of PINK1 localizes to the mitochondria. Thus,
the putative MTS of PINK1 is sufficient for its mitochondrial
localization [18]. PINK1 translocated to the mitochondria by
MTSis processed at several sites, such as 34 and/or 77 amino
acids at the N-terminus and another site in the TMD. PINK1
mainly includes the full-length form (-63 kDa) and the
cleaved form (=55 kDa) [15,18-20] (Figure 1).

Human genetics

PINK1 (PARKBS) was identified in 2004 as a causative gene
of autosomal recessive young-onset PD {13]. Since then,
several mutations have been identified in PD patients in
Europe and Japan [21]. With regard to the mode of inheri-
tance (e.g. recessive form), loss of PINK1 function is pro-
posed as the mechanism of PINKI-linked PD. The
estimated prevalence of PINK1 mutations in different
ethnicities is 1-8% of familial or young-onset PD [22].
Approximately 50 pathogenic mutations (missense muta-
tions, genomic rearrangements, truncating mutations)
have been identified in diverse populations. Most of the
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mutations are observed in the serine/threonine kinase
domain, suggesting that loss of kinase activity plays a
crucial part in the pathogenesis of PINKI-linked PD.
Although the genotype-phenotype correlation has not been
confirmed, the mean age at onset in patients with single
heterozygous mutations is higher than that in patients
with homozygous mutations [9,23]. Homozygous muta-
tions in PINK1 invariably cause PINKI-linked PD, where-
as heterozygous mutations have been suggested to be a
susceptibility factor for sporadic PD [24].

PINK1 function

Kinase activity

As mentioned above, PINK1 is a serine/threonine kinase
protein. Several studieshavereported that pathogenic muta-
tions in PINKI1, such as p.K219A, p.G309D, p.L347P,
p.D362A, p.D384A, p.G386A, p.G409 V, p.E417G, are asso-
ciated with reduced kinase activity [5,15,18,25]. Further-
more, the C-terminus of PINK1 regulates its kinase activity,
although there is controversy over whether it up-regulates or
down-regulates [18,25] activity [25]. Mutations in the PINK1
C-terminus cause early-onset parkinsonism [26]. Therefore,
we have to consider the effect of the C-terminus on kinase
activity to be significant. TNF receptor-associated protein 1
(TRAP1),a mitochondrial chaperone, hasbeenidentified asa
PINK]1 substrate. PINK1 might provide protection against
oxidative stress-induced apoptosis by the phosphorylation of
TRAP1 [5]. Another candidate substrate of PINK1 is parkin.
The linker region of parkin is phosphorylated by PINK1, and
parkin phosphorylated by PINK1 promotes its mitochondri-
al translocation {27]. The activity of parkin E3 ligase func-
tions to catalyze the K63-linked polyubiquitination of IKKy,
which is a critical step in the cytoprotective signaling path-
way that activates NF-xB, a ubiquitously expressed tran-
scription of several pro-survival genes [18,28]. PINK1 is
thought to modulate the phosphorylation status of another
mitochondrial protein, Omi/HtrA2 (a gene product for
PARK13), possibly through indirect mechanisms [6]. Rictor,
a specific component of mammalian target of rapamycin
complex 2 (mTORC2), is phosphorylated by overexpression
of PINK1. Enhanced Akt through activation of mTORC2
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provides cytoprotection [20,29]. These reports corroborate
the fact that kinase activity has crucial roles in the patho-
genesis of PINK]1-linked PD.

Interaction with other PD-associated genes
PINKI-deficient Drosophila and PINKI-linked PD
patients show very similar phenotypes, in contrast to flies
and patients whose symptoms are caused by parkin muta-
tions. Moreover, overexpression of parkin rescues the phe-
notype of PINKI-deficient Drosophila, but not vice versa
{30,31]. However, Omi/HirA2 is not an essential compo-
nent of the PINK1/parkin pathway in Drosophila [32]. In
cultured cells, PINK1 knockdown phenotypes are also
rescued by overexpression of parkin, but not vice versa
[33]. Parkin stabilizes PINK1 through direct interaction
[34]. These results suggest that PINK1 fullétions upstream
of parkin in a common pathway. Furthermore, parkin,
PINK1, and DJ-1 form a ubiquitin E3 ligase complex that
promotes the degradation of unfolded proteins [35]. In
Drosophila, DJ-1 can rescue the consequences of PINK1
loss (except for infertility), but not the consequences of
parkin loss. Furthermore, parkin cannot rescue DJ-1 loss,
suggesting that DJ-1 may not be directly downstream of
PINK1 [26,36]. In human neuroblastoma cells, parkin
protects against the loss of DJ-1 and, although DJ-1 does
not alter PINK1-deficient mitochondrial phenotypes, DJ-1
is active against rotenone-induced damage in the absence
of PINK1 [27,37]. These findings indicate that DJ-1 works
in parallel to the PINKl/parkin pathway to maintain
mitochondrial function.

PINK1 knockdown causes proteasome dysfunction, ac-
companied by increased a-synuclein aggregation [38].
PINKI-deficient Caenorhabditis elegans exhibits a re-
duced length of mitochondrial cristae, increased sensitivity
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to paraquat (a herbicide which causes oxidative stress and
parkinsonism) and defective axonal outgrowth of a pair of
canal-associated neurons. In the absence of LRRK2, all
these phenotypic aspects can be suppressed [39]. Further-
more, in Drosophila, overexpression of LRRK2 potentiates
the bristle loss phenotype of PINK1 [40]. These results
suggest that loss of LRRK2 suppresses the PINK1 pheno-
type. Taken together, evidence suggests that dysfunction
of several causative gene products might contribute to
the pathogenesis for PD through a common pathway
(Figure 2).

Mitochondrial regulation

Mitochondrial function: In cultured cells, overexpres-
sion of PINK1 confers resistance to toxins against
mitochondria such as staurosporine, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), and rotenone, and
PINK1 expression provides resistance to MPTP-induced
dopaminergic neuronal loss in mice [4,41]. Consistent with
these reports, reduction of PINK1 levels by RNA interfer-
ence (RNAj) in cultured cells resulted in enhanced cell
death in the presénce of MPTP and rotenone [42]. In this
regard, PINK1-deficient animal models and model-derived
cells have provided important information on the endoge-
nous function of PINKI1. PINKI-deficient Drosophila
showed degeneration of flight muscles, male sterility,
and dopaminergic neuronal cells accompanied by mito-
chondrial abnormality, and shared phenotypic similarity
with parkin-deficient Drosophila [30,31]. These models
exhibit decreases in mitochondrial membrane potential
(A¥m), mitochondrial DNA, complex I, ATP, and an in-
creased proportion of swollen mitochondria and suscepti-
bility to apoptotic stimuli. Concomitant defects in synaptic
function are also observed [43]. These results suggest that

TRENDS in Pharmacological Sciences

Figure 2. Proposed mechanism of PINK7-linked PD. Loss of PINK1 on mitochondria inhibits parkin functions and induces mitochondrial fission/fusion imbalance, which in
turn causes impaired mitophagy, resulting in mitochondrial dysfunction. The kinase activity of PINK1 is important for mitophagy. Decreased dopamine release due to
mitochondrial dysfunction induces neuronal cell death. Furthermore, TRAP1 and HtrA2 are not activated under reduced PINK1 kinase activity, leading to mitochondrial
dysfunction. Reduced PINK1 kinase activity also results in failure of activation of Akt, leading to decreased cytoprotective function. LRRK2 exacerbates loss of PINK1.
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loss of PINK1 can cause dopaminergic neuronal cell death
due to functional defects in mitochondria.

In contrast, PINKI1- and perkin-deficient mice do not
exhibit major abnormalities, whereas absence of PINK1
causes several deficits, including: (i) reduced synaptic
dopamine release and plasticity in.the striatum [44];
(i) impaired mitochondrial respiration in the striatum
at 34 months of age and in the cerebral cortex at 2 years
[45]); and (iii) progressive weight loss and selective reduc-
tion of locomotor activity for spontaneous movements in
old age [46]. These findings indicate that the mitochondria
in PINKI-deficient models are more vulnerable to aging.
Primary cultured neurons derived from PINKI-deficient
mice showed increased intracellular calcium levels and
vulnerability, with subsequent excess production of reac-
tive oxygen species (ROS), decreased glucose availability,
loss of AWm and defects of complex I, causing pathological
opening of the mitochondrial permeability transition pore
[47]. In PINKI-deficient mouse embryonic fibroblasts
(MEFs), AYm and cellular ATP levels are lower than in
wild-type MEFs., However, mitochondrial proton leak
(which reduces membrane potential in. the absence of
ATP synthesis) is not altered by loss of PINKI1. Instead,
low activity of the respiratory chain (which produces mem-
brane potential oxidizing substrates using oxygen) has
been observed [48]. These results suggest that decreased
AW¥m caused by loss of PINK1 is not due to proton leak, but
to respiratory chain defects [39].

Similar to parkin-deficient mice, PINK1-deficient mice
do not show prominent phenotypes. However, results from
PINKI-deficient mice indicate that dysfunction of mito-
chondrial proteins (e.g. complex I) and aging are important
in the pathogenesis of PINKI-linked PD as well as in
sporadic PD.

Samples obtained from patients with hereditary PD can
provide important information regarding the pathogenesis
of PD. Skin fibroblasts of patients homozygous for the
p-G309D PINKI mutation show: (i) a mild decrease in
complex I activity and a trend of superoxide elevation
[49]; (ii) fragmented mitochondrial morphology [33]; and
(iii) low expression of parkin and selective vulnerability to
proteasomal stress-triggered caspase activation [41,50].

In samples obtained from mice and PD patients, as well
as from cultured cells, loss of PINK1 causes mitochondrial
dysfunction and vulnerability to cell death.

