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nerve atrophy, severe psychosis, depressive state, chorea-athetosis, spasticity, and unresponsive to
levodopa(Gregory, et al., 2009). PKAN has some common features such as oculomotor abnormalities, pyramidal
sign, or the eye-of-the-tiger sign on brain MRI, features that are less common in BPAN. Brain MRI imaging of
PKAN and BPAN share some common features such as iron accumulation of globus pallidus, subthalamus, and
nigra(Schneider, et al., 2013). The second type of NBIA is PLA2G6 associated neurodegenration, which is
commonly characterized as dystonia-parkinsonism combined with pyramidal signs, eye movement abnormalities,
cognitive declines and psychiatric features. With the exception of cognitive decline, these symptoms are less
prevalent in BPAN. In addition, neuroimaging of PLA2G6 associated neurodegenration patients indicates that iron
accumulation is not a major feature. mitochondrial protein-associated neurodegeneration has the symptoms of

spastic paraparesis, neuropathy, optic atrophy, and psychiatric symptoms, which are not generally seen in BPAN.

All of the identified mutations in WDR45 were located within exons 5-10 and RT-PCR showed a heterozygous
mutation in cDNA in two patients, supporting a previous case report (Saitsu, et al., 2013). Some of the cases with
BPAN showed biallelic expression, even on the X chromosome and thus did not obey X-inactivation. In female
mammals, about 15% of X-linked genes escape inactivation (Carrel and Willard, 2005). Thus, among our female
patients, the co-existence of wild type and mutant alleles was admitted in WDR45 cDNA. WDR45 encodes WIPI4, a
seven-bladed beta-propeller protein involved in autophagy and part of the group of WDA40 repeat proteins which are
involved in cell cycle control, apoptosis, and autophagy (Behrends, et al,, 2010). WIP14 regulates distribution of
Atg9A-marked vesicles to autophagosomes that complete the autophagosome maturation (Itakura, et al., 2012,0rsi,
et al., 2012). Mutations in WDR45 may result in impaired autophagy and lead to the accumulation of abnormal
proteins. WDR45 may be involved in mechanisms that result in accumulation of iron in the brain and subsequently

disturb brain development.

One of the fascinating features of NBIA cases is iron accumulation in the globus pallidus, the substantia nigra, or
cerebral peduncles. It was reported that iron homeostasis, mitochondrial ferritin, and neurological disorders have
strong association via the molecular pathways of transferrin, ferritin, mitoferrin, and ceruloplasmin(Schneider, et al.,
2013). The dysregulation of mitochondrial iron and ferritin especially in the outer cellular membrane has been
reported to result in excess production of reactive oxygen species (Eaton and Qian, 2002). Oxidative stress causes

neuronal death and denatured mitochondria in the substantia nigra, not only in the hereditary form of PD but also
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sporadic PD cases (Henchcliffe and Beal, 2008 Jenner, 2003). WDR45 mutations may relate to iron metabolism,
mitochondrial denature, destruction of membranes or emerging dystrophic axonal spheroids, directly or indirectly,

via the common pathway of NBIA and PD.

5. Conclusions

We found seven patients diagnosed with BPAN harboring WDR45 mutations, suggesting WDR45 as the most
prevalent cause of BPAN in our Japanese population. These patients share a common clinical phenotypes with
prominent features similar to those seen in previous cases. Importantly, levodopa presents good response for motor
symptoms. These results contribute to further understanding of BPAN and NBIA types and can help in the diagnosis

of BPAN.
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Figure legends

Figure 1: Direct sequencing of WDR45 shows mutant sequence (top) and wild-type sequence (bottom) of seven

patients. Heterozygous mutations were observed in all cases.

Figure 2: The results of RT-PCR indicate homozygous mutations of cDNA in Case | and 7, and heterozygous

mutations in Case 2 and 6.

Figure 3: Brain MRI imaging of axial view indicates prominent features in patients with WDR45 mutations, (a) the
halo in the substantia nigra in axial T1WI; (b) hypointense in T2W/ in cerebral peduncles; and (¢) marked atrophy in
bilateral fronto-temporal lobe in TIWI of case 2. (d) in TIWI and (e) in T2WI of Case 3 are similar to findings of
(a) and (b). (f) and (g) of Case 3 show hypointense signal in TIW[ and T2 W1 in bilateral globus pallidus, and
disproportional atrophy in left temporal lobe. (h), (i), and (j) of Case 4 demonstrate similar findings to (a), (b) and
(g), especially marked disproportional atrophy in left temporal lobe. (k) of Case 5 indicate the diffuse atrophy in
frontal-temporal lobes in axial T1. (1) of Case 5 is the same as findings in (b). (m), (n), (o) of Case 7 are similar to
findings in (a), (b), and (g). As normal control, (p) mid brain in TIWI, (q) in T2WI, and (r) globus pallidus and basal

ganglia in TIWI, (s) in T2WI; female and 33 years old.

Table 1: Clinical overview of the assessed patients and the results of gene screening related with NBIA.

Table 2: Clinical overview of the seven patients with WDR45 gene mutations.

NA; not assessed.

Table 3: Summary of clinical data combined with the previous reports and our cases.
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Leucine-rich repeat kinase 2 (LRRK2) is a causative gene of autosomal dominant familial Parkinson's
disease (PD). We screened for LRRK2 mutations in 3 frequently reported exons (31, 41, and 48) in our
cohort of 871 Japanese patients with PD (430 with sporadic PD and 441 probands with familial PD).
Direct sequencing analysis of LRRK2 revealed 1 proband (0.11%) with a p.R1441G mutation, identified for
the first time in Asian countries, besides frequently reported substitutions including, the p.G2019S
mutation (0.11%) and p.G2385R variant (11.37%). Several studies have suggested that the LRRK2 p.R1441G

g:{gggg‘:,s disease mutation, which is highly prevalent in the Basque country, is extremely rare outside of northern Spain.
LRRK2 Further analysis of family members of the proband with the p.R1441G mutation revealed that her mother
p.R1441G and first cousin shared the same mutation and parkinsonism. Haplotype analysis revealed a different

Asia haplotype from that of the original Spanish families. Our patients demonstrated levodopa-responsive

