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aneurysm of the left middle cerebral artery. The patient’s mother
suffered from dementia, but the details of her disease were
unknown. The patient substituted words for names of people and
objects. Two years after the onset of symptoms, the patient became
severely disfluent. However, she did not show any violent behavior,
personality changes, or other behavioral abnormalities. The patient
scored 29/30 on the MMSE. On the frontal assessment battery, she
scored 13/18. The patient’s time to complete the Trail Making Test
(TMT) A was 70 s, and she could not finish the TMT B within five
minutes. Her spontaneous speech production was characterized by
slow and hesitant speech, frequently interrupted by long word-
finding ‘pauses. Her motor speech abilities were within: the
normal limits, and no apraxia of speech was noted. No parkin-
sonism was observed. The patient’s clinical diagnosis was PPA with
a family history of dementia.

3.3. Results of C9orf72 analysis

We identified no patients with expanded hexanucleotide
repeats in C9orf72 in this study. In 75 patients, the average repeat
number based on fluorescent fragment-length analysis was
3.77 £ 2.56 (range 211 repeats). We have previously reported that
an analysis of 197 Japanese healthy controls did not find any
C9orf72 mutation. The average repeat number was 3.69 + 2.46
(range 2—14 repeats) in the 197 controls [21].

4. Discussion

We identified five MAPT mutations, including a novel de novo
mutation and a novel PGRN mutation, and we found no C9orf72
mutations in our 75 patients. More mutations were found in MAPT
than in the other two genes evaluated in this study. The infrequent
observation of PGRN and C90rf72 mutations might be partly due to
the small number of FTLD patients included (n = 38) because the
majority of PGRN and C9orf72 mutations have been described in
patients with FTLD. In contrast to most other mutation screening
studies, we performed MLPA analysis to ensure that exonic or larger
deletions or multiplications of MAPT and PGRN would be identified.
Therefore, our data also show that multiplications of MAPT and
exonic or genomic deletions in PGRN are rare in Asian populations.
Although mutations were detected in FILD and PSP patients, we
did not find any mutations in our CBS patients. A further larger
study and investigation of the other genes are needed to clarify the
genetic background of Japanese patients with CBS.

The MAPT p.S285R mutation, which we found in this study, is
a novel de novo mutation. To the best of our knowledge, this report
is the first description of an adult sporadic case of a de novo MAPT
mutation associated with dementia and parkinsonism. All six
patients (Patients 1, 2, 3, 5, 6, and 7) with PSP and the distinct eye
movements described in the present study (such as tonic upward
ocular fixation, oscillopsia with congenital nystagmus, and visual
grasping) harbored MAPT mutations. Below, we discuss these
abnormal eye movements, which are generally not observed in
patients with sporadic PSP.

In Patient 1 (MAPT p.S285R), we observed tonic upward ocular
fixation, which is a loss of downward saccades resembling an
acquired ocular motor apraxia [22]. This condition is characterized
by a loss of voluntary control of saccades and pursuit, whereas
reflex movements—in particular, the vestibulo-ocular reflex—were
preserved. Acquired ocular motor apraxia is usually the result of
bilateral frontal or frontoparietal infarcts. Therefore, tonic upward
ocular fixation due to a MAPT mutation might share “supranuclear”
cerebral lesions in common with ocular motor apraxia. Brainstem
functions, including the vestibulo-ocular reflex and Bell's
phenomenon, were preserved in Patient 1.

In Patients 2 and 3 (MAPT p.N279K), pendular nystagmus was
present since childhood and was suppressed with eyelid closure.
These features are consistent with congenital nystagmus [23]. Most
patients with congenital nystagmus do not complain of oscillopsia,
despite having nearly continuous eye movement [23]. Notably,
Patients 2 and 3 noticed oscillopsia when they developed parkin-
sonism. In these siblings, cerebral lesions caused solely by a MAPT
mutation were unlikely to be the cause of their nystagmus; however,
the co-existence of congenital nystagmus and the MAPT mutation
might have caused the oscillopsia. This notion is supported in part
because the patients had a sister who remained healthy — even in
her late 60s — and did not complain of oscillopsia, despite having
obvious pendular nystagmus (Fig. 1A). Thus, MAPT mutations might
impair the visual-motion processing pathways that would normally
suppress oscillopsia in patients with common congenital
nystagmus. Visual grasping, which was first described by Ghika et al.
[20], was observed in Patients 5, 6, and 7 (MAPT p.N279K) [19].