Mitochondrial morphology: In mammalian cultured
cells (with the exception of COS7 cells), PINK1 knockdown
phenotype shows fragmented mitochondria [33,51]. In hu-
man neuroblastoma cells transduced with a PINK1 shRNA
lentivirus, the activity of dynamin-related protein 1 (Drpl),
which is controlled by phosphatase calcineurin, enhances
the effects of PINK1 upon mitochondrial morphology [52].
In contrast, transgenic Drosophila with PINK1 promotes
mitochondrial fission in dopaminergic neurons, whereas
complete ablation of PINK1 leads to excessive fusion [53].
Fisl (mitochondrial fission 1 protein) may act in-between
PINK1 and Drpl in controlling mitochondrial fission
[53]. Heterozygous loss-of-function mutations of Drpl
are largely lethal in a PINKI or parkin mutant back-
ground. Conversely, the degeneration of flight muscle
and mitochondrial morphological changes which result
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from mutations in PINKI and parkin are strongly sup-
pressed by increasing the dosage of the Drpl gene and by
heterozygous loss-of-function mutations in OPAl and
Min2. In pseudopupil analyses, an eye phenotype associ-
ated with increased activity of the PINK1/parkin pathway
is suppressed by perturbations that reduce mitochondrial
fission but enhanced by perturbations that reduce mito-
chondrial fusion [54,55]. These results suggest that the
PINK1/parkin pathway promotes mitochondrial fission,
and that the loss of mitochondrial and tissue integrity in
PINK1 and parkin mutants is due to reduced mitochondri-
al fission in Drosophila. The cortical neurons of PINKI-
deficient mice show reduced fission and increased aggre-
gation of mitochondria only under stress [46]. Dopaminer-
gic neuronal rat cells with a PINKI mutation (p.L.347P)
show mitochondrial fragmentation and dysfunction, which
can be prevented by inhibitors of mitochondrial division
[47,56].

There is controversy over whether PINK1 modulates
mitochondrial fission or fusion. Fragmented mitochondria
in parkin and/or PINKI1-deficient Drosophila S2 cells are
observed at day 2 after double-stranded RNA (dsRNA)
treatment. At days 8 and 4 after dsRNA treatment, a dense
network of fine thread-like mitochondria is observed.
PINK]I-deficient primary mouse hippocampal neurons show
a decrease in the length of mitochondria and an increase in
mitochondrial fragmentation. The mitochondrial phenotype
observed in parkin- and PINKI-deficient cells can be res-
cued morphologically and functionally by increased expres-
sion of a dominant negative mutant of Drpl [51].
Considering the discrepancy between cellular and fly mod-
els with low PINK1 expression, we might observe an acute
manifestation of parkin or PINKI1 knockdown in cultured
cells and the chronic phenotype influenced by compensatory
effects in adult Drosophila (although the mitochondrial
morphological change might be dependent upon cell lines).
Otherwise, PINK1 might regulate and maintain a balance
between fission and fusion depending upon certain condi-
tions (e.g. phase, stress).

Mitochondrial fission and fusion are highly regulated
processes that are critical for the maintenance of mito-
chondria (especially in neurons). Imbalance of mitochon-
drial fission and fusion machineries has increasingly been
linked to neurodegeneration [57]. Based on this concept,
PINK1 has a crucial role in the pathogenesis of PD.

Mitophagy: Recent studies have provided new insights
about the PINK1/parkin pathway. It has been reported
that parkin is translocated to depolarized mitochondria
and that the parkin-labeled mitochondria are subsequent-
ly eliminated by autophagy (mitophagy) [58]. Several stud-
ies on this pathway were subsequently reported.
Endogenous PINK1 is not detected under basal conditions
because it is rapidly degraded [16]. However, reduction of
A¥m induced by carbonyl cyanide m-chlorophenylhydra-
zone (CCCP), a mitochondrial uncoupler, results in gradu-
al accumulation of endogenous PINK1 (full-length form) on
mitochondria [17,59]. Interestingly, clearance of CCCP
results in immediate disappearance of the accumulated
endogenous PINKI1 in the presence and absence of cyclo-
heximide (an inhibitor of protein biosynthesis) by interfer-
ing with the translocation step of protein synthesis.
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Likewise, CCCP treatment does not alter PINK1 mRNA
levels [17]. These results suggest that PINK1 is stabilized
by reduced A¥m and subsequently accumulates on depo-
larized mitochondria. By contrast, parkin is not translo-
cated to the mitochondria in PINKI-deficient CCCP-
treated MEFs, and subsequent mitochondrial clearance
is also completely blocked, indicating that PINK1 is indis-
pensable for parkin translocation to depolarized mitochon-
dria. Parkin E3 ligase activity is suppressed under basal
conditions, although the activity is increased in mitochon-
dria with low A¥m. PINK1 accumulation induces recruit-
ment of parkin to the depolarized mitochondria, and
subsequently the mitochondria are eliminated by mito-
phagy. These processes are inhibited by pathogenic
mutants of PINK1 or parkin [16,17,59]. Furthermore,
elimination of parkin-labeled mitochondria is blocked in
Algh- or Atg7-deficient MEFs [58,59]. Moreover, MTS,
kinase activity of PINK1, and the linker domain of parkin
are indispensable for PINK1/parkin-mediated mitophagy
[17,52,59].

In cells with normal A¥m, expression of PINK1 on the
outer mitochondrial membrane or overexpression of
PINKI1 induces translocation of parkin to the mitochondria
[60,61]. Furthermore, valinomycin- and hydrogen peroxide
(H,0,)-induced stress result in mitochondrial localization
of parkin in skin fibroblasts of healthy controls but not in
those of PD patients with PINK1 mutations (p.Q456X)
[56,62]. Valinomycin, but not HzO0, reduces A¥m. Taken
together, it seems that PINK1 expression on the mitochon-~
dria, rather than low A¥m, is indispensable for parkin
translocation to the mitochondria.

The mitochondrial inner membrane rhomboid protease
presenilin-associated rhomboid-like protein (PARL) med-
iates cleavage of PINK1 in the TMD in a A¥m-dependent
manner. In the absence of PARL, full-length PINK1 accu-
mulates on the outer mitochondrial membrane, where it
recruits parkin to the impaired mitochondria. Thus, the
role of PARL in the PINKl/parkin pathway appears to
include facilitating the rapid degradation of PINK1 by
mediating the cleavage of PINK1 [19,20,63].

PINK1/parkin-mediated mitophagy involves the forma-
tion of linkage-specific polyubiquitin chains (K27 and K63)
and requires the ubiquitin-autophagy adaptor p62/
SQSTM1. VDAC1 is a mitochondrial target of parkin-
dependent K27 ubiquitination, and VDAC1 ubiquitination
in neuronal cells is dependent upon functional parkin.
Because VDACL1 is a component of the mitochondrial per-
meability transition pore (mPTP), which is involved in
apoptosis, a parkin-dependent, timely mitophagic clear-
ance may prevent the release of pro-apoptotic factors from
damaged mitochondria under physiological conditions
[58,64]. By contrast, p62 is reported to be necessary for
mitochondrial aggregation but not mitophagy, and mito-
chondrial-associated proteins other than VDAC1 and
VDACS3 are K63-polyubiquitinated in a parkin-dependent
manner [65,66]. Another candidate parkin substrate on the
mitochondria is mitofusin (MFN), which is involved in
mitochondrial fusion. Drosophila Marf (a fly MFN ortho-
log), which is localized on the outer surface of mitochon-
dria, is ubiquitinated by parkin and accumulates in parkin
mutants [67,68]. Mammalian cells contain two types of
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MFN: MFN1 and MFN2. Treatment of cultured cells with
CCCP results in ubiquitination of MFN1 and MFN2 in a
PINKVparkin-dependent manner [63,69]. Moreover, par-
kin-ubiquitinated MFN1 and MFN2 are degraded by the
proteasome. The hexametric AAA-type ATPase, p97, is
required downstream of PINK1 and parkin to promote
the proteasomal turnover of ubiquitinated MFN. Parkin-
promoted MFN degradation prevents refusion of damaged
mitochondria with healthy mitochondria {64,70}. Fission
followed by selective fusion segregates dysfunctional mito-
chondria and permits their removal by autephagy [71].
These reports suggest that mitochondrial fission may be a
key factor in PINK1/parkin-mediated. mitophagy. Howev-
er, there is controversy over the substrates of parkin,
making further investigations necessary.

PINK1/parkin-mediated mitophagy model

Based on the collective results of the studies mentioned
above, we propose the model illustrated in Figure 3 for
PINKl/parkin-mediated mitophagy. PINK1 accumulated
on the mitochondrial outer membrane due to the low A¥m
or certain mitochondrial insults recruit parkin to the mi-
tochondria. Parkin E3 ligase activity is subsequently acti-
vated and ubiquitinates MFN on the mitochondrial outer
membrane. Ubiquitinated MFN assembles p97 and the
complex is degraded by proteasome. Mitochondria lacking
MFN, which cannot fuse with other healthy mitochondria,
can be a target for mitophagy. The model advances our
understanding of the pathogenic process of PD and the role
of the direct associations between parkin and mitochon-
dria, as well as between the PINK1/parkin pathway and
autophagy. Mitochondrial dysfunction is also considered to
be one of the main causes of the sporadic form of PD, and
impaired autophagy leads to neurodegenerative-diseases
such as PD. However, to fully understand the molecular
mechanisms of this pathway, further details are needed.
For example, how does PINK1 recruit parkin to the dam-
aged mitochondria? What is the mechanism responsible for
parkin activation in the mitochondria? There is controver-
sy over whether PINK1 phosphorylates parkin in this
pathway [16,17,27,28,61,66]. PINK1 kinase activity is es-
sential for parkin translocation to mitochondria [17,59].
Therefore, it is a feasible and attractive hypothesis that
parkin is directly phosphorylated by PINK1. However,
further investigations are needed.