Intrafamilial clinical heterogeneity parkinsonism with intrafamilial clinical heterogeneity. This is the first report of familial PD because of
the LRRK2 p.R1441G mutation in Asia.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Leucine-rich repeat kinase 2 (LRRK2) is one of the causative genes of
autosomal dominant Parkinson’s disease (PD) (Paisan-Ruiz et al., 2004;
Zimprich et al, 2004). To date, 7 mutations in LRRK2 p.G2019S,
p.12020T, p.N1437H, p.R1441G/C/H, and p.Y1699C have been proven as
pathogenic mutations. Although p.G2019S and p.R1441G/C/H are
frequent mutations in LRRK2 and the prevalence of the p.G2019S
mutation, the most common LRRK2 substitution in populations of
European origin, is estimated at 5%~13% of individuals with familial
PD (Haugarvoll and Wszolek, 2009), the p.R1441C, p.R1441H, and
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p.G2019S mutations have been found to be very rare in Asia
(Haugarvoll et al., 2008; Ross et al., 2009). The p.R1441G mutation is
frequent in Spain, and especially in the Basque country, where it ac-
counts for 16% of familial and 4% of sporadic cases (Haugarvoll and
Wszolek, 2009). However, p.R1441G carriers are extremely rare
outside of Spain (Haugarvoll and Wszelel, 2008; Mata st al, 2005,
2009b; Simon-Sanchez et al, 2006). To date, only 4 probands
with p.R1441G outside of northern Spain have been reported
(Cornejo-Olivas et al, 2013; Deng et al, 2006; Mata et al, 2009a;
Yescas et al, 2010). Interestingly, most of the reported p.R1441G PD
patients share a common founder, and this mutation is regarded as a
rare haplotype (Haugarvoll and Wszolek, 2008; Mata et al, 2005,
2009b; Simon-Sanchez et al, 20086). It remains unclear whether
there are patients carrying the p.R1441G mutation in Asia. In this
study, we performed a mutation screening of exons 31, 41, and 48 of
LRRK2 in a Japanese cohort of PD patients and found a proband with
the p.R1441G mutation. Here, we report the results of a
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clinicoradiological and haplotype analysis of the first familial PD pa-
tients linked to p.R1441G mutation in Asian countries,

2. Methods
2.1. Subjects

We studied 871 Japanese PD patients (430 patients with spo-
radic PD and 441 probands with familial PD; age, 56.4 = 14.5 years;
age at onset, 49.8 + 14.6 years; disease duration; 6.67 + 6.89 years).
A clinical diagnosis of PD was determined by the presence of at least
2 of 3 cardinal signs (rest tremor, bradykinesia, and rigidity) and
improvement following adequate dopaminergic therapy (when
available). In this study, families with 2 or more affected members
or 2 members with a mutation in at least 2 generations were
classified as autosomal dominant PD families, and families with at
least 2 affected siblings in only 1 generation were classified as
(potential or pseudo-) autosomal recessive PD families. Written
informed consent was obtained from all participants, and the local
ethics authorities approved the project. A 2-generation pedigree
was established for the Japanese family with the LRRK2 p.R1441G
mutation (Fig. TA). Among the 12 subjects in the family, 4 (11:5, 11:4,
1:6, and 11:2) were willing to participate in this clinicogenetic study,
whereas the remainder, including 2 reportedly parkinsonian sub-
jects (1:2 and [:3), refused to participate. Participating individuals
were examined by neurologists specializing in movement disor-
ders. A full history was collected and a neurologic examination was
performed for each patient.

2.2. Genetic analysis

Genomic DNA from each subject was extracted from peripheral
blood using the QlAamp DNA Blood Maxi Kit (QIAGEN, Valencia,
CA, USA). Three exons of LRRK2 that have been frequently reported
to contain PD-associated mutations (exons 31, 41, and 48) were
analyzed by polymerase chain reaction-direct sequencing using
the Big Dye Terminator v.1.1 Cycle Sequencing Kit (Life Technol-
ogies, Foster City, CA, USA) as previously described (Zimprich

T. Hatano et al. / Neurobiology of Aging 35 (2014) 2656.¢17-2656.¢23

et al, 2004). Haplotype analysis of LRRK2 flanking region was
performed using previously described methods (Mata et al,, 2005,
20089a, 20048b).

3. Results
3.1. Genetic findings

In this cohort, we identified 1 proband (0.11%) with a p.R1441G
mutation, 1 with a p.G2019S mutation (0.11%), and 103 with a
p.G2385R variant (11.37%). We failed to detect p.R1441C, p.R1441H,
or p.12020T mutations in this cohort.

The pedigree of the family with the p.R1441G mutation is shown
in Fig. 1A. Five members of this family presented with parkinsonism
(I:2, I:3, I:6, 11:2, and 1I:5). Direct sequencing analysis of LRRK2
revealed a heterozygous p.R1441G (LRRK2 4321C>G) mutation in
II:5 (proband), I:6, and 1I:2. A healthy brother (11:4) of the proband
did not share the mutation (Fiz. 1B). Two individuals (II:2: a first
cousin of the proband with the p.R1441G mutation, 50-year-old
female; and 1:4: a healthy brother of the proband without the
p.R1441G mutation, 35-year-old male) were heterozygous for the
p.G2385R (LRRK2 7153G:»A) variant, which was observed on a
different haplotype to that in individuals with the p.R1441G mu-
tation. These results show co-segregation of parkinsonism and the
mutation in the family, although the remaining members were
unable to be tested.

Genotypes for 15 markers from our patients (1:2 and 1I:5) and
the corresponding haplotype shared among 29 p.R1441G carriers
from Spanish families are presented in Table 1. Allele sharing was
evident at only 3 of the 15 markers and was not observed at
€.4937T>C (p.M1646T), a rare polymorphism immediately flanking
€.4321C>G (p.R1441G). Thus, our Japanese family members do not
share a common founder with the Spanish families.

3.2, Case reports

The clinicoradiological findings in these patients are summa-
rized in Table 2.

1:3

11 12

B
y |

GG CTCGC GC T GG CTSGCGCT

14 5%

\ y

GGCTSGCGCT GGCTSGCGCOT
70 70

11:5 (proband)

Fig. 1. Pedigree and direct sequencing analysis of the Japanese family with the LRRK2 p.R1441G mutation. (A) Pedigree of the Japanese family with the LRRK2 p.R1441G mutation.
The arrow indicates the proband. (B) Direct sequencing analysis of LRRK2 in this family. Arrow heads indicate sites of heterozygous substitution of LRRK2 4321C>G.
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Table 1
Comparison of R1441G-containing haplotypes across the LRRK2 region
Location Marker Spanish-Basque  Uruguay 1:2 1:5
33305760 D1252080 188 188/192 192 192
34142287 151511547 T C C C
34142413 r1s55917927 C T T T
34142467 rs56260627 A G G G
37708307 1510876410 A A A A
38738007 D12S2194 249 253257 253 253
LRRK2 D1252516 252 254 252254  252/254
R1441 G G G/C G/C G/C
M1646 T C T T T
D1252518 154 154 154 154
39116885 D12S2519 138 132/140 132/140 132/140
39120098 D12S2520 248 257 257 257
39128754 D12S2521 323 319/359 315 315
39132380 D12S2522 281 283/297  283/297 283297
39176380 D12S2517 184 188/198 202 202
39312730 D1251048 211 211214 220 220

“Spanish-Basque” indicates the haplotype shared among patients with the LRRK2
p.R1441G mutation from northern Spain. In the members of Japanese family, allele
sharing was observed at only 5 markers, indicated in bold.