Although PSP is a rare manifestation of MAPT mutation [24], and
the routine screening of sporadic PSP for mutations in MAPT is not
recommended because of low yield [25], it is recommended that
screening be considered for families in which there is an autosomal
dominant history of a PSP syndrome, particularly when there are
accompanying features suggestive of bvFTD [24]. The clinical
difference from sporadic PSP might sometimes be difficult to
detect, -especially in patients without a family history [26—28];
however, an important case report indicated that an age at disease
onset under 50 years combined with the absence of early falling
may indicate a possible MAPT mutation in clinically diagnosed PSP,
even in the absence of a positive family history [26]. Consistent
with this observation, our eight MAPT-positive patients with PSP
phenotype were younger than 50 years at disease onset (Table 2).
We further suggest that it may be useful to test for MAPT mutations
in early-onset PSP patients with the abnormal eye movements that
are not typical of sporadic PSP. In fact, we identified the novel de
novo mutation p.S285R in Patient 1 and p.N279K in Patient 5, who
had no family history, after focusing on these clinical phenotypes.

To the best of our knowledge, the PGRN mutation has not been
previously described in Asian populations [29]. We detected a novel
PGRN mutation, p.G338RfsX23 (c.1012_1013delGGinsC), and thus
showed that PGRN mutations may exist in Asian populations. This
mutation introduces a premature termination codon at the same
site as the p.G333VfsX28 (c.998delG) mutation, which was re-
ported previously, and produced a PPA phenotype in all of the
affected individuals [30]. The PPA phenotype of p.G338RfsX23
(€.1012_1013delGGinsC) in our study is remarkably similar to that
of p.G333VfsX28 (c.998delG), especially in the manifestation of
word-finding and object-naming difficulties and the lack of
memory or personality changes during the first few years after
symptom onset. We believe that the mutant RNA in both cases is
most likely subjected to nonsense-mediated decay, similar to other
PGRN mutations [2]. .

In summary, based on these findings, we recommend genetic
testing for MAPT mutations not only in familial patients but also in
sporadic patients, especially early-onset PSP patients with the
abnormal eye movements that are generally not observed in
sporadic PSP. Although PGRN and C9orf72 mutations were rare in
this study, we determined that the PGRN mutation does exist in
Asian patients with FTLD (PPA). Based on the clinical information,
screening for MAPT, PGRN, and C9orf72 mutations should be further
undertaken to improve the diagnosis of specific clinical entities of
neurodegenerative disorders.
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Eukaryotes employ elaborate mitochondrial quality con-
trol (MQC) to maintain the function of the power-gener-
ating organelle. Parkinson’s disease-associated PINK1 and
Parkin actively participate in MQC. However, the sig-
naling events involved are largely unknown. Here we
show that mechanistic target of rapamycin 2 (mTORC2)
and Tricornered (Trc) kinases act downstream from PINK1
to regulate MQC. Trc is phosphorylated in mTORC2-
dependent and mTORC2-independent manners and is
specifically localized to mitochondria in response to PINK1,
which regulates mTORC2 through mitochondrial com-
plex-I activity. Genetically, mTORC2 and Trc act up-

stream of Parkin. Thus, multiplex kinase signaling is-

acting between PINK1 and Parkin to regulate MQC, a
process highly conserved in mammals.

Supplemental material is available for this article.

Received August 13, 2012; revised version accepted
December 4, 2012.