Other candidate PINK1 substrates that recruit parkin
or function as parkin receptors on the outer mitochondrial
membrane also need to be investigated. In yeast, Atg32
(which has no known metazoan homolog) is identified as an
outer mitochondrial membrane protein necessary for mito-
phagy [72,73], and contains a conserved WXXI/L/V motif
for interaction with Atg8. Recent studies reported that
another outer mitochondrial membrane protein, Nix
(which has no yeast homolog and contains a WXXI-like
motif), is crucial for PINK1/parkin-mediated mitophagy
[68,74]. Does endogenous parkin contribute to mitophagy?
Most reports on this pathway are conducted by overexpres-
sing parkin. It remains unclear at this stage whether
parkin deficiency or parkin partial knockdown down-reg-
ulates mitophagy. Furthermore, there is no information on
whether A¥m of the brain is decreased in patients with
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Figure 3. Proposed model of PINK1/parkin-mediated mitophagy. PINK1 on mitochondria is processed by PARL, which localizes in the mitochondrial inner membrane under
basal conditions. The processed PINK1 is rapidly degraded by the proteasome. In the presence of a low membrane potential or certain insults to the mitochondria, PINK1
accumulates in the mitochondrial outer membrane. This results in translocation of parkin to the damaged mitochondria and subsequent activation of parkin-E3 ligase.
Activated parkin ubiquitinates mitofusin (MFN) on the mitochondrial outer membrane. This leads ta the assembly of p97 on ubiquitinated MFN and proteasomal
degradation. Mitochondria lacking MFN cannot fuse with other healthy mitochondria and become a target for mitophagy.

sporadic PD. As mentioned above, PINKI-deficient mice
and MEFs as well as PINK1 knockdown cells show de-
creased A¥m. However, skin fibroblasts derived from nei-
ther the nonsense (p.Q456X) nor the missense (p.V170G)
mutation show significantly low A¥m [75]. There is no
model of CCCP-induced human parkinsonism, unlike
with MPTP-and rotenone-induced parkinsonism. In this
regard, there is no evidence for translocation of parkin to
mitochondria in cells treated with MPTP or rotenone.
CCCP treatment does not reflect a human physiological
condition. Therefore, there is a limitation in discussing
the pathogenesis of PD using models based on CCCP
treatment.

Is there any association between PINK1/parkin-medi-
‘ated mitophagy and a-synuclein? As discussed above, a-
synuclein is a major component of Lewy bodies (the hall-
mark of sporadic PD) and is considered to be a key protein
in the pathogenesis of sporadic PD. There is no direct
association between PINK1l/parkin-mediated mitophagy
and a-synuclein, although wild-type and mutants of a-
synuclein are degraded by chaperone-mediated autophagy
and macroautophagy, respectively [76,77]. Studies demon-
strated that a-synuclein inhibits autophagy [71,78], and
that inhibition of mitochondrial fusion by a-synuclein is
rescued by PINK1 and parkin [72,78,79]. To develop a
novel therapeutic strategy for sporadic PD as well as
PINKI1- and parkin-linked PD, it is necessary to investi-
gate the relationship between aggregation of a-synuclein
and dysfunction of PINK1/parkin-mediated mitophagy.
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Concluding remarks

PD is a progressive neurodegenerative disease for which
the frequency increases with age. As ‘developing nations’
face rapidly aging populations, the prevalence of PD is
expected to rise. PD patients in the advanced stage require
great support from families and the medical community.
However, curative therapies to suppress the progression
are lacking. Therefore, it is important to elucidate the
pathogenesis and establish novel and rational treatments.
PINK1 provides valuable clues regarding the molecular
pathogenesis of PD because the pathomechanism for spo-
radic PD probably has certain common pathways with that
of PINK1-linked PD. Based on the available information on
PINK1, we propose the model shown in Figure 2 for the
mechanisms involved in the development of PINKI-linked
PD. PINK1 mainly protects the mitochondria via mito-
phagy with parkin, and may subsequently suppress neu-
ronal cell death due to reduced dopamine release.
However, PINK1 may have a cytoprotective function by
activating Akt in the cytoplasm. We expect that a com-
pound which inhibits this pathway could be established as
a novel treatment for not only PINKI-linked PD but also
sporadic PD. In particular, PINK1/parkin-mediated mito-
phagy (i.e. mitochondrial quality control via autophagic
machinery that includes the combination of PINK1 and
parkin) could be viewed as the foundation for the design of
novel therapies for PD, although several issues remain
unresolved. If we could determine the precise mechanism
of mitophagy which eliminates abnormal mitochondria, we
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might regulate the clearance of deleterious mitochondria
with new chemicals which target this pathway to maintain
cell integrity and subsequently suppress cell death. How-
ever, further studies are required to elucidate the exact
pathomechanism and develop effective therapies for he-
reditary PD and sporadic PD.

Acknowledgements

The authors thank Ms. Ayako Yamaguchi for preparation of the
illustrations. The study was supported by the Takeda Scientific
Foundation (Drs. Sato and Saiki) and (JSPS) Kakenhi (Dr. Hattori).

References
1 de Lau, L.M. and Breteler, M.M. (2006) Epidemiology of Parkinson’s
disease. Lancet Neurol. 5, 525-535
2 Schapira, A.H. (2008) Mitochondria in the aetiology and pathogenesis
of Parkinson’s disease. Lancet Neurol. 7, 97-109
3 Hatano, T. et al. (2009} Pathogenesis of familial Parkinson’s disease:
new insights based on monogenic forms of Parkinson’s disease.
J. Neurochem. 111, 1075-1093
4 Petit, A. et al. (2005) Wild-type PINK1 prevents basal and induced
neuronal apoptosis, a protective effect abrogated by Parkinson disease-
related mutations. J. Biol. Chem. 280, 34025-34032
5 Pridgeon, J.W. et al. (2007) PINK1 protects against oxidative stress by
phosphorylating mitochondrial chaperone TRAP1. PLoS Biol. 5, €172
6 Plun-Favreau, H. ef al. (2007) The mitochondrial protease HirA2 is
regulated by Parkinson’s disease-associated kinase PINK1. Nat. Cell
Biol. 9, 1243-1252
7 Hatano, Y. ef al. (2004) PARKG6-linked autosomal recessive early-onset
parkinsonism in Asian populations. Neurology 63, 1482-1485
8 Ibanez, P. et al. (2006) Mutational analysis of the PINK1 gene in early-
onset parkinsonism in Europe and North Africa. Brain 129, 686-694
9 Kumazawa, R. et al. (2008) Mutation analysis of the PINK1 gene in 391
patients with Parkinson disease. Arch. Neurol. 65, 802-808
10 Samaranch, L. ef al. (2010) PINK1-linked parkinsonism is associated
with Lewy body pathology. Brain 133, 1128-1142
11 Hayashi, S. et al. (2000) An autopsy case of autosomal-recessive
juvenile parkinsonism with a homozygous exon 4 deletion in the
parkin gene. Mov. Disord. 15, 884-888
12 van de Warrenburg, B.P. et al (2001) Clinical and pathologic
abnormalities in a family with parkinsonism and parkin gene
mutations. Neurology 56, 555-557
13 Valente, E.M. et al. (2004) Hereditary early-onset Parkinson’s disease
caused by mutations in PINK1. Science 304, 1158-1160
14 Zhou, C. et al. (2008) The kinase domain of mitochondrial PINK1 faces
the cytoplasm. Proc. Natl. Acad. Sci. U.S.A. 105, 12022-12027
15 Beilina, A. et al. (2005) Mutations in PTEN-induced putative kinase 1
associated with recessive parkinsonism have differential effects on
protein stability. Proc. Na#l. Acad. Sci. U.S.A. 102, 5703-5708
16 Lin, W. and Kang, U.J. (2008) Characterization of PINK1 processing,
stability, and subcellular localization. JJ. Neurochem. 106, 464474
17 Narendra, D.P.ef al. (2010) PINK1 is selectively stabilized on impaired
mitochondria to activate Parkin. PLoS Biol. 8, e1000298
18 Silvestri, L. et al. (2005) Mitochondrial import and enzymatic activity
of PINK1 mutants associated to recessive parkinsonism. Hum. Mol.
Genet. 14, 3477-3492
19 Jin, SM. et al. (2010) Mitochondrial membrane potential regulates
PINK1 import and proteolytic destabilization by PARL. oJ. Cell Biol.
191, 933-942

20 Deas, E. et al. (2011) PINK1 cleavage at position A103 by the-

mitochondrial protease PARL. Hum. Mol. Genet. 20, 867-879

21 Hatano, Y. et al. (2004) Novel PINK1 mutations in early-onset
parkinsonism. Annu. Neurol. 56, 424427

22 Klein, C. and Schiossmacher, M.G. (2007) Parkinson disease, 10 years
after its genetic revelution: multiple clues to a complex disorder.
Neurology 69, 2093-2104

23 Li, Y. et al. (2005) Clinicogenetic study of PINK1 mutations in
autosomal recessive early-onset parkinsonism. Neurology 64,
1955-1957

24 Klein, C. et al. (2007) Deciphering the role of heterozygous mutations in
genes associated with parkinsonism. Lancet Neurol. 6, 652-662

Trends in Pharmacological Sciences October 2011, Vol. 32, No. 10

25 Sim, C.H, et al. (2006) C-terminal truncation and Parkinson’s disease-
associated mutations down-regulate the protein serine/threonine
kinase activity of PTEN-induced kinase-1. Hum. Mol. Genet. 15,
3251-3262

26 Rohe, C.F. et al. (2004) Homozygous PINK1 C-terminus mutation
causing early-onset parkinsonism. Annw. Neurol. 56, 427-431

27 Kim, Y. et al. (2008) PINK1 controls mitochondrial localization of
Parkin through direct phosphorylation. Biochem. Biophys. Res.
Commun. 377, 975-980

28 Sha, D. et al. (2010) Phosphorylation of parkin by Parkinson disease-
linked kinase PINK1 activates parkin E3 ligase function and NF-
kappaB signaling. Hum. Mol. Genet. 19, 852-363