3.2.1. p.R1441G-Patient II:5

This 36-year-old female developed clumsiness in the right hand
and leg at the age of 34 years. Subsequently, she developed right leg
tremor and gait disturbance. She did not have any problems with
cognition, sleep, or bowel movements. Neurologic examination
revealed hemiparkinsonism including resting tremor, muscular ri-
gidity, and akinesia in her right upper and lower limbs along with
hyperreflexia in all extremities. Her motor score on the unified PD
rating scale (UPDRS part 11I) was 17 points (Supplementary Video 1).
Neurocognitive assessments, such as the Mini Mental State Exam-
ination, Frontal Assessment Battery (FAB), and the Japanese version
of the Montreal cognitive assessment (MoCA-]) were normal. The
odor stick identification test for Japanese revealed mild hyposmia.
The administration of levodopa/benserazide (200 mg/50 mg), pra-
mipexole (4 mg), and selegiline (5 mg) resulted in a marked
amelioration of her parkinsonism without psychiatric problems.
After treatment, her UPDRS part Il score was 4 points. Although she
did not have any cerebrovascular risk factors, fluid level attenuated
inversion recovery (FLAIR) magnetic resonance imaging (MRI)
revealed bilateral scattered deep white matter lesions with no
structural abnormality (Fig. 2C—F). The results of iodine-123 met-
aiodobenzylguanidine ('?I-MIBG) myocardial scintigraphy were
normal (Fig. 2B). lodine-123 iodoamphetamine single photon
emission computed tomography (123-IMP SPECT) revealed normal
regional cerebral blood flow (rCBF) (Fig. 2A).

3.2.2. p.R1441G-Patient I:6

This 65-year-old female is the mother of Patient II:5. Her sister
(1:2) and brother (I:3) were also diagnosed as having PD in middle
age with no detailed history obtained. She had a history of
depression, insomnia over the past 12 years, and right frontopar-
ietal traumatic injury at the age of 55 years. At the age of 60 years,
sulpiride (150 mg/d) was administrated for depression, resulting in
the development of parkinsonism. Cessation of sulpiride amelio-
rated her parkinsonism and brotizolam (0.25 mg/d), paroxetine
(10 mg/d), zolpidem (5 mg/d), flunitrazepam (2 mg/d), etizolam
(1.5 mg/d), and trazodone (50 mg/d) were given for the treatment
of her depression and insomnia. At the age of 65 years, she
impulsively attempted suicide. The administration of perospirone
(12 mg/d) induced a marked deterioration of her motor and swal-
lowing functions. After cessation of perospirone, quetiapine
(37.5 mg/d) was used to treat her psychiatric symptoms without
aggravation of motor function. Three weeks after the suicide
attempt, neurologic examinations revealed minimal left-dominant
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parkinsonism (Supplementary Video 2) and mild hyposmia (odor
stick identification test for Japanese; 6 points).

Although she did not have any problems with orientation,
memory, and calculation, the FAB and MoCA-] revealed dysfunc-
tions of verbal fluency and conceptualization (FAB and MoCA-]
scores of 14/18 and 24/30, respectively). Although she did not
have any cerebrovascular risk factors, T2-weighted, and FLAIR MRI
revealed frontotemporal atrophy and small abnormal high intensity
lesions in the bilateral frontal white matter (Fig. 2i~L). The results
of 21-MIBG myocardial scintigraphy were normal (Fig. 2H). 13-
IMP SPECT showed decreased rCBF in the bilateral frontal lobes,
corresponding to the cranial MRI (Fig. ZG).

3.2.3. p.R1441G-Patient II:2

This 50-year-old female is a first cousin of Patient II:5. She
carries both p.R1441G and p.G2385R mutations in LRRK2. She had
panic syndrome at the age of 18 years. She developed bradykinesia
and tremor in the left lower limb at the age of 28 years. On
neurologic examination, 2 years after disease onset, she showed left
hemiparkinsonism and hyperreflexia in all extremities without any
cognitive dysfunction. The administration of levodopa/carbidopa
(200 mg/20 mg), trihexyphenidyl (3 mg), talipexole (2.4 mg), and
pergolide (0.3 mg) resulted in a marked amelioration of her
parkinsonism. Cranial FLAIR MRI was normal and '%I-IMP SPECT
showed decreased rCBF in the right basal ganglia (Fig. 2M~0). After
the third year of her illness, she developed motor fluctuations with
severe ballistic dyskinesia in the left lower limb as a result of high
doses of anti-parkinsonian medications. After the 11th year of her
illness, bilateral deep brain stimulation of the subthalamic nucleus
(STN-DBS) was performed (¥Fig. 2P). Although STN-DBS was able to
temporarily ameliorate her motor complications, she developed
dystonic motor complications owing to right-sided STN-DBS stim-
ulation 3 months after the commencement of DBS. In addition, she
showed schizophrenic psychosis with severe delusions associated
with STN-DBS at 1 year after the operation. After the 13th year of
illness, she showed severe wearing off and dyskinesia with off-time
pain and dopamine dysregulation syndrome. The left-sided STN-
DBS partially ameliorated her off-phase painful dystonia, but
caused severe dyskinesia in the on-phase. Eventually, she was put
on levodopa/benserazide (700 mg/175 mg/d) and quetiapine
(25 mg/d) using left-side STN-DBS in the off-phase only, enabling
her to enjoy bowling and ride a bicycle in the on-phase. However, in
the off-phase, she showed severe akinesia and panic attacks with
delusional ideation.

3.2.4. Other mutations

A 58-year-old male with PD due to p.G2019S, whose father and 2
of 5 siblings had PD developed levodopa-responsive parkinsonism,
including resting tremor, rigidity, postural instability, and right
lower-limb akinesia without cognition and autonomic dysfunc-
tions. The results of '31-MIBG myocardial scintigraphy were
normal. 23-IMP SPECT showed decreased rCBF in the frontal lobe,
basal ganglia, and bilateral thalamus (Table 2).

Approximately 80% of patients with the p.G2385R variant
showed typical parkinsonism with levodopa effectiveness. Auto-
nomic dysfunction is present in <20% of them. In 60% of them, the
results of '2I-MIBG myocardial scintigraphy were normal
(Table 2).