To sustain energy supply and overall cellular health,
elaborate quality control systems are deployed to main-
tain mitochondrial integrity and functionality (Narendra
and Youle 2011; Rugarli and Langer 2012). Mitochondrial
quality control (MQC) is particularly important for the
maintenance of neural and muscular tissues. PINK1

[Keywords: Tricornered; NDR; mTORC2; PINK1; mitochondrial quality
control]
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(Valente et al. 2004) and Parkin (Kitada et al. 1998), two
proteins associated with familial Parkinson’s disease
{PDJ, have been identified as central players in a cellular
pathway that directs MQC, a dynamic and multifaceted
network encompassing mitochondrial complex-I (CI)
function (Liu et al. 2011; Vilain et al. 2012), fission/fusion
dynamics (Yang et al. 2008), transport (Wang et al. 2011,
Liu et al. 2012), and mitophagy (Liu and Lu 2010;
Narendra et al. 2010). Genetic epistasis studies, first in
Drosophila (Clark et al. 2006; Park et al. 2006; Yang et al.
2006) and later in mammalian cells (Exner et al. 2007},
positioned PINK1 upstream of Parkin in MQC. Studies in
mammalian cells have further shown that PINKI be-
comes stabilized on the outer membrane of depolarized
mitochondria, where it recruits Parkin from the cytosol
to promote mitophagy (Narendra et al. 2010). However,
the mechanisms of PINK1 and Parkin action and the
signaling events involved in the MQC process are poorly
understood, with various discordant models having been
proposed (Narendra and Youle 2011). )

We continued using the powerful tools available in
Drosophila to dissect the genetic program underlying
PINK1/Parkin-directed MQC. Here we identify mecha-
nistic target of rapamycin 2 (mTORC2) and tricornered
{Trc) kinase signaling as intermediate steps between
PINK1 and Parkin in the MQC process in Drosophila
and further verify the findings in mammalian cells. Qur
results reveal a previously unanticipated complexity of
signaling events involved in PINK1/Parkin-directed MQC
and tissue maintenance and shed new light on how
mTORC2 and Trc, two important kinases critically in-
volved in cellular morphogenesis, development, growth,
and disease, are regulated in an in vivo setting.

Results and Discussion

To elucidate the signaling events acting downstream
from PINK1, we performed genetic screens as described
before (Liu and Lu 2010; Liu et al. 2012) to identify genes
that can modify PINK1 loss-of-function {LOF}-induced
wing posture and flight ability defects. This led to the
identification of mTORC2 components as strong modi-
fiers of PINK1. While overexpression of the mTORC2
components Rictor and Sinl (Hietakangas and Cohen
2007), either individually or in combination, had no obvious
effects on their own (Supplemental Fig. S1), they effectively
suppressed dPINKI LOF phenotypes with respect to the
integrity and function of flight muscle, as measured by
thoracic ATP level and wing posture (Fig. 1A,B;Supple-
mental Fig. S1D) and the loss of dopaminergic neurons
(DNs) in the PPL1 cluster (Fig. 1E). Conversely, rictor or sinl
mutations significantly enhanced dPINK1 LOF phenotypes
(Fig. 1A-E; Supplemental Fig. S1D), although the rictor or
sinl mutant alone did not show obvious phenotypes in
these assays (Supplemental Fig. S1A-C). The effects of
mTORC2 components on tissue integrity correlated well
with the effects on mitochondrial morphology, with
mTORC2 gain of function (GOF) rescuing the mito-
chondrial aggregation phenotype caused by dPINK1 LOF,
whereas mTORC2 LOF had opposite effects (Fig. 1C,D).
We next explored the molecular mechanisms underly-
ing the strong genetic interaction between PINKI1 and
mTORC2. Using phosphorylation of Drosophila AKT at
S505 as readout of mTORC2 activity (Sarbassov et al.
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Figure 1. Genetic interaction between PINKI and mTORC2.
[A) PINK1 RNAi-induced ATP level drop was rescued by Rictor or
Sinl overexpression (OE) but enhanced by their LOF. (B) PINK1
RNAi-induced abnormal wing posture was rescued by Rictor over-
expression or Rictor + Sinl overexpression but enhanced by their
LOF. (C) PINK1 RNAi-induced mitochondrial aggregation in muscle
was strongly rescued by Rictor overexpression and moderately rescued
by Sinl overexpression but was enhanced by rictor LOF. Mitochon-
drial morphology was monitored with a mito-GFP reporter. Bar,
30 pm. (D) PINK1 LOF-induced mitochondrial aggregation in DNs was
strongly rescued by Rictor overexpression and moderately rescued by
Sinl overexpression but enhanced by rictor LOF. Bar, 5 pm. (E) PINK1
LOF-induced loss of DNs in the PPL1 cluster was rescued by Rictor
overexpression but enhanced by rictor LOF. A rictor deletion mutant
[A2) and two inde gendent rictor RNAI lines (#1 and #2) were used in
LOF studies. (* or ) P < 0.05; [** or ¥ P < 0.01; (*** or ##) P < 0.005 in
one-way AN OVA tests when data from day 1 or day 14 were compared.