29 Murata, H. et al. (2011) A New Cytosolic Pathway from a Parkinson
Disease-associated Kinase, BRPK/PINK1: ACTIVATION OF AKT VIA
MTORC2. J. Biol, Chem. 286, 7182~7189

30 Park, J. et al. (2006) Mitochondrial dysfunction in Drosophila PINK1
mutants is complemented by parkin. Nature 441, 1157-1161

31 Clark, LE. et ol (2006) Drosophila pinkl is required for
mitochondrial function and interacts genetically with parkin.
Nature 441, 1162-1166

32 Yun, J. et al. (2008) Loss-of-function analysis suggests that Omi/HtrA2
is not an essential component of the PINKI/PARKIN pathway in vivo.
J. Neurosci. 28, 14500-14510

33 Exner, N. ef al. (2007) Loss-of-function of human PINK1 results in
mitochondrial pathology and can be rescued by parkin. J. Neurosci. 27,
12413-12418

34 Shiba, K. et al. (2009) Parkin stabilizes PINK1 through direct
interaction. Biochemn. Biophys. Res. Commun. 383, 331-335

35 Xiong, H. et al. (2009) Parkin, PINK1, and DJ-1 form a ubiquitin E3
ligase complex promoting unfolded protein degradation. J. Clin. Invest.
119, 650660

36 Hao, L.Y. et al. (2010) DJ-1 is critical for mitochondrial function and
rescues PINK1 loss of function. Proc. Natl. Acad. Sei. U.S.A. 107,
9747-9752

87 Thomas, K.J. et al. (2011) DJ-1 acts in parallel to the PINK1/parkin
pathway to control mitochondrial function and autophagy. Hum. Mol.
Genet. 20, 40-50

38 Liu, W. ef al. (2009) PINK1 defect causes mitochondrial dysfunction,
proteasomal deficit and alpha-synuclein aggregation in cell culture
models of Parkinson’s disease. PLoS ONE 4, e4597

39 Samann, J. et al. (2009) Caenorhabditits elegans LRK-1 and PINK-1
act antagonistically in stress response and neurite outgrowth. J. Biol.
Chem. 284, 16482-16491

40 Venderova, K. et al. (2009) Leucine-rich repeat kinase 2 interacts with
Parkin, DJ-1 and PINK-1 in a Drosophila melanogaster model of
Parkinson’s disease. Hum. Mol. Genet. 18, 4390-4404

41 Haque, ML.E. ef al. (2008) Cytoplasmic Pink1 activity protects neurons
from dopaminergic neurotoxin MPTP. Proc. Natl. Acad. Sci. U.S.A.
105, 1716-1721

42 Deng, H. et al. (2005) Small interfering RNA targeting the PINK1
induces apoptosis in dopaminergic cells SH-SY5Y. Biochem. Biophys.
Res. Commun. 337, 1133-1138

43 Morais, V.A. et al. (2009) Parkinson’s disease mutations in PINK1
result in decreased Complex I activity and deficient synaptic function.
EMBO Mol. Med. 1, 99-111

44 Kitada, T. ef. al. (2007) Impaired dopamine release and synaptic
plasticity in the striatum of PINK1-deficient mice. Proc. Natl. Acad.
Sci. U.S.A. 104, 11441-11446

45 Gautier, C.A. et al. (2008) Loss of PINK1 causes mitochondrial
functional defects and increased sensitivity to oxidative stress. Proc.
Natl. Acad. Sci. U.S.A. 105, 1136411369

46 Gispert, S. et al. (2009) Parkinson phenotype in aged PINK1-deficient
mice is accompanied by progressive mitochondrial dysfunction in
absence of neurodegeneration. PLoS ONE 4, e5777

47 Gandhi, S. et al. (2009) PINK1-associated Parkinson’s disease is caused
by neuronal vulnerability to calcium-induced cell death. Mol. Cell 38,
627-638

48 Amo, T. et al. (2011) Mitochondrial membrane potential decrease
caused by loss of PINK1 is not due to proton leak, but to respiratory
chain defects. Neurobiol. Dis. 41, 111~118

49 Hoepken, H.H. et al. (2007) Mitochondrial dysfunction, peroxidation
damage and changes in glutathione metabolism in PARKS. Neurobiol.
Dis. 25, 401411

579

— 226 —



50 Klinkenberg, M. et el. (2010) Enhanced vulnerability of PARKSE patient
skin fibroblasts to apoptosis induced by proteasomal stress.
Neuroscience 166, 422-434

51 Lutz, AK. et al. (2009) Loss of parkin or PINK1 function increases
Drpl-dependent mitochondrial fragmentation. J. Biol. Chem. 284,
22938-22951

52 Sandebring, A. et al. (2009) Mitochondrial alterations in PINK1 deficient
cells are influenced by calcineurin-dependent dephosphorylation of
dynamin-related protein 1. PLoS ONE 4, e5701

53 Yang, Y. et al. (2008) Pink1 regulates mitochondrial dynamics through
interaction with the fission/fusion machinery. Proc. Nutl. Acad. Sci.
U.S.A. 105, 7070-7075

54 Deng, H. et al. (2008) The Parkinson’s disease genes pinkl and parkin
promote mitochondrial fission and/or inhibit fusion in Dresophila. Proc.
Natl, Acad. Sci. U.S.A. 105, 1450314508

55 Poole, A.C. et al (2008) The PINK1/Parkin pathway regulates
mitochondrial morphology. Proc. Natl. Acad. Sci. U.S.A. 105, 1638-1643

56 Cui, M. et al. (2010) Perturbations in mitochendrial dynamics induced
by human mutant PINK1 can be rescued by the mitochondrial division
inhibitor mdivi-1. J. Biol. Chem. 285, 11740-11752

57 Chan, D.C. (2006) Mitochondria: dynamic organelles in disease, aging,
and development. Cell 125, 12411252

58 Narendra, D. et al. (2008) Parkin is recruited selectively to impaired
mitochondria and promotes their autophagy. J. Cell Biol. 183, 795-803

59 Matsuda, N. et al. (2010) PINK1 stabilized by mitochondrial
depolarization recruits Parkin to damaged mitochondria and activates
latent Parkin for mitophagy. JJ. Cell Biol. 189, 211-221

60 Kawajiri, S. ef al. (2010) PINK1 is recruited to mitochondria with
parkin and associates with LC3 in mitophagy. FEBS Leit. 584,
1073-1079 )

61 Vives-Bauza, C. et al. (2010) PINK1-dependent recruitment of Parkin
to mitochondria in mitophagy. Proc. Natl. Acad. Sei. U.S.A. 107,
378-383

62 Rakovic, A. et al. (2010) Effect of endogenous mutant and wild-type
PINKI1 on Parkin in fibroblasts from Parkinson disease patients. Hum.
Mol. Genet. 19, 3124-3137

63 Whitworth, A.J. et al. (2008) Rhomboid-7 and HtrA2/0Omi act in a
common pathway with the Parkinson’s disease factors Pinkl and
Parkin. Dis. Model. Mech. 1, 168-174 discussion 173

64 Geisler, S. et al. (2010) PINK1/Parkin-mediated mitophagy is
dependent on VDAC1 and p62/SQSTM1. Nat. Cell Biol. 12, 119-131

580

Trends in Pharmacological Sciences October 2011, Vol. 32, No. 10

65 Okatsu, K. et al. (2010) p62/SQSTM1 cooperates with Parkin for
perinuclear clustering of depolarized mitochondria. Genes Cells 15,
887-900

66 Narendra, D. et al. (2010) p62/SQSTM1 is required for Parkin-induced
mitochondrial clustering but not mitophagy; VDAC1 is dispensable for
both. Autophagy 6, 1090-1106

67 Ziviani, E. et al. (2010) Drosophila parkin requires PINK1 for
mitochondrial translocation and ubiquitinates mitofusin. Proc. Natl.
Acad. Sei. U.S.A. 107, 5018-5023

68 Poole, A.C. et al. (2010) The mitochondrial fusion-promoting factor
mitofusin is a substrate of the PINK1/parkin pathway. PLoS ONE 5,
10054

69 Gegg, M.E. et al. (2010) Mitofusin 1 and mitofusin 2 are ubiquitinated
in a PINKV/parkin-dependent manner upon induction of mitophagy.
Hum. Mol. Genet, 19, 48614870

70 Tanaka, A. et al. (2010) Proteasome and p97 mediate mitophagy
and degradation of mitofusins induced by Parkin. J. Cell Biol. 191,
1367-1380

71 Twig, G. et al. (2008) Fission and selective fusion govern mitochondrial
segregation and elimination by autophagy. EMBO JJ. 27, 433-446

72 Kanld, T. et al. (2009) A1g32 is a mitochondrial protein that confers
selectivity during mitophagy. Dev. Cell 17, 98-109

73 Okamoto, K. et al. (2009) Mitochondria-anchored receptor Atg32
mediates degradation of mitochondria via selective autophagy. Dev.
Cell 17, 87-97 )

74 Ding, W.X. ef al. (2010) Nix is critical to two distinct phases of
mitophagy, reactive oxygen species-mediated autophagy induction
and Parkin-ubiquitin-p62-mediated mitochondrial priming. J. Biol.
Chem. 285, 27879-27890

75 Grunewald, A. et al. (2009) Differential effects of PINK1 nonsense and
missense mutations on mitochondrial function and morphology. Exp.
Neurol. 219, 266-273

76 Cuervo, AM. et al. (2004) Impaired degradation of mutant alpha-
synuclein by chaperone-mediated autophagy. Science 305, 1292-1295

77 Webh, J L. et al. (2003) Alpha-Synuclein is degraded by both autophagy
and the proteasome. oJ. Biol. Chem. 278, 25009~25013

78 Winslow, A_R. et al. (2010) alpha-Synuclein impairs macroautophagy:
implications for Parkinson’s disease. J. Cell Biol. 190, 1023-1037

79 Kamp, F. et al. (2010) Inhibition of mitochondrial fusion by alpha-
synuclein is rescued by PINK1, Parkin and DJ-1. EMBO J. 29,
3571-3589 ‘