4. Discussion

Here, we report for the first time an LRRK2 p.R1441G mutation
in Asia. Whereas the p.R1441G mutation is the most prevalent
mutation in the Basque country, it is extremely rare outside of
northern Spain (Haugarvoll and Wszolek, 2009; Marti-Masso et al,
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Table 2
Clinical features of patients with LRRK2 p.R1441G mutation
p.R1441G our cohort p.G2019S our cohort p.G2385R our p.R1441G northern p.R1441G iPD
Patient II:5 Patient I:6 Patient I1:2 cohort Spain Uruguay
Age at onset (y) 34 55 28 54 52(21-83) 55(29-80) 50 Around 60
Disease duration (y) 2 10 16 4 7 4
Resting tremor + - + + 59% + - +
Bradykinesia + + + + 86.7% + -+ +
Rigidity + + + -+ 82.9% + + +
Gait disturbance + - + + 80% + N.A. +
Postural instability - - + + 62.9% + 4 ES
Clinical response to levodopa -+ N.A, + 4 69.5% + + +
Wearing off - - + NA. 28.6% - NA. +
Levodopa-induced dyskinesia - - + N.A. 24.8% + N.A. +
Asymmetry at onset + + + -+ 73.3% + + +
Hyposmia {OSIT-}) Mild impairment Mild impairment (6, cutoff; 9.78") N.A. N.A. NA. Mild impairment N.A. Severe impairment
(9, cutoff; 11.097)
Orthostatic hypotension - — - - 124% - NA. +
Incontinence - - - - 18.1% - NA. +
Sleep benefit + - Unknown - 16.2% - N.A. -
Dystonia at onset - - - N.A. 14.3% - N.A. -
Hyperreflexia + - + N.A. 17.1% - NA. -
Hallucination - - + - 16.2% - NA.
Dementia (FAB/MMSE/MoCA-}) — (18/30/29) Slt. frontal dysfunction (14/N.A.[24) - - 12.4% - - -
Other psychiatric problems - Depression, executive dysfunction S-like, delusion - + + NA.
Brain MRI Abnormal small  Abnormal small spots scatter in white No abnormality N.A. N.A. No abnormality NA. No abnormality
spots scatter in  matter, bilateral frontal lobe atrophy,
white matter post traumatic hemorrhage in right
frontoparietal cortex
1231 1MP SPECT Normal record Decreased rCBF in bil. frontal lobes Decreased rCBF in the Decreased rCBF in frontal, N.A N.A. N.A. Decreased rCBF in bil.
right basal ganglia ~ basal ganglia, and right occipital lobes
thalamus
1231_MIBG myocardiac H/M ratio H/M ratio (E/L) = 3.18/3.63; Not performed Normal Decreased Less decreased NA. Decreased H/M ratio
scintigraphy (EJL) = 2.38/2.68; cutoff, 2.0°; wash out ratio = 20.1% ’ 40%, normal  than PD
cutoff, 1.4" wash 60%

out ratio= 4.15%

Key: Bil,, bilateral; H/M, heart/mediastinum ratio; FAB, frontal assessment battery; '231-MIBG, iodine-123 metaiodobenzylguanidine; iPD, idiopathic Parkinson’s disease; MMSE, mini mental state examination; MoCA-}, Japanese
version of the Montreal cognitive assessment; MRI, magnetic resonance imaging; N.A., not applicable; OSIT-J, odor stick identification test for Japanese; PD, Parkinson's disease; rCBF, regional cerebral blood flow; S-like,
schizophrenic-like; Sit., slightly.

2 Cutoff points in OSIT-] vary according to age and sex.

b Cutoff points in '?}I-MIBG myocardiac scintigraphy were different in every institution.
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Fig. 2. Cranial MR, CT, "*}-IMP SPECT, and *?*|-MIBG myocardial scintigraphy of Patients I1:5, 1:6, and 11:2. In Patient 11:5, "I-IMP SPECT and '23-MIBG myocardial scintigraphy show no
abnormality (A, B). Cranial T2-WI and FLAIR MRI depict several abnormal high-intensity lesions without any atrophy (C—F). In Patient 1:6, "*l-IMP SPECT shows hypoperfusion of bilateral
frontal area (G). Cranial T2-WI and FLAIR MRI show several abnormal high-intensity lesions with frontal lobe atrophy (I-L). The results of '2*l-MIBG myocardial scintigraphy were normal (E).
In Patient 11:2, "?3|-IMP SPECT shows hypoperfusion of the right basal ganglia (M). Cranial T2-WI MRI showing no abnormality (O, P). Cranial CT showed that electrodes for deep brain
stimulation of the subthalamic nucleus were implanted into the bilateral subthalamic nucleus (N). Abbreviations: CT, computerized tomography; FLAIR, fluid level attenuated inversion
recovery; "2I-IMP SPECT, lodine-123 iodoamphetamine single photon emission computed tomography; '2I-MIBG, iodine-123 metaiodobenzylguanidine; MRI, magnetic resonance imaging,

2009; Mata et al,, 2005, 2009b; Simon-Sanchez et al,, 2006). In our
family, the lack of sharing at p.M1646T (Table 1), located 9.7 kb
downstream from the mutation, is particularly informative

because the “LRRK2 ¢.4937 T>C” allele occurs at a frequency of -

<2% in controls from northern Spain but has been observed in all

mutation carriers described in the literature (Mata et al., 2005).
Therefore, we concluded that our family has a different haplotype
from that of all the Spanish families reported to date. Recently, a
cohort study revealed a Uruguayan patient carrying a p.R1441G
mutation, who did not share the haplotype of the original Spanish
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families (Mata et al, 2008%a). Our patients did not appear to have
an ancestor from outside Japan based on historical records. Thus,
they are only the second family with this mutation outside of
Spain, with a different haplotype, reinforcing the hypothesis that
p.R1441 is a mutational hot spot. It is therefore possible that
patients with a mutation at LRRKZ2 p.R1441 are distributed
worldwide.

Previous reports have described that the clinical features of the
original Basque family members (Paisan-Ruiz et al, 2005) and the
Uruguayan patient (Mata et al., 200%2) with LRRK2 p.R1441G were
similar to those of typical idiopathic PD (iPD), including good
response to levodopa therapy, rigidity, and akinesia (Table 7).
Although most of the members of the Basque families showed 1ate~
onset PD (Gonzalez-Fernandez et al, Z007; Mata et al, 2005;
Simon-Sanchez et al., 2006), Gonzalez-Fernandez et al. (2007) re-
ported that 5 of 15 patients showed an early age at onset
(<50 years). These findings indicate that some of the Basque fam-
ilies might exhibit intrafamilial clinical heterogeneity. In our Japa-
nese family, Patients 11:2 and 11:5 also showed younger age at onset
compared with iPD patients. In contrast to Patients 1:2, I:3, 11:2, and
11:5, Patient 1:6, albeit in old age, showed trivial hemiparkinsonism
only detected by detailed neurologic examination with no func-
tional disabilities, whereas the patient showed frontal dysfunction
with impaired verbal fluency and conceptualization. Severe psy-
chosis appeared to be unique to Patient I1:2 in our family. Therefore,
our family also exhibited intrafamilial clinical heterogeneity. The
presence of such heterogeneity suggests that additional factors,
that is, genetic and/or environmental factors, contribute to the
development of the disease in association with the p.R1441G
mutation.