2005), we found that the p-S505-AKT level was signifi-
cantly reduced in the dPINKI LOF condition but in-
creased by PINK1 GOF (Fig. 2A), indicating that PINK1
regulates mTORC2 activity in vivo. To further validate
this point, we affinity-purified Drosophila mTORC2
from transgenic animals expressing a Flag-tagged Sinl
(Koike-Kumagai et al. 2009). In vitro kinase assays using
purified mTORC2 as the kinase and kinase-dead (KD)
GST-AKT as the substrate showed that the %geciﬁc activity
of mTORC2 was reduced in the dPINK1*"-null mutant
but increased in PINK1 GOF background (Fig. 2B). The
amounts of dTOR copurifying with Flag-Sinl were com-
parable among the various genotypes (Fig. 2B}, suggesting
that PINK1 primarily regulates mTORC?2 kinase activity
instead of its assembly. Consistent with impaired mTORC2
signaling contributing to PINK1 pathogenesis, phosphatidyl-
inositol 3,4,5-trisphosphate (PIP;) treatment, which could
directly activate mTORC2 in mammalian cells (Gan et al.
2011}, partially restored mTORC2 activity {Fig. 2C,D) and
rescued dPINKI mutant phenotypes in terms of lifespan,
wing posture, and mitochondrial morphology (Fig. 2E-G).
Despite the importance of mTORC2 in physiology and
disease, little is known about how it is regulated by
upstream signals (Zoncu et al. 2011). We further investi-
gated how PINKI1 regulates mTORC2 activity. Given that
PINK1 is a mitochondrial resident protein intimately
linked to CI function and that CI dysfunction could pheno-
copy dPINK1 LOF effects (Supplemental Fig. S2A-C}, we
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reasoned that the functional status of CI might affect
mTORC?2 activity. To test this hypothesis, we first exam-
ined p-S505-AKT levels in wild-type animals treated with
the CI inhibitor rotenone (Fig. 2H) or with CI subunits
knocked down by RNAi (Fig. 21). These manipulations led
to decreased p-S505-AKT levels. Consistently, mTORC2
purified from Cl-impaired animals exhibited reduced
kinase activity in vitro (Supplemental Fig. S2D). Impoz-
tantly, in dPINK1 mutants whose CI activity was supple-
mented by yeast NADH ubiquinone oxidoreductase
{yNDI1), the mutant phenotypes were effectively rescued
{Supplemental Fig. S2E-G), consistent with a recent study
{Vilain et al. 2012}, and p-S505-AKT level was restored
to normal (Fig. 21I). Further supporting a functional link
between CI and mTORC2 activation, mTORC2 LOF
animals were particularly sensitive to rotenone treatment
compared with other stress treatments (Supplemental
Fig. S3A-F), and LOF of mTORC2 and CI synergistically
disrupted muscle function {Supplemental Fig. S3G). These
results demonstrate that the functional state of CI main-
tained by PINK1 is a critical determinant of mTORC2
activity. Supporting this notion, PINK1 was found to
associate with components of CI [Supplemental Fig. S2H).