— 227 —



Articles

3>@%

Lancet Neurof 2011; 10: 898-908

Published Online
August 31,2011
DO1:10.1016/51474-
4422(11)70175-2

This online publication

has been cotrected,

The corrected version

first appeared at thelancet.
com/neurology on
September 19, 2011

See Comment page 869

*Prof | Mark Gibson died in
September, 2010

Department of Neuroscience
(OARoss PhD,

Al Soto-Ortolaza BSc,

J ABacon BSc,

Prof DW Dickson MD,

Prof M Farret PhD), Division of
Blostatistics

(MG Heckman MS, N N Diehl BS),
and Department of Neurology
(Prof Z K Wszolek MD,

Prof R Uitti MD), Mayo Clinic,
Jacksonville, FL, USA;
Department of Neuroscience,
Norwegian University of Science
and Technology, Trondheim,
Norway (Prof] O Aasly MD);
Department of Neurology,
Goethe University Frankfurt am
Main, Frankfurt am Main,
Germany (N Abahuni MD,

S van de Loo PhD); Institute of
Neurological Sciences, National
Research Council, Cosenza, ltaly
{Prof G Annes! PhD); Division of
Molecular Biology and Human
Genetics (S Bardien PhD), and
Division of Neurology

(Prof ] Carr MD), University of
Stellenbosch, Cape Town, South
Africa; General Hospital of Syros,
Syros, Greece (M Bozi MD);
Université Pierre et

Marie Curie-Paris 6, Centre de
Recherche de Institut du
Cerveau et de la Moelle Epinigre,
UMR-8975, Paris, France

898

Assoaatlon of LRRK2 exonic vanants wnth susceptlblhty to'
Parkinson’s disease: a case-control study

Owen A Ross, Alexandra | Soto-Ortolaza, Michael G Heckman, Jan O Aasly, Nadine Abahuni, Grazia Annesi, justin A Bacon, Soraya Bardien,
Maria Bozi, Alexis Brice, Laura Brighina, Christine Van Broeckhoven, Jonathan Carr, Marie-Christine Chartier-Harlin, Efthimios Dardiotis,
Dennis W Dicksen, Nancy N Diehl, Alexis Elbaz, Carlo Ferrarese, Alessandro Ferraris, Brian Fiske, ] Mark Gibson*, Rachel Gibsan,

Georgios M Hadjigeorgiou, Nobutaka Hattori, john.P A loannidis, Barbara Jasinska-Myga, Beom S Jeon, Yun Joong Kim, Christine Klein,

Rejko Kruger, Elli Kyratzi, Suzanne Lesage, Chin-Hsien Lin, Timothy Lynch, Demetrius M Maraganore, George D Mellick, Eugénie Mutez,
Christer Nilsson, Grzegorz Opala, Sung Sup Park, Andreas Puschmann, Aldo Quattrone, Manu Sharma, Peter A Silburn, Young Ho Sohin,
Leonidas Stefanis, Vera Tadic, Jessie Theuns, Hiroyuki Tomiyama, Ryan J Uitti; Enza Maria Valente, Simone van de Loo, Demetrios K Vassilatis,
Carles Vilarifio-GUell, Linda R White, Karin Wirdefeldt, Zbigniew K Wszolek, Ruey-Meei Wu, Matthew) Farrer, on behalfof the Genetic:
Epidemiology Of Parkinson’s Disease (GEO-PD) Cansortiym ..

Summatry

Background The leucine-rich repeat kinase 2 gene (LRR_KZ) harbours highly penetrant mutations that are linked to-
familial parkinsonism. However, the extent of its polymorphic variability in relation to risk of Parkinson’s disease
(PD) has not been assessed systematically. We therefore assessed the frequency of LRRK2 exomc varianisin mdwlduals
with and without PD, to investigate the role of the variants in PD sus ceptlblhty

Methods LRRK2 was genotyped in patients with PD and controls from three series (white, Asian, and Arab—Berber)
from sites participating in the Genetic Epidemiology of Parkinson’s Disease Consortiur. Genotypmg was done for-
exonic variants of LRRK2 that were identified through searches of literature and the personal communications of
consortium members. Associations with PD wefe assessed by use of logistic regression models. For variants that had
a minor allele frequency of 0-5% or greater, smgle variant associations were assessed, whereas for rarer variants
information was collapsed across variants.

Findings 121 exonic LRRK2 variants' were assessed in 15540 1nd1v1duals 6995 white patxents “with PD and
5595 controls, 1376 Asian patients and 962 controls, and 240 Arab-Berber patients and 372 controls. After exclusion
of carriers of known pathogenic mutations, new independent risk associations were identified for polymorphic
variants in white individuals (M1646T, odds ratio 1.43, 95% CI 1.15-1.78; p=0.0012) and Asian individuals
(A419V, 2-27, 1.35-3.83; p=0-0011). A protective haplotype (N551K-R1398H-K1423K) was noted at a frequency
greater than 5% in the white and Asian series, with a similar finding in the Arab-Berber series (combined odds ratio
0.82, 0.72-0-94; p=0-0043). Of the two previously reported Asian risk variants, G2385R was associated with disease
(1-73, 1.20-2.49; p=0-0026), but no association was noted for R1628P (0-62, 0.36-1.07; p=0-087). In the
Arab-Berber series, Y2189C showed potential evidence of risk association with PD (4.48, 1.33-15.09; p=0-012).

Interpretation The results for LRRK2 show that several rare and common genetic variants in the same gene can have
independent effects on disease risk. LRRK2, and the pathway in which it functions, is important in the cause and
pathogenesis of PD in a greater proportion of patients with this disease than previously believed. These results will help
discriminate those patients who will benefit most from therapies targeted at LRRK2 pathogenic activity.

Funding Michael ] Fox Foundation and National Institutes of Health.