Based on the results of 2 studies, patients with the LRRKZ2
p.R1441G mutation seem to display fewer of the non-motor fea-
tures characteristic of iPD, such as hyposmia and cardiac sympa-
thetic denervation (Table 2) (Ruiz-Martinez et al., 2011; Tijero et al,
2013). Consistent with these observations, our patients showed no
autonomic dysfunctions, including bowel and urinary dysfunctions
and orthostatic hypotension, REM-sleep behavior disorders, or
reduced cardiac '?3-MIBG uptake (Table 2). Hyposmia detected in
our patients (II:5 and 1:6) appeared less severe than that in iPD,
requiring further studies to determine whether the p.R1441G mu-
tation is associated with hyposmia. In terms of neuroimaging, we
also observed differences between patients with the p.R1441G
mutation and iPD patients. Patient I:6 showed frontal atrophy on
MRI and frontal hypoperfusion on '2’I-IMP SPECT. Furthermore,
1231_|MP SPECT of Patient 1i:2 revealed hypoperfusion in the basal
ganglia. These findings contrast with those in iPD patients, which
typically show a decrement of blood flow in the occipital lobes (Abe
2t al., 2003). On the basis of these results, the phenotypes of our
patients seemed to be different from those of iPD patients with
Lewy pathology. Pathologic findings in PD patients with LRRK2
mutations are very variable despite them exhibiting a relatively
uniform clinical phenotype of parkinsonism (Cookson et al., 2008;
Hasegawa et al, 2009; Ross et al, 2006; Ujie et al, 2012;
Zimplich et al., 2004). A clinicopathological study of patients with
the p.G2019S mutation revealed no correlation between Lewy pa-
thology and clinical phenotypes, including dementia and psychi-
atric symptoms (Ross et al,, 2006). These observations suggest that
additional factors besides LRRK2 mutations could play roles in the
development of dementia and/or psychiatric problems as well as
Lewy pathology. It therefore remains to be clarified whether our
cases show Lewy pathology, although a previously reported patient
with a p.R1441G mutation did not have Lewy pathology (Marti-
Masso et al., 2009).

It has been described that the phenotype of PD patients with the
p.G2019S mutation cannot be distinguished from iPD (Haugarvoll

T. Hatano et al. / Neurobiology of Aging 35 (2014) 2656.17~2656.623

and Wszolek, 2009), However, the patient with the p.G2019S mu-
tation in our cohort showed no autonomic dysfunction, no psy-
chosis, no dementia, and normal cardiac 'I-MIBG uptake,
resembling the phenotype of p.R1441G-patient 1I:5 without early
age of onset. The prevalence of autonomic dysfunctions of PD pa-
tients with p.G2385R was also seemed to be less than that in iPD
patients (Khoo et al, 2013). Two members (11:2 and 11:4) of our
family also had the p.G2385R variant. Although combining
p.R1441G with p.G2385R in 1:2 might cause severe psychosis, it
remains unclear whether the p.G2385R variant combined with an
LRRK2 pathogenic mutation might be associated with a deteriora-
tion of clinical phenotypes. Therefore, we could not determine the
contribution of this variant to the phenotypic modifications in our
family.

In Patient [1:2, STN-DBS exacerbated psychiatric problems
without any improvement of motor function. Gomez-Esteban et al.
{2008) also described a poor response to STN-DBS therapy in pa-
tients with the p.R1441G mutation. These results might be attrib-
utable to the p.R1441G mutation.

We found 1 patient with the p.G2019S mutation (0.11%) in this
cohort. Parkinsonism because of p.G2019S is common in Caucasian
populations (Haugarvell and Wszolek, 2009), and the frequencies
in the Ashkenazi Jewish and North African Arab cohorts are 18.3%
and 39%, respectively (Lesage et al., 2006, Ozelius et al, 2006).
However, this mutation has been reported to be very rare in Asian
populations (Tan et al,, 2005; Tomivama et al,, 2006; Zabetian et al,,
2006), consistent wn:h our cohort. The finding of a relatively high
prevalence of the LRRKZ2 p.G2385R variant in our cohort is consis-
tent with the findings of previous reports (Funayama et al, 2007;
Ross et al, 2011). Although Koss et al. (2011) described that the
prevalence of PD with p.G2385R in large Asian populations,
including Japanese was about 3%, the prevalence of p.G2385R in the
previously reported Japanese cohort was 11.6% (Funayama et al,
2007), similar to that in the present cohort. On the other hand,
the association of p.G2385R with PD in the Caucasian population
was not supported by the results of a previous large population
study (Ross et al., 2011).

To the best of our knowledge, this is the first report of an LRRK2
p.R1441G mutation in Asia and only the third outside of northern
Spain (Mata et al.. 2009a). Further mutation screening of LRRK2
p.R1441G in Asian populations may confirm the characteristic fea-
tures of patients with this mutation.
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p1509"®9_Associated Disorders Are Caused by Activation
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Abstract

Mutatlons inpl150 cause hereditary motor neuropathy with vocal cord paralysis (HMN7B) and Perry syndrome (PS). Here
we show that both overexpression of p1509“¢? mutants and knockdown of endogenous p1509e jnduce a 0{)optoss
Overexpression of a p1508ted plasmid contammg either a HMN7B or PS mutation resulted in cytoplasmic p1509'©
aggregates and was associated with cell death. Cells containing mutant p1 509"°9 aggregates underwent apoptosis that was
characterized by an increase in cleaved caspase-3— or Annexin V- posmve cells and was attenuated by both zVAD-fmk (a pan-
caspase inhibitor) application and caspase-3 siRNA knockdown. In addition, overexpression of mutant plSOglue decreased
- mitochondrial membrane potentials and increased levels of translocase of the mitochondrial outer membrane (Tom20)
protein, indicating accumulation of damaged mitochondria. Importantly, SiRNA" knockdown' of endogenous p1509'ued
independently induced apoptosis via caspase-8 activation and was not associated with ‘mitochondrial morphological
changes. Simultaneous knockdown of endogenous p1509¥¢¢ and overexpression of mutant p1509“*% had additive
apoptosis induction effects. These fi ndmgs suggest that both p1509“*? gain-of-toxic-function and loss- of- physmlog)cal—
functlon can cause apoptosis and may underlie the pathogeneS|s of p1509'“e"-assoc1ated dlsorders.
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Introduction

The dynactin subunit p1508* is encoded by the DCTNI gene.
Mutations in this gene have been detected in patients with slowly
progressive autosomal dominant distal hereditary motor neurop-
athy with vocal cord paralysis (HMN7B) and autosomal dominant
Perry syndrome (PS), the latter of which is characterized by rapidly
progressive, devastating neurodegeneration of dopaminergic
neurons in the substantia nigra [1,2].