Next, we sought to determine the signaling events
downstream from mTORC2 that mediate PINK1-directed
MQC and tissue maintenance. Surprisingly, even though
AKT is considered a key downstream target of mTORC2
(Wullschleger et al. 2006; Russell et al. 2011; Zoncu et al.
2011) and AKT function is compromised in the dPINK1
mutant, as shown by a reduced p-S505-AKT level, over-
expression of wild-type or phospho-mutant forms of AKT
had no obvious effect on dPINKI LOF phenotypes in
terms of mitochondrial morphology and tissue mainte-
nance (Supplemental Fig. S4A-C). Knocking down AKT
by RNAI also had no obvious effect {Supplemental Fig.
S4A-~C). Thus, the best-studied mTORC2 target, AKT, is
unlikely to be a key mediator of mTORC2 function in
PINK1-controlled MQC and tissue maintenance.

Trc kinase was recently identified as a downstream
effector of mTORC2 in regulating the dendritic tiling of
Drosophila sensory neurons (Koike-Kumagai et al. 2009},
Trc was originally isolated in a screen for genes affecting
wing hair morphogenesis (Geng et al. 2000) and was later
found to be important for dendritic patterning (Emoto
et al. 2004) in Drosophila. Trc is homologous to mam-
malian nuclear Dbf-2-related (NDR) kinases (Hergovich
et al. 2006). Whether Trc/NDR regulates mitochondrial
function or neuromuscular tissue maintenance is not
known. Interestingly, although overexpression of Trc
LOF or GOF transgenes alone had little effect on muscle
function {Supplemental Fig. S5A-C), Trc GOF transgenes
effectively suppressed dPINKI LOF phenotypes in mus-
cle (Fig. 3A,B; Supplemental Fig.- S5D) or DN (Fig. 3E)
maintenance and mitochondrial morphology (Fig. 3C,D),
whereas dominant-negative Trc {Trc-K122A or Tre-K122/
T453A) had opposite effects (Fig. 3A-E; Supplemental Fig.
S5D). Note that wild-type or constitutively active Trc
(Trc-S292E and Trc-T453E} were equally effective in the
GOF assays, indicating that overexpressed wild-type Trc
became sufficiently activated, as indicated by its high
level phosphorylation at $292 (Fig. 3F).

Consistent with Trc acting downstream from mTORC2,
the enhancement of dPINKI LOF phenotypes by rictor
mutation was attenuated by wild-type Trc {Tre-WT) or
Trc-S292E GOF transgenes (Supplemental Fig. S6A,C),
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Figure 2. Effects of PINKI and mitochondrial CI function on TORC2 activity.
[A) Western blot analysis of Mhc-Gald-driven control (wild type [WT]), PINK1
overexpression, and PINK1-RNAi muscle extracts with the indicated antibodies
and data quantification. (B, top) In vitro phosphorylation of recombinant human
GST-AKT-KD by Drosophila TORC2 affinity-purified from control, PINKI-
overexpressing, and PINK1 LOF animals, all expressing a Sinl-Flag transgene.
(Bottom) Similar amounts of Sinl and dTOR were present in the extracts or
immunoprecipitated TORC2. After kinase reaction, AKT phosphorylation was
detected with anti-pS473-AKT, and total GST-AKT-KD was detected by Coomassie
Blue staining (CBS). (P.C.} Positive control with extract added; (N.C.) negative
control with no kinase added. Bar graph shows data quantification. (C-G) The
rescuing effect of PIP3 treatment on in vivo p-S505-AKT level (C), in vitro
mTORC?2 kinase activity (D), lifespan (E), wing posture (F), and muscle mitochon-
drial morphology (G) in PINK1-RNAIi animals. Values represent relative protein
amounts after normalization with controls. Mitochondrial morphology was
monitored with a mito-GFP reporter. In vitro mTORC?2 kinase assay was performed
as in B. Bar graphs show data quantification. Bar, 30 pm. (H) Reduction of pS505-
AKT level by rotenone treatment of wild-type animals. (I} Effect of CI subunit
(ND75 and CG9762) RNAI on pS505-AKT level and restoration of the p-S505-AKT
level in PINK1-RNAI animals after yNDI1 coexpression. Values represent relative
protein amounts after normalization with controls. Bar graphs show data quanti-
fication. {*) P < 0.05 in one-way ANOVA or Student’s t-tests.