Introduction Pathogenic LRRK2 variability has been identified by

Parkinson’s disease (PD) is generally thought of as a
late-onset sporadic disorder. Nevertheless, genetic
insights are helping to define the molecular causes of
PD and have provided new models for the development
of neuroprotective interventions. Mutations in the
leucine-rich repeat kinase 2 gene (LRRKZ2) are now
recognised as the most common genetic determinant of
familial and sporadic PD.! LRRK2 has 51 exons and
encodes the 2527 aminoacid protein LRRK2, which has
five conserved domains, including a Roc (Ras in complex
proteins, Rab GTPase) domain and a catalytic core
common to both tyrosine and serine-threonine kinases.
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sequencing probands with familial parkinsonism, with
results confirmed and occasionally extended within
community or clinically-based patient—control series.**
Seven definite pathogenic LRRK2 mutations (encoding
LRRK2 N1437H, R1441C, R1441G, R1441H, Y1699C,
G2019S, and 12020T) have been described’® These
mutations can be relatively common in patients from
some ethnic origins, but are rare in ethnically matched
controls. LRRK2 R1441G has been identified in more
than 8% of patients with PD originating from the
Basque region of northern Spain,’ and LRRK2 G2019S
has been reported in 30% of Arab-Berber patients
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with PD.®" LRRK2 polymorphisms with more than 1% . .
minor allele frequency have also been associated with ‘Bxon  Accessionnumber  cDNA Aminoacid Domain
PD in Asia, with the estimated attributable risk often chr12:38905228 t . 28G>A E10K
dependenit ‘on ethnic origin. LRRK2 R1628P and | 1238905349 1 152256408 149G>A R50H
G2385R have each been recorded in 3—4% of individuals chr12:38905627 2 1572546335 155CT S52F
who are of Chinese descent and roughly double the risk chr12:38905696 2 1s75054132 224G>A A75A
of PD.»* : chr12:38915703 4 1533995463 356T>C L11gp
However, most LRRK2 variants have mnot been chr12:38915711 4 1541286468 364T>C L1221
systematically studied. LRRK2 might harbour more chr12:38918058 5 1510878245 457T>C L153L
variants that are important determinants of PD chr12338918147 5 1535517158 546A>G K182k
pathogenicity and clinical risk. To address this possibility, chr12:38920612 6 15112794616 6320T A211v
with the Genetic Epidemiology of Parkinson’s Disease chr12:38920663 6 1s56108242 683G-C 2285
(GEO-PD) Consortiumn, we assessed the frequency of | chr12:38923625 7 1528365216 713AT N238I
LRRK2 exonic variants in people with and without PD, and chr12:38923737 7 1572546315 824C>T H275H
assessed the role of the variants in disease susceptibility. chr12:38929923 8 rs17490713 867T>C N289N
chr12:38929949 8 1557355477 893T>C A298A
Methods chr12:38929992 8 1541286466 936G>T A312A
Participants and procedures . chr12:38931342 9 1s78501232 1000G>A ©  E334K
All 35 GEO-PD sites (hospitals and centres), representing chr12:38931397 9 1536016791 1055delC A352sX357
22 countries and six continents, were invited to chr12:38931430 9 1572546336 1088A>G N363S
participate in this study. Patients were diagnosed by use chr12:38931438 9 15113065049 1096G>A V366M
of either the Gelb or the UK Parkinson’s Disease Society chr12:38933053- 1 1534594498 1256C5T | A4L9V
Brain Bank criteria (the exclusion criterion of more than chr12:38937411 12 1535847451 1383CT S461S
one affected relative was not included).” Controls at hr12:38939594 13 175711334 1464A5T L488L
each site were healthy individuals who were not related hr12:38939673 13 1534090008 15430156 PS14X529
to the patients; not all controls were given a detailed chr12:38943875 14 1535328937 1561A5G RS21G
neurological examination but all were asked about any chr12:38943944 ia 79996249 1630 A5G Ksade
previous diagnosis or family history of a neurological | 1238043067 14 157308720 1653C-G N551K
disorder. All biological samples were gathered after chr12:38954669 5 - 1647GoA 5586
ethics approval had been obtained ﬁom the Mayo Clinic chr12:38958002 17 1578154388 1987T>C s663p
Institutional Review Board Committee, :fmd were used 1238958037 17 572546319 2022AC . )
in accordance with the terms of the written informed 1238958213 7 1535611877 2158insA 708018 Arkrin
congent provided by the participants. 1238958223 N 2akG W72V Anlytn
LRRK2 exonic variants were identified through 1238958236 8 i 7T ATIEV Ankyin
searches of avallab.le hjceratur‘e up to Apr}l 1, 2010, from hr1238958256 5 510878307 HETAG 723 Arkgn
personal corflmumcatlons w1th. consortu‘lm members, hr1238963966 19 34410887 264CT o Ackytin
:'md .from 1n-hous<; sequencing studies that had 1238964080 © 35173567 BT froat o
identified novel variants (unpublished data; table 1). !
. o chr12:38964130 19 1572546337 2428A>G 1810V Arkyrin
DNA was sourced from blood and was stored in a ~20°C
freezer. All samples were de-dentified with an chr12:38964183 9 r376830302 2481T>C s8275 Anleyin
anonymous code from each site and only a minimal chr1238067530 20 ) 2611456 KE71E
clinical dataset, Data were collected in batches but hr1238073693 2 re58559150 2769G>C Q923
analysed as a single dataset. Genotyping was done ona | 238973783 zn " 2789A>G Q930R
MassArray iPLEX platform (Sequenom, San Diego, CA, | 238974935 2 1517519916 2830G-T D944Y
USA) at the Mayo Clinic neurogenetics laboratory, FL, chr12:38974962 z 157966550 2857T>C L933L
USA (except for the groups from Paris, France, and | 238975535 3 175148313 2918G>A S973N .
Antwerp, Belgium, who supplied genotype data and | 1238975635 3 1113217062 3018A-G 11006M LRR
positive control genomic DNA); all primer sequences chr12:38975638 3 rs55783828 302167 $10075 LRR
are provided in the webappendix pp 1-4). Eight iPLEX | chri238978415 24 5111341148 3200G>A R1067Q LRR
variant combinations were used to incorporate chri2:38978502 24 1s76535406 3287G-G 51096C LRR
123 LRRK2 coding variants (table 1). Positive control chr12:38978548 24 1578365431 33336GT QuitiH LRR
DNA was run for each variant; in the absence of a chr12:38978557 24 1535808389 3342A-G L1114L LRR
positive genomic control DNA, a synthetic positive chr12:38979194 25 1534805604 3364A>G 11122v LRR
control DNA sequence was generated by use of chr12:38979281 25 1574985840 3451G>A AL151T LRR
mismatch-primer PCR. A ¥2 test followed by Bonferroni chr12:38979324 25 3494T>C L1165P LRR
correction was used to test for deviation from the (Continues on next page)
Hardy-Weinberg equilibrium (HWE) in controls for
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- : o each site. Direct DNA sequencing was used to confirm
Exon Accession number  ¢DNA Aminoacid Domain . R . ©
: genotyping for all variants with a frequency of less.than
(Continued from previous page) . 0-3% (<50 carriers). )
chr12:38982935 26 . 3574A>G 11192V LRR
chr12:38984073 . 27 1572546324 3647AG H1216R LRR Statistical analysis
chr12:38984109 27 80179604 36836-C S12287 LRR All analyses were undertaken separately for the patients
chri2:38984109 7 160185966 36836>T S12281 LRR in the white, Asian, and Arab-Berber series. For
chr12:38985860 28 154640000 3784C>6 P1262A LRR common variants with a minor allele frequency of 0-5%
chr12:38988536 29 1577018758 3960G>C/T R13205 or greater, single variant associations with PD were
chr12:38988550 29 572546338 3974G>A R1325Q - assessed by use of fixed-effects logistic regression
chr12:38988687 29 1517466213 4111A>G 11371v Roc models, in which genotypes were dichotomised as
chr12:38988701 29 1528365226 4125C-A D1375E Roc presence versus absence of the minor allele (dominant
chr12:38989178 30 157133914 4193G>A R1398H Roc model), because LRRK2 mutations cause an autosomal
chr12:38989214 30 172546327 4229CT T1410M Roc dominantly inherited form of PD and homozygotes for
chr12:38989243 30 15113589830 4258G>A D1420N Roc many of the vatiants are rare; additive models were also
chr12:38989254 30 1s11175964 4269G>A K1423K Roc assessed. Models were adjusted for site in the white and
chr12:38989275 30 15111435410 4290C>T A1430A Roc Asian series. Sensitivity of results to the use of random-
chr12:38989294 30 174163686 4309A>C N1437H Roc effects models was also assessed.® Odds ratios (ORs)
chr12:38990503 | 31 1533939927 432167 R1441C Rac and 95% CIs were estimated. Between-site heterogeneity
chr12:38990503 31 1533939927 432106 R1441G Roc - was assessed with likelihood ratio tests for variant by
chr12:38990504 n 1534995376 4322G5A R1441H Roc site interaction in a logistic regression analysis, and also
chr12:38990505 31 15112998035 4323C>T R1441R " Roc by estimation of the I2 statistic (a measure of the
¢hr12:38990506 31 . A324GSC A1442P Roc proportion of total variation in ORs between sites due to
chr12:38990519 31 174681492 BYGT P1446L Roc heterogeneity beyond chance).”
chr12:38990530 n 15111501952 £348G>A V14501 Roc For variants with a minor allele frequency of less than
chr12:38990569 3t 1535363614 4387InsA R1462fsX1468  Roc 0-5% (rare variants), although we estimated the
chr12:38990584 31 . 4402A5G K1468E Roc proportion of carriers separately in patients and controls,
hr12:38990630 - 5113431708 4448GoA R1483Q Rac no statistical tests were used to evaluate associations with
chr12:38994045 3 35507033 4541GoA RI514Q CoR PD becagse of insufﬁcier.xt power. Instead, we collapse‘d
1238994128 3 1533958906 462405T P15425 COR information fc.>r rare variants, a.d?nowledgmg that. this
chr12:38994170 E>) 1517491187 4666C-A 115561 COR hgs the potex%nal hrmtat.wn of mixing groups of variants
chr12:38995335 33 (5721710 4793T>A VI598E COR with .plzotechve and risk effects, and evaluajted the
hr12:35000067 2 N 4B3BTSC VI613A . asso'aatlon !)echeen the. presence f’f any rare vana}nt;md
chr1239000101 2 51427263 2872 616246 oR PD in a logistic regtession analysis ad;l{sted by site.” In
hr1239000112 2 533949350 488365 R1628P OR an .exploratory analysis, when collapsing data across
variants, we also used the Sorts Intolerant From Tolerant
chr12:39000140 34 1511176013 4911A>G K1637K COR -
(SIFT) prediction program® to assess only those
chr1239000166 34 rs35303786 4937T>C M1646T CoR substitutions predicted to be not tolerated.
chr1233000263 34 1511564148 4939TA S16477 R Haplotype analysis was done by use of score tests for
chri239000138 34 wLH503575 49596 Li653L COR association with adjustment for site;2 haplotypes of less
¢hr12:39001183 35 135801418 50964-G Y1699¢ COR than 0-5% frequency were not assessed. Any patient
hr12:39001350 35 rs79309111 516306 S17215 COR with a copy of the minor allele for any of the pathogenic
chr12:39002106 36 1511564176 SI3GT Ri725% COR variants that were noted in the study population
chr12:39002116 E S183G>T Ri728L CoR (R1441C, RI441H, or G2019S) was excluded from all
chr12:35002116 36 15145364431 51836>A Ri728H COR disease-association analyses to prevent confounding by
chr12:35002455 37 111910483 5385G>T L1795F COR the pathogenic variants; these patients were not
chr12:39002527 ¥ 1510878371 54571>C G18196 COR excluded for any other portion of the analysis. Linkage
chr12:39003324 38 . 5605A>G M186gV CoR disequilibrium between variants was assessed by use of
chr12:39003325 38 135602796 5606T>C M1869T CoR r2 values in study controls, separately for each series.
chr12:39003329 38 - 5610G>T L1870F COR Single variant associations with age at onset were
chr12:39003339 38 . 5620G>T E1874X COR assessed with linear regression models, adjusting for
chr12:39015100 - 39 1577428810 5822G>A R1941H MAPKKK site in the white and Asian series; regression coefficients
chr12:39020430 41 - 6016T>C Y2006H MAPKKK and 95% Cls were estimated.
chr12:39020449 41 1534015634 6035T>C 120127 MAPKKK We adjusted for multiple testing by use of the single-
chr12:39020469 41 1534637584 6055G>A G20195 MAPKKK step minP method,® with 10000 within-site permu-
(Continues on next page) tations of outcome labels to assess the level of
significance that controls the family-wise error rate at
900 www.thelancet.com/neurology Vol10 October 2011
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5%. After this adjustment, in the logistic regression
disease-association analysis p=0-0033 was judged to be
significant in the white series and p=0-0038 in the
Asian series, whereas in the linear regression age at
onset association analysis p=0-0035 was judged to be
significant in the white series and p=<0-0037 in the
Asian series. The adjusted significance cutoff levels
differed between the white and Asian series because of
the different number of tests undertaken in each series,
and the different correlation structures between variants
within them. For the fairly small Arab-Berber series,
no adjustment for multiple testing was made, and as
such the results were judged to be exploratory. All
statistical analyses were done by use of SAS software
(version 9.2) or S-Plus (8.0.1).

Role of the funding source

The funding agencies did not play any part in the design
of the study, collection, analysis, or interpretation of data,
writing of the report, or the decision to submit the report
for publication. The principal investigators (OAR and
MJF) had access to all the data in this study. The
corresponding author had final responsibility for the
decision to submit.