Dynactin has various molecular functions including minus-end
vesicular transport, protein degradation, and cell division.
p1508d is the largest polypeptide of the dynactin complex, and
it binds directly to microtubules and to cytoplasmic dynein.
Disruption of the p150¢™*? CAP-Gly domain in neurons causes
insufficient retrograde axonal transport [3,4]. Transgenic mice
expressing pl150€"*® with a G59S mutation develop progressive
degeneration of motor neurons similar to that seen in amyotrophic
lateral sclerosis [5-7]. The mutated pl1508"® polypeptide that
causes PS is unable to bind to microtubules and forms
intracytoplasmic aggregates. These aggregates include abnormally
accumulated mitochondria [11]. Despite these findings, it is
unclear whether decreased levels of endogenous pl508¥? or

PLOS ONE | www.plosone.org

increased levels of the mutant form dominantly contribute to the
neurodegeneration seen in PS.

Here we report that knockdown of endogenous p1504*® and
overexpression of pl309*? with pathogenic HMN7B or PS
mutations independently induced apoptosis. However, only
overexpression of mutant forms of p150#™? induced intracyto-
plasmic pl508*“*aggregates and accumulation of damaged
mitochondria, resulting in intrinsic apoptosis induction. Impor-
tantly, mutant p1508™*® overexpression with endogenous p150¢™«
knockdown showed additive effects on apoptosis induction,
suggesting that both a gain- and loss-of-function contribute to
the disease pathogenesis.

Results

Cells overexpressing various p1509'4¢9

cytoplasmic aggregates

To investigate the effects of overexpression of mutant p15
we first generated plasmid DNAs encoding GFP- or 3xFLAG-
tagged wild-type (WT) and mutant p1508*“ with each pathogenic
mutation: G59S, which causes HMN7B, and G71A, G71E,

mutants produce

glued
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Figure 1. Disease-associated p1509'“*? mutant proteins form aggregates. (A) Schematic of the p1509"“* subunit of dynactin. (B) Hela cells
g

transfected with GFP-tagged wild-type or mutant p1509"°? were fixed and stained with an antibody against a-tubulin (red) after 24 h and analyzed
using confocal microscopy. Insets show higher magnification of the boxed areas. Bars, 10 pm. (C) The percentages of GFP-positive cells that
contained aggregates are shown. The error bar indicates each standard deviation. Statistics are from three independent experiments. (D, E) Electron
micrographic examination of Hela cells transfected with GFP-tagged G595 p1509°® and immunolabeled with an antibody against GFP. (E) High

magnification of the boxed area shown in (D). Intracytoplasmic aggregates (a) are labeled.

doi:10.1371/journal.pone.0094645.g001

G71R, T72P, or Q74P, which cause PS. All of these mutations are
within the p150¥**Y CAP-Gly microtubule binding domain
(Figure 1A).

To determine if a mutation in p150 affected its intracellular
localization, we transfected GFP-tagged WT or mutant pl5084
into HeLa cells followed by immunocytochemical analysis. HeLa
cells overexpressing GFP-WT p1508*“? showed complete coloca-
lization with tubulin (Figure 1B). By contrast, those with a
pathogenic mutation were diffusely distributed in the cytoplasm
and showed no apparent colocalization with tubulin (Figure S1A).
Additionally, cytoplasmic, but not nuclear, aggregates were
observed in cells with high expression levels of the mutant
p1508 plasmids as early as 24 h after transfection, most
frequently in the perinuclear region of the cells with G395

glued
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pl150¥%“ (Figure 1B, C). These findings are consistent with
previous reports [8,11]. Analogous results were detected with the
overexpression of 3xFLAG-tagged WT and mutant p150¢™¢ in
SH-SY5Y (Figure S1B) and HelLa cells (Figure S1C, D). Previous
studies examining the overexpression of mutant G59S p1508™¢d
showed decreased affinity of the mutant form of p1508? for
microtubules, indicating that mutant p1508™® dissociated from
microtubules and formed aggregates [11].

To confirm the formation of cytoplasmic aggregates, we
performed conventional electron microscopy (EM) analysis.
High-density aggregates around the nuclei were detected in cells
overexpressing G59S or G71R p150¢™“ (Figure S1E). Next, using
immuno-EM analysis with anti-GFP antibodies to recognize GFP-
tagged mutant p150¢"?, we detected p150¢™“ localized in high
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density aggregates, particularly in the perinuclear region of the
cells overexpressing G595 (Figure 1D, E) or G7IR {data not
shown) p1508%9 Unfortunately, because of the fixation technique
for immuno-EM, we could not use the same specimens to assess
morphological changes in organelles, including mitochondria, in
the cells that showed the aggregates.

We next sought to determine the characteristics of the
aggregates by immunocytochemistry. The mutant pl 505
aggregates were partially positive for endogenous ubiquitin but
not for FLAG-tagged TAR DNA-binding protein 43 (TDP-43)
(Figure SIF, G). This is consistent with previous reports showing
that dynactin subunits p50 and p62 were present in less than 5% of
TDP-43-expressing neurons in the globus pallidus of the autopsied
brain of a PS patient [8].

Apoptotic changes occurred in cells with cytoplasmic
aggregates

To elucidate the pathogenesis of the pl508““associated
diseases, we focused on the association of cytoplasmic aggregates
induced by mutant p1508° overexpression with cell death. We
tested the death rate of cells expressing the GFP-tagged pl508,
assessed by nuclear morphological changes described in a previous
report [12]. The rate of cell death was significantly increased by
overexpression of G398 or G71R p150#*“! hoth 24 and 48 h after
transfection when compared with control cells (Figure 2A).

To examine the characteristics of the cell death induced by
G598 or G7IR pl308 we performed the same analysis 24 h
after transfection with controls cells and cells treated with the pan-
caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-
fluoromethylketone (z-VAD-fink). The rate of cell death induced
by overexpression of G398 or G7IR pl1508°? was significantly
suppressed by z-VAD (Figure 2B) [13]. In a population of cells
selected based on GFP (p1508“) intensity, the numbers of early
apoptotic cells (annexin V-positive, propidium iodide (PI}-negative)
and late apoptotic or necrotic cells (annexin V-positive, Pl-
positive) were both increased by overexpression of G598 or G71R
p1508 (Figure 2C, D). Likewise, z-VAD treatment significantly
decreased cell death in both G39S and G7IR pl508wd
overexpressing cells.

To examine the activation of the intrinsic apoptotic pathway,
we determined whether or not cells with aggregates were positive
for cleaved caspase-3 using fluorescent-activated cell sorting
(FACS) and immunocytochemistry analyses. The number of cells
positive for both cleaved caspase-3 and GFP (p1505™) in cells
overexpressing G39S or G71R p150#*“! was markedly increased
compared with control cells (Figure 2E, F). We found that siRNA
knockdown against caspase-3 blocked the increase of cell death
caused by the overexpression of the mutant p1508“® (Figure 2G,
H). Next, we wanted to rule out the possibility that extrinsically
induced apoptosis via caspase-8 cleavage was causing some or all
of the cell death seen in these experiments. Therefore, to exclude
this possibility, we examined whether siRNA knockdown of
caspase-8 inhibited the apoptosis induced by overexpression of
mutant pl50¥°d, Knockdown of caspase-8 did not inhibit
apoptosis induced by overexpression of G39S pl1508™* (Figure
S2), suggesting that extrinsically induced apoptosis is not the cause
of the cell death seen in these cells.