Multiplex kinase signaling in the PINK1 pathway

identified substrate of mammalian NDR (Ultanir
et al. 2012), as readout (Fig. 3G). Interestingly, the
effect of PINK1 on T453 site phosphorylation was
mTORC2-dependent, whereas its effect on 5292
was mTORC2-independent (Fig. 3H), suggesting
that PINK1 regulates these two phosphorylation
events through distinct mechanisms. We next
tested whether activated Trc is localized to mito-
chondria to exert its effects on MQC. Strikingly,
p-T453-Trc and p-$292-Trc were found primarily
in the mitochondrial fraction, whereas total Trc
was found in both the cytoplasmic and mitochon-
drial fractions (Supplemental Fig. S8A). Since
mTORC?2 is also localized to mitochondria {Sup-
plemental Fig. S8BJ, mitochondria may serve as
a novel platform for mTORC2 and Trc signaling.
Parkin plays a critical role in MQC and main-
tenance of muscle and DNs and acts downstream
from PINK1. We found that the LOF effects of
Rictor (Fig. 4A,E) or Trc (Fig. 4C,G) in enhancing
dPINK1 mutant phenotypes were completely
blocked by Parkin GOF, suggesting that Parkin
acts downstream from TORC2 and Trc in the
PINK1 pathway. Consistently, Rictor GOF {Fig.
4B,F) or Trc GOF (Fig. 4D H) failed to rescue
the abnormal wing posture and mitochondrial
morphology phenotypes of the parkin mutant.
Next, we tested the genetic interaction between
mTORC2/Trc and key executors of MQC known
to genetically interact with PINKI, including the
mitochondrial fusion protein Marf (Liu and Lu
2010; Ziviani et al. 2010}, the autophagy regulator
Atgl [Liu and Lu 2010), and the mitochondrial
transport protein Miro (Wang et al. 2011; Liu et al.
2012). Marf RNAi or Atgl GOF effectively
blocked the enhancing effects of mTORC2 LOF
(Fig. 41]) or Trc LOF (Fig. 4K,L) in the dPINK1
mutant background. Miro RNAi was also effec-
tive, although to a lesser degree (Fig. 4I-L). To-
gether, these genetic epistasis data support criti-
cal roles of mTORC2 and Trc in mediating the
effect of PINK1 in MQC and tissue maintenance.
In mammalian cells, the PINK1-Parkin path-
way also plays central roles in MQC, with Parkin
recruited to damaged mitochondria in a PINK1-de-
pendent manner to promote mitophagy (Narendra
et al. 2010). We tested whether the mammalian
Trc homologs NDR1/2 act in PINK1/Parkin-di-
rected MQC. Knockdown of NDR1 but not NDR2

whereas the rescue of dPINKI LOF phenotypes by Rictor
overexpression was fully blocked by Trc LOF transgenes
(Supplemental Fig. S6B,D). Moreover, Trc RNAi induced
mitochondrial aggregation and DN loss in a wild-type
background (Supplemental Fig. S7A-C). These results
thus establish Trc as a key component of the PINKI1
pathway in MQC and tissue maintenance.

We further explored the biochemical mechanism of the
signaling events involving PINK1, mTORC?2, and Trc.
Consistent with Trc acting downstream from PINKI,
phosphorylation of Trc at $292 and T453, which correlate
with Trc activation (Emoto et al. 2006), were reduced in
dPINK1 mutants but significantly increased in PINK1
GOF flies (Fig. 3F). This was further supported by in vitro
assays of kinase activities of Trc purified from PINK1 LOF
and GOF flies using phosphorylation of AAK1, a newly