Results

Data were gathered from June, 2008, to October, 2010.
23 sites from the GEO-PD Consortium, representing
15 countries and five continents, agreed to participate
in this study and contributed clinical data from
8611 patients with PD and 6929 controls. We studied
individuals in three series: white (6995 patients and
5595 controls), Asian (1376 patients and 962 controls),
and Arab-Berber (240 patients and 372 controls).
Table 2 shows the demographics for each series, and
webappendix p 5 shows the sample size breakdown for
each site. 123 LRRK2 variants were selected for
genotype analysis, but two (R793M and L2466H) did
not assay by use of iPLEX and were dropped from the
study. The other 121 variants were genotyped in the
entire patient-control series (n=15540); genotyping
was successful in all individuals. Call rates for all
genotypes in the series were greater than 95%.
Deviation from HWE in the controls for each site (all
p>0-05) was noted for LRRK2 N2081D in the Norwegian
series and was attributable to two patients with a rare
homozygous genotype; all patients were retained in the
analysis. However, N289N and P1262A were excluded
from the analysis of the Arab-Berber series because of
significant variation from HWE due to an increased
number of rare minor allele homozygotes, which might
have been attributable to the consanguineous nature of
the population.

Four of 121 LRRKZ exonic variants were nonsense,
89 missense, and 28 silent. 48 variants, including four of
the seven known pathogenic mutations, were not
identified in the 15 540 patients and controls. For most of
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kinase kinase. LRR=leucine-rich repeat.

Exon Accessionnumber  cDNA Aminoacid Domain
(Continued from previous page) .
chr12:39020473 41 1535870237 6059T>C 12020T MAPKKK
chr12:39020505 41 1578029637 6091A>T T2031S MAPKKK
chr12:39026899 42 rs111739194 6187delCTCTA  12063X MAPKKK
chr12:35026953 42 33995883 6241A5G N2081D MAPKKK
chr12:39028521 43 1510878405 6324G>A E2108€ MAPKKK
¢hr12:39028553 43 1512423862 6356CT P2119L MAPKKK
chr12:39031648 44 15111691891 64220T T2141M
chr12:39031736 44 1534869625 6510C>A G2170G WD40
chr12:39031792 44 1535658131 6566A>G Y2189C WD40
chr12:39036195 46 1512581902 6782A>T N2261 WD40
chr12:39043509 48 15113511708 7067C>T T23561 WD40
chr12:39043595 48 1534778348 7153G>A G2385R wD40
chr12:39043597 48 1533962975 7155A>G G2385G WD40
chr12:39043610 48 1579546190 7168G>A V2390M WD40
chr12:39044912 49 1578964014 7183G>A E2395K WD40
¢hr12:39044916 49 15111272009 7187InsGT T2356fsX2360  WD40
¢chr12:39044919 49 153761863 7190C-T M2397T WD40
¢hr12:39044953 49 rs60545352 7224G>A M2408| WD40
chr12:39047081 50 - 7397T>A L2466H WD40
chr12:39047119 50 1555633591 7435A>G N2479D WD40

Chri12=chromosome 12. Roc=Ras in complex. COR=C-terminal of Ras. MAPKKK=mitogen-activated protein kinase

Table 1: LRRK2 exonic variants investigated in the study

Patients Controls
White series n=6995 n=5595
Age (years) 69 (12;18-107) 65 (15;19-107)
Men 4036 (58%) 2669 (48%)
Age at onset (years) 58 (12; 18-96) NA
Asian series n=1376 n=962
Age (years) 63 (13; 20-91) 59 (11; 23-98)
Men 681 (49%) 319 (33%)
Age at onset (years) 54 (12; 20~-89) NA
Arab-Berber series n=240 n=372
Age (years) 66 (12;27-87) 58 (11; 31-92)
Men 116 (48%) 190 (51%)
Age at onset (years) 57 (13; 20-82) NA

Data are mean (SD; range) or number (%), unless otherwise indicated.
Information about sex was not available for six patients and eight controls in the
Asian series, and 16 patients and 249 controls in the white series. Information
about age was not available for eight patients and eight controls in the Asian
serles, 482 patients and 289 controls in the white series, and six patients and four
controls in the Arab-Berber series. Information about the age at onset was not
available for 14 patients in the Asian serles and 801 patlents in the white series.
71 controls in the Taiwan case~control series overlapped with a previous study of
R1628P.* NA=not applicable.

Table 2: Characteristics of participants

the variants, the pair-wise linkage disequilibrium was
weak (r?<0-3), with higher values noted with D’ because
of the low minor allele frequency for many of these
variants (webappendix pp 6-17).
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White series Asian series Arab-Berber series
Aminoacid MA MAF  OR pvalue MA MAF OR pvalie MA MAF OR pvalue
(95% CIy (95%CI) (95% Cl)
152256408 R50H G + + + G 17% 2.05 013
: .(0-82-514)
1510878245 L153L T 39.6% 0.98 057 ¢ 312% 104 065 C  471% 081 0.28
(0-91-1.06) (0-88-1-23) (0-55-1-19)
534594498 A419V T + + + T 1.9% 227 0-0011
(1-35-3-83)
157308720 N552K G 67% 088 0025 G 11.9% 073 00017 G 8.0% 0.83 047
(079-0-98) * (0-60-0-89) (0-49-139) .
rs10878307 1723v G 74% 094 023 G 11% 136 032 G 9.0% 1.09 071
(0-84-1:04) (074-2-49) (0-68-1.75)
1534410987 P755L “ T 0.6% 056 013 .-
(0-27-1-18)
1558559150 Q923H C + + + - C 09% 0.62 055
(013-2-99)
rs7966550 L953L C 12.8% 098 0-66 ¢ 176% 080 0012 C  124% 092 070
(0-90-1.07) (0-66-0-95) (0-60-1-41)
1577018758 R13208 T 12%  1.20 051 "
(0-69-2-11)

1517466213 11371V G + + + G + + + G 05% 445 0-086
k (0-81-24.56)
157133914 R1398H A 6-6% 0.89 0.034 A 115% 073 00020 A 87% 1.00 1.00

(0-80-0-99) (0-59-0-89) (0-61-1-64)
rs11175964 K1423K A 6.6% 0.83 00006 A 115% 075 00064 A 54% 0-42 0-011
(0-74-0-92) (0-62-0-92) (0-21-0-86)
1535507033 R1514Q A 0.9% 113 041 A + + +
(0-85-1:49)
rs33958906 P15425 T 2:8% 090 021 T 1.0% 227 016
(0-77-1-06) (0:72-7:13)
151427263 G1624G C 347% 106 015 A 467% 092 0-40 C  317% 096 0-84
(0-98-1-14) (0-77-111) ) (0-67-1-39)
1533949390 R1628P C + + + C 12% 062 0.087
(036-1-07)
1511176013 K1637K A 45-0% 1.02 0-60 G 446% 096 0-68 A 46.0% 1.07 076
(0-94-1:11) (0-80-1-16) (0-70-1-63)
1535303786 M1646T € 1.6% 143 00012 C + + +
(115~1.78)
1511564148 S1647T A 29-9% 093 0-048 A 283% 097 073 A 276% 081 029
(0-86-1-00) (0-82-1.15) (0-55-1-18)
1510878731 G1819G T 452% 106 016 C  433% 099 095 T  462% 107 075
(0-98-115) (0-83-1:19) (0-70-1.64)
1533995883 N2081D G 2.6% 124 0-013 G + + + G 47% 0.92 079
(1:05-1-47) (0-49-173)
1510878405 E2108E A 314% 096 027 A 296% 101 092 A 281% 075 014
(0-89-1.03) (0-85-1.20) (0-51-1.10)
rs35658131 Y2189C G + + + G 11% 448 0.012
(1:33-15.09)
rs3477838348  G2385R A 33% 173 0-0026
(120-2-49)
133962975 G2385G G 157% 0-97 049 G 18% 096 085 G 8.4% 114 0.60
(0-89-1.06) (0-62-1-49) (0-7-01.83)
153761863 M2397T € 34:4% 1.06 017 ¢ 439% 088 016 € 398% 133 021
(0-98-1-14) (073-1.05) (0-85-2:07)

ORs and p values result from logistic regression models, where adjustment was made for the site In the Aslan and white series. ORs correspand to the presence of the MA.

After adjustment for multiple testing, ps0-0038 was judged to be significant in the Asian series, and ps0:0033 was judged to be significant in the white series. No

adjustment for multiple testing was made in the Arab-Berber series, for which ps0-05 was judged to be significant. MA=minor allele. MAF=MA fraquency. OR=odds ratio.
+=a varfant with a MAF of less than 0-5% and therefore not included in the logistic regression analysis. =a variant not noted in the series.

Table 3: Common single LRRK2 variant associations with Parkinson’s disease

— 232 —

wwwi.thelancet.com/neurology Vol 10 October 2011




Articles

Table 3 shows the results of the disease-association
analysis of single LRRK2 variants. In the white series,
significant associations with PD were noted for K1423K
- and M1646T. Figure 1 shows the country-specific ORs

and 95% CIs for the risk factor M1646T. The between-

site heterogeneity was low for M1646T (I*=0%, p=0-44)
and moderate for K1423K (P=34%, p=0-069) in the
white series.

In the Asian series, significant associations with PD
were noted for LRRK2 A419V, N551K, R1398H, and
G2385R (table 3). Figure 2 and figure 3 show the
country-specific ORs and 95% CIs for A419V and
G2385R, and for the N551K-R1398H-K1423K haplotype;
between-site heterogeneity was very low for each of
these associations in the Asian series (all ’=0%, all
p=0-42, webappendix p 18). Notably, LRRK2 R1628P
was not associated with PD in the Asian series (table 3),
with a non-significant protective effect noted for this

“variant in the Taiwanese series (minor allele frequency

3.8%, OR 0-56, 95% CI 0.32-1.01; p=0-054). Although
not significant, the predicted risk effect for R1628P was

noted in the South Korean series, particularly at the

Seoul site (0-29%, 247, 0.28-22.15; p=0-42). R1628P
was not noted in the Japanese series. The previously

suggested association of S1647T with PD in Asian
populations™ was not supported by the results of our

study (0-97, 0-82-1-15; p=0-73).