Aggregate formation caused by the G59S mutant led to cell
death. Both aggregate formation and cell death are inhibited by
overexpression of Hsp70, a molecular chaperone. These findings
suggest that mutant p150%“? aggregates play an important role in
the mechanism of cell death in HMN7B [11]. We conclude that
mutant pl308U aggregates cause apoptosis via activation of the
intrinsic apoptotic pathway.
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Cells with cytoplasmic aggregates have more
mitochondria with reduced mitochondrial membrane

potentials

Levy et al. showed that mutant pl5 ! aggregates are usually
associated with mitochondria [11]. Therefore, we hypothesized
that an accumulation of damaged mitochondria may cause
apoptosis. Live-cell imaging analysis in cells overexpressing WT
or mutant pl304° detected elongated tubular mitochondria in
control cells, while cells overexpressing mutant [V)l:”)()*‘[““d mainly
showed fragmented mitochondria in the vicinity of the nuclei
(Figure 3A). Overexpression of G598 or G7IR pl50#“? also
increased the expression levels of Tom?20, a mitochondrial outer
membrane protein that is commonly used for assessing mitochon-
dria numbers (Figure 4B, Cj [14--16].

To determine the health status of the accumulated mitochon-
dria, we next analyzed cells stained with MitoTracker-Red
CMXRos by FACS analysis. Only intact mitochondria with
preserved respiration activities and membrane potentials absorb
this dye. For an accurate assessment, we only analyzed cells that
expressed a high GFP intensity, determined using a flow
cytometer. Intriguingly, we detected a marked increase in the
number of cells with decreased uptake of MitoTracker-Red
CMXRos in cells overexpressing G595 or G7IR pl508
compared with the control cells (Figure 3D, E). Also, overexpres-
sion of WT pl50¥ decreased mitochondrial membrane
potentials, which might be associated with insufficient mitochon-
dria dynamics [11]. Based on the collected results, we conclude
that mutated pl508*Y causes the accumulation of damaged
mitochondria, which is followed by activation of the intrinsic
apoptotic pathway.

Ogl e

p1509ed knockdown does not affect mitochondrial
membrane potentials and activates apoptotic pathway
via caspase-8 cleavage

Next, we tested whether or not WT pl508*? §RNA
knockdown affects mitochondrial functions in a manner similar
to mutant pl30¥“® overexpression. As shown in Figure 4A-D,
total levels of Tom20 and mitochondria complex I were not
changed and the levels of damaged mitochondria without
MitoTracker-Red CMX-Ros intake were not significantly in-
creased by pl130*? knockdown (Figure 4E, F). Next, we
examined caspase-8 activation because of its association with the
extrinsic apoptotic pathway. As shown in Figure 5A-H, the levels
of total caspase-8 and caspase-3 were decreased with p1508e
knockdown, whereas the levels of their cleaved forms of caspase-8
and PARP were increased. This suggests that p1508“““ knock-
down activated caspase-8, leading to caspase-3 activation.
Accordingly, treatment with a caspase-8 inhibitor suppressed
caspase-3 activation (Figure 51, J), and caspase-8 siRNA knock-
down also decreased apoptotic cell death (Figure 5K, L). Taken
together, these data show that the loss-of-function of endogenous
p1508™ significantly activates caspase-8, inducing apoptosis.

Cells with mutant p1509"¢? overexpression and wild-
type endogenous p1509"“*? knockdown showed more
apoptosis

Finally, to address the pathogenesis of the pl5 -associated
disorders more precisely, we performed mutant pl505“ overex-
pression experiments with or without siRNA knockdown against
endogenous p150¥“, As shown in Figure 6, sIRNA knockdown of
endogenous pl50g]“Cd along with overexpression of either the
G598 or G71R mutant form caused many more cells to display
early apoptotic changes (GFP-positive and Annexin V-positive)

Oglucd
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Figure 2. Mutant p15 proteins activate intrinsic apoptotic pathways. (A) Hela cells transfected with GFP-empty, GFP-tagged wild-type
or mutant (G595 or G71R) p1509¢ were fixed and stained with DAP! after 24 and 48 h. GFP-positive cells were counted from three independent
experiments. The percentage of GFP-positive cells with nuclear abnormalities is shown. (B) Ratio of transfected Hela celis with nuclear abnormalities
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after treatment with or without z-VAD (100 uM) for 24 hours, Values are relative to the GFP-empty value, which is set at 1. (C, D) Transfected SH-5Y5Y
cells after treatment with or without z-VAD (100 uM) for 48 h were stained with Annexin V and Pl, and GFP-positive cells were analyzed by flow
cytometry. (E) Hela cells transfected with GFP-tagged wild-type or mutant p1509¢ were fixed and stained with an antibody against cleaved
caspase-3. Bars, 10 um. (F) Twenty-four hours after transfection, SH-SY5Y cells were fixed and stained with a cleaved caspase-3 antibody. GFP-positive
cells were analyzed by flow cytometry and the mean fluorescent intensity was calculated. (G) Hela cells were transfected with control scrambled
SIRNA or caspase-3 siRNA for 72 h and immunoblotting analysis was performed to monitor the knockdown efficiency of the caspase-3 siRNA. (H)
Twenty-four hours after transfection with control siRNA or caspase-3 siRNA, Hela cells were transfected with GFP-empty, GFP-tagged wild-type or
mutant p1509U*¢, Forty-eight hours after transfection, cells were fixed and stained with DAPI, and ratios of GFP-positive cells with nuclear
abnormalities were analyzed. Values are relative to the GFP-empty value, which is set at 1. The error bar indicates each standard deviation. Statistics
are from three independent experiments: N.S., not significant; *, p<<0.05; **, p<c0.01; ***, p<<0.001.,

doi:10.1371/journal.pone.0094645.g002

compared with the cells overexpressing a p150*° mutant and a
control siRNA. Therefore, we concluded that both excess levels of
mutant pl50#" and decreased levels of endogenous plagEte
contribute to the pathogenesis of p150¥"““-associated disorders via
the activation of apoptosis.

Discussion

In this study, we sought to determine the pathogenesis of
plo08dassociated  diseases caused by P50 mutations.
Overexpression of mutant p1504““* in HeLa and SH-SY5Y cells
induced pl50#"“positive aggregate formation, accamulation of
damaged mitachondria, and activation of the intrinsic apoptotic
pathway. Endogenous p1504"“ knockdown in the same cell lines
also activated a caspase-8-dependent apoptotic pathway without
apparent mitochondrial abnormalities. Importantly, cell death
induced by pl1505™“ knockdown was markedly enhanced by
simultaneous overexpression of mutant p1508*Y, suggesting the
disease pathogenesis may be associated with both p1508! gain-
of-toxic-function and loss-of-function.

All of the HMN7B and PS associated mutations are located
within the CAP-Gly microtubule domain [8], and various reports
have suggested that mutant p1508" proteins have the tendency
to lose their affinity to microtubules [4,8-10]. Our studies support
these reports as we observed decreased colocalization of mutant
p150#Y with microtubules as well as increased intracytoplasmic
aggregates in our immunocytochemistry experiments. However,
the in vivo binding activity changes of mutant p150#“d remain
unclear. Therefore, further studies should be performed to
determine precisely how mutant p1508 proteins are detoured
from their original distribution pattern and how they form
aggregates.

The dynein complex plays various critical roles in mitochondrial
function (such as retrograde transport and fission/fusion) [17-21].
In this study, we could detect mitochondrial abnormalities (loss of
membrane potential and morphological abnormalities) only in
cells that expressed mutant forms of p1508™d, A report by Varadi
et al. found that disruption of dynein function by either p50
overexpression or microinjection of anti-dynein intermediate chain
antibodies led to mitochondrial morphology and distribution
changes [22]. Our data, however, showed that p1508ed SIRNA
knockdown did not induce mitochondrial abnormalities. Only
mutant pl50%““? overexpression led to these abnormalities,
implying that each dynein subunit might have a specific
association with mitochondrial function.

Abnormal protein accumulation has been implicated in the
pathogenesis of various neurodegenerative diseases [23]. In this
study, we revealed that mutant p1508 (G59S, G71R) overex-
pression induced aggregate formation and caspase activation
associated with mitochondrial abnormalities. This supports the
findings by Levy et al. who reported that aggregate formation by
the G59S mutant leads to cell death, and that both aggregate
formation and the induced cell death were inhibited by
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overexpression of Hsp70, a molecular chaperone [11]. Likewise,
other studies have shown that overexpression of a plaoeed
plasmid with a truncated C-terminal as well as knockdown of
endogenous pl:’)()“"'“d in rat hippocampal neurons induces
caspase-3-positive cell death, which is consistent with our ploosteed
knockdown results [24,25].

According to studies with n vivo models, neither expression of a
mutant nor the ACAP-Gly domain of pl508 affects axonal
transport, but WT p1508°Y is needed for initiation of retrograde
transport at synaptic termini in Drosophila motor neurons and
mouse dorsal root ganglion neurons [3,4]. Knock-in and
transgenic mice that are heterozygous for the G595 plagshed
mutation exhibit late-onset slowly progressive muscle weakness,
motor neuron death, and vesicle accumulation [5-7]. This is in
contrast to heterozygous pl1508°! knockout mice, which did not
display a neurodegencrative phenotype. Taken together, this
evidence suggests that the pathogenesis of p1508“Lassociated
diseases might be caused mainly by a gain-of-function effect
[6,26].

Neurons of the hypoglossal nucleus and ventral horn in
HMN7B and the substantia nigra and locus coeruleus in PS are
substantially affected [1,2]. Although this means that neuronal cell
lines are the most appropriate for studying the mechanisms that
underlie the pathology of p150¥“““associated discases, various
studies have been performed using non-neuronal cell lines. For
example, the CAP-Gly domain of p15084 was needed for proper
Golgi morphology in Hela cells {10} and to activate cell division
in Drosophila $2 cells [27]. G59S overexpression induced
mitochondria-containing pl1508°? aggregates and insufficient
recovery of Golgi distribution following nocodazole treatment in
COS7 cells. Overexpression of this mutant also increased cell
death induction in MN1 mouse embryonic motor neuron cells
[11]; however, this overexpression did not promote apoptosis
induction by caspase-3 cleavage in COS7 cells or in rat primary
motor neurons [28]. Although our data are from non-polarized
and non-neuronal Hela cells and thus might not reflect the
precise physiological state of neurodegenerative disease, we believe
that these results give us at least partial insight into the
mechanisms underlying p150¢“Yassociated  diseases. Further
assessment with more appropriate cell lines, like neurons
differentiated from induced pluripotent stem cells from the disease
patients should be performed in the future.

Materials and Methods

Cell culture and transfection

HeLa and SH-SY5Y cells were maintained as previously
described [29]. Cells were transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocols. For pharmacological studies, z-VAD-FMK (Calbio-
chem, San Diego, CA, USA, 219007), caspase-8 inhibitor II
(Millipore, Billerica, MA, USA, 218759), and DMSO (Sigma, St.
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Figure 3. Abnormal mitochondria accumulate in cells overexpressing mutant p1 5094, (A) Hel.a cells transfected with GFP-empty vector,
GFP-tagged wild-type or mutant (G59S or G71R) p1509®® were incubated with MitoTracker Deep Red (100 nM) for 15 min and analyzed using
confocal microscopy. Insets show higher magnification of the boxed areas. Bars, 10 um. (B, C) Twenty-four hours after transfection, GFP-positive Hela
cells were sorted using flow cytometry and analyzed by immunoblotting with antibodies against TOM20 and actin (B). Densitometry analysis of
TOM20 levels relative to actin was performed in three independent experiments (C). (D, E) Twenty-four hours after transfection, Hela cells were
incubated with Mitotracker-Red CMXRos (25 nM) for 15 min, and intracellular fluorescence intensity was measured by flow cytometry. The
histograms of MitoTracker-Red CMXRos fluorescence in GFP-positive cells (D) and the percentages of GFP-positive cells with reduced mitochondrial
potentials (E) are shown. The error bar indicates each standard deviation. Statistics are from three independent experiments: ¥, p<<0.05; **, p<<0.01;
#% 5<0.001.

doi:10.1371/journal.pone.0094645.9003

Louis, MO, USA, D2650) were added at the indicated times and
concentrations.

Plasmids

The wild-type DCTNI coding region was PCR-amplified from a
¢DNA plasmid kindly provided by Dr. Farrer MJ (University of
British Columbia) using the following primers (Sigma): 5'-
TCAAGGGAATTCAATGGCACAGAGCAAGAGGCAC-3’
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and 5 -TCAAGGGATATCAGGGAGATGAGGCGACTGT-
GAA-3'. The resulting fragment was inserted into the pFLAG-
CMV5a vector (Sigma) using £coRV and EcoRI. The plasmid was
cut with EcoRI and Kpnl, and the insert was subcloned into
pAcGFP-N3 (Clontech, Mountain View, CA, USA). Mutagenesis
to create the six mutated p1508*? plasmids was performed using
the Quikchange Lightning site-directed mutagenesis kit (Strata-
gene, La Jolla, CA, USA). The pClneo-TDP43-FLAG plasmid

April 2014 | Volume 9 | Issue 4 | 94645

— 235 —