In an exploratory analysis of the small Arab-Berber
serles, significant associations (p<0.05, without
correction for multiple testing) with PD were noted for
K1423K and Y2189C (table 3). Larger Arab-Berber series
are needed to confirm these associations.

For patients with available information (95%), results
for the analysis of the association of single variants with
disease in each series remained similar after adjustment
for age and sex (webappendix p 19) and by use of an
additive model (webappendix p 20). Effect sizes were also
similar after simultaneous adjustment for other variants
that were significantly associated with PD in a particular
series, and after adjustment for R1628P in the Asian
series in which a previous association had been shown
(webappendix p 21), providing evidence that these
associations are independent of one another. With a
random-effects model for the white and Asian series,
results were generally similar though slightly weaker
(webappendix p 18) than those obtained with a fixed-
effects model.

Haplotype analysis showed a significant overall
association with disease in the series of white (p=0-0016)
and Asian (p=2x1"24) individuals, but was non-significant
in the Arab-Berber series (p=0-056). Haplotype
associations seemed to be attributable to the variants
independently implicated in disease (webappendix
PP 22-24). When the three series were assessed together,
LRRK2 N551K, R1398H, and K1423K, which are in
strong linkage disequilibrium and constitute a common
(>5% frequency) haplotype, were associated with a
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Figure 1: Forest plot of LRRK2 variant M1646T in individuals with versus without Parkinson's disease in the

white series
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Figure 2: Forest plots of LRRK2 variants A419V (A) and G2385R (B) in individuals with versus without

Parkinson's disease in the Asian series

protective effect (combined OR 0-82, 95% CI10-72~0-94;
p=0-0043; figure 3).

Results of all common single variant associations with
age at onset are shown on webappendix p 25. We did not
identify any associations that withstood multiple testing
correction in the white and Asian series. In the
Arab-Berber series, L153L was associated with age at
onset roughly 4 years earlier (p=0.038), which needs
confirmation in larger samples.

Table 4 provides a descriptive summary of rare variants
(tninor allele frequency <0-5%) in patients and controls in
each series. The pathogenic variant R1441H was noted in
an Asian patient, R1441C in only ten patients from the
white seties, and G2019S in all three series (table 4). The
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Figure 3: Forest plot of protective LRRK2 haplotype N551K-R1398H-K1423K in individuals with versus
without Parkinson's disease in the white, Asian, and Arab-Betber series
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median age of the eight control carriers of G2019S was
64 years (range 48-76 years). Due to the strong confounding
potential of these three variants on disease-association
analyses, any patient with a copy of these risk alleles was
excluded from the analysis. Other possible rare risk
variants (E334K, R1325Q, and T1410M) and protective
variants (A221V and A1151T) with differences in frequency
between patients with PD and controls were noted. When
data for all rare variants were combined, the presence of
any rare variant was not associated with PD in the white
series (OR 1-01, 95% CI 0-81-1-25; p=0-95), Asian series
(1-03, 0-57-1.85; p=0-92), or Arab-Berber series (0-78,
0-28-2-20; p=0-64). Additionally, no association was noted
in the white series (089, 0-55~1-43; p=0-62), Asian series
(1-05, 0-37-2-99; p=0-93), or Arab-Berber series (no PD
cases, two [<19%] conirols, Fisher’s exact p=1-00) when the
data were combined only for those variants predicted by
use of the SIFT program to be not tolerated.* Webappendix
P 26 provides a summary of variants for which there were
no carriers in any of the three series.

Discussion

The results of our study, one of the largest so far of the
genetics of PD, show that a single gene, LRRKZ,
harbours many rare and common variants that confer
susceptibility to PD in diverse populations (panel).
Although population stratification is an inherent caveat
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of this type of large-scale collaborative effort (and a
potential limitation of the present study in the absence
of genome-wide population control markers), these
findings exemplify the confluence and independent
effects of rare and common variations on gene loci that
have a major effect in shaping both familial and
sporadic disease.

About a third of variants we assessed were notidentified
in any study participant. These included four previously
documented pathogenic mutations (LRRK2 N1437H,
R1441G, Y1699C,.and 12020T), showing that they are rare
mutations in the population samples we assessed.
26 variants were recorded at a frequency greater than
0:5% in any of the three seties, and only 13 were noted at
a frequency greater than 0-5% in all three series. This
finding draws attention to the importance of studying
genetic variability in large samples and in different ethnic
groups, because frequencies and genetic effects might
vary substantially.

The newly identified associations warrant further
discussion. M1646T in the COR (C-termiinal of Ras)
domain of LRRK2 was identified in the white series,
and the effect was consistent in many countries
{figure 1). This variant was not identified in participants
of Asian descent and was rare in the series of
Arab-Berber participants. LRRK2 A419V  was
consistently more common in patients than in controls
in Asian sites (figure 2). Although we cannot exclude
the possibility of a non-coding element in linkage
disequilibrium, the N-terminal region of the protein
seems functionally relevant to disease development.
LRRK2 M1646T is the first common-risk factor to have
been identified in white populations, whereas A419V is
now the third risk factor reported to be specific to
individuals of Asian ancestry, along with R1628P and
G2385R.»*# LRRK2 R1628P was not significantly
associated with risk in our Asian series. This variant
was common only in the Taiwanese series, in which a
non-significant protective effect was noted. Our inability
to replicate the previously reported risk effect of R1628P
is likely to be due to a combination of the low frequency
of this variant, natural sampling variation, and
population heterogeneity, in view of the results of
previous studies of ethnic Han Chinese populations (of
note, G2385R did show association)."**

The identification of a common three-variant
haplotype (N551K-R1398H-K1423K) that seems to act in
a protective manner (figure 3) is also important. It
suggests that the reduced penetrance that is noted in
patients with LRRK2-associated parkinsonism might be
due to variants acting in cis or trans with the pathogenic
variant and that LRRK2 activity can be exploited to
modify symptom onset in patients. Any future thera-
peutic strategies that lower risk in LRRKZ2-associated
parkinsonism might protect against symptomatic onset”
in idiopathic PD.*¥ The previous report* of a protective
effect with N551K and R1398H showed a reduced kinase
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White series Asian series Arah-Berber series
Amincacid  Patients (n=6995)  Controls (n=5595) ~Patients (n=1376) ~ Controls (n=962)  Patients (n=240) Controls (n=372)
152256408 R50H 7 (0-10%) 1(0-02%) + *
1575054132 A75A 0 1(0:27%)
1533995463 L119P 21 (0-31%) 23 (0-44%) 0 2 (0-55%)
141286468 L1220 5 (0-08%) 7(0:13%)
15112794616  A211V 4 (0-06%) 11 (0-21%) 0 1(0:27%)
1556108242 2285 2(0-03%) 2(0-04%) .o
1528365216 N238! - 3(022%) 2(0-22%)
1572546315 H275H 3(0-04%) 2(0-04%) 1(0-43%) 0
1517490713 N289N 1(0-01%) 2(0:04%) NA NA
1541286466  A312A 26 (0:38%) 15(0-28%) 1(07%) 0 0 4 (1:10%)
1578501232 E334K 14(0-21%) 4(0-07%) )
15113065049  V366M 1(0-02%) 0
1534594498  A419V 5 (0-07%) 3(0-06%) * +
1535847451 S416S 12(0-18%) 16 (0:29%)
1575711334 14881 1(0-01%) 0
1579996249  K544E 2(0-03%) 2(0:04%)
1578154388 S663P 2(0-03%) 2(0-04%)
1572546319 V674V 0 2(0:04%) 0 1(0-27%)
1558559150 Q923H 1(0:01%) 2(0-04%) + +
1575148313 S973N 1(0:01%) 2(0:04%)
15113217062 -11006M 1(0-01%) 0
1576535406  $1096C 0 2(0-04%)
1535808389 L1114L 5 (0-07%) 1(0:02%)
1574985840 AL151T 1(0:01%) 5(0-09%)
1580179604  S51228T 5(0-07%) 4(0-07%)
154640000 P1262A 1(0-01%) 1(0:02%) NA NA
1572546338 R1325Q 10(0-15%) 3(0-06%) 4(0:29%) 1(011%)
1517466213 11371V 7(0-10%) 4(0-07%) 1(0-07%) 0 + +
1572546327 T1410M 5(0-07%) 1(0-02%)
15113589830  D1420N 1(0:01%) 0
15111435410 A1430A 2(0-03%) 1(0-02%)
15112998035  R1441R 1(0-07%) 0
1533939927*  R1441C 10 (0-15%) 0
1s34995376*  R1441H 1(0-07%) 0
1574681492 P1446L 10 (0.74%) 6(0-62%)
rs111501952  V1450! 2(0-15%) 1(0-11%)
15113431708 R1483Q 1(0-01%) 0
1535507033 R1514Q + + 0 1(0-27%)
1533949390 R1628P 7 (0-10%) 0 + +
1s35303786 M1646T + + 3 (1:25%) 2(0-54%)
15111503579 L1653L 2(0:03%) 1(0.02%) 4(0-30%) 9(0-93%)
1579909111 S1721S 1(0-02%) 1(0-02%)
15263192805  R1728H 1(0-01%) 3(0-05%)
1s35602796 M1869T 5(0:07%) 2 (0-04%)
1577428810 R1941H 2(0-03%) 1(0:02%)
1s34637584*  G2019S 48 (0-71%) 3(0-06%) 1(0-07%) 1(0-11%) 72 (30-25%) 4 (1.10%)
15111739194  L2063STOP  1(0-02%) 2(0-04%)
1533995883 N2081D + + 2 (015%) 0 + +
1534869625 G2170G 20 (0-30%) 21(0:39%) 1(0-60%) 0
1535658131 ¥2189¢C 1(0:01%) 2 (0-04%) + +
15113511708  T2356] 7(01%) 5(0-09%)
(Continues on next page)
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