in HeLa cells led to altered mitochondrial distribution,
compromised recruitment of Parkin by PINK1, and delayed
clearance of damaged mitochondria (Supplemental Fig.
S9A-C). The mitophagy defects induced by NDR1 RNAi
were rescued by a siRNA-resistant NDRI1 construct
(Supplemental Fig. S9B,D). Importantly, we detected re-
duced phosphorylation of NDR1 at the corresponding
T444 site in PINK1~/~ mouse embryonic fibroblasts
{MEFs) expressing a kinase-dead form of PINK1 but not
wild-type PINK1 (Supplemental Fig. S10). Due to the
hypersensitivity of p-NDR1 to endogenous phosphatase
activities as previously reported (Koike-Kumagai et al.
2009), treatment with okadaic acid (OA) was needed to
reveal the effect of PINKI on the p-NDR1 level. These
results support that NDRI acts in the PINK1/Parkin
pathway in mammals. In carbonyl cyanide m-chlorophe-
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Figure 3. Evidence that Trc acts in the PINK1 pathway. (A,B) Mhc-
Gal4>PINK1 RNAi-induced flight ability [A) and wing posture (B)
defects were rescued by the coexpression of the short {S) or long (L)
isoforms of wild-type Trc or constitutively active (S292E or T453E)
Trc but enhanced by dominant-negative (K122A or K122A/T453A)
Trc. (* or %) P < 0.05; (** or ") P < 0.01; {*** or *#) P < 0.005 in one-
way ANOVA tests when data from day 1 (*) or day 14 (¥) were
compared. (C) Mhc-Gal4>PINK1 RNAi-induced mitochondrial ag-
gregation in indirect flight muscle was rescued by the coexpression
of Trc-L or Tre-S292E but enhanced by Trc-K122A/T453A. Mito-
chondrial morphology was monitored with a mito-GFP reporter. Bar,
30 wm. {D,E) PINK1%® mutation-induced mitochondrial aggrega-
tion in DNs (D) or loss of DNs in the PPL1 clusters (E) was strongly
rescued by TH-Gal4-driven expression of wild-type or constitu-
tively active Trc but enhanced by dominant-negative Trc. Bar, 5 pm.
(F) Western blot analysis showing the effects of PINK1 LOF or
overexpression on Trc phosphorylation. Trc-L overexpression served
as a positive control. (G) In vitro kinase assay showing the effects of
PINK1 LOF or overexpression on Trc kinase activity. Tre-L purified
from control, PINK1 mutant, and PINK1-overexpressing animals was
tested for kinase activity using AAK1-HA as a substrate in the pres-
ence of ATP-y-S and phosphorylation detected by anti-thiophosphate
ester antibody after esterification with p-nitrobenzylmesylate (PNBM).
(P.C.) Positive control with extract added; (N.C.) negative control
with no kinase added. Bar graph shows data quantification. (H)
Western blot analysis showing that PINK1-induced Trc phosphory-
lation of T453 was Rictor-dependent, whereas that of $292 was
Rictor-independent. {*} P < 0.05; (***) P < 0.005 in one-way ANOVA
tests in E and G.

nylhydrazone (CCCPJ-treated HeLa cells, NDR1 was
found to colocalize with Parkin and the mitochondrial
outer membrane marker Tom 20 (Supplemental Fig. S9B),
suggesting that NDR1 might also be localized to mito-
chondria to exert MQC. In Parkin stably transfected HeLa
cells that were subjected to Rictor RNAi (Supplemental
Fig. S11A,D) or in rictor /= MEF cells (Supplemental Fig.
S11B,C,E), the recruitment of Parkin to damaged mito-
chondria and the kinetics of mitophagy were also delayed,
supporting a critical role of mTORC2 in PINK1/Parkin-
directed mitophagy in mammals.

We further investigated the mechanism of action of
NDRI in mammalian cells. It has been reported that
Parkin is phosphorylated and activated by phosphoryla-
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tion upon CCCP treatment (Kondapalli et al. 2012; Shiba-
Fukushima et al. 2012). In HeLa cells stably transfected
with Parkin, CCCP treatment led to increased phosphor-
ylation of NDRI1 and Parkin as detected with Phos tag.
NDR1 RNAI significantly attenuated Parkin phosphory-
lation (Supplemental Fig. S12A), consistent with Parkin
acting downstream from NDR1. Further supporting this
notion, the activity of Parkin as measured by its auto-
ubiquitination was reduced by NDR1 RNAI {Supplemental
Fig. S12B). Moreover, the destabilization of MQC-related
proteins Mfnl and Mirol by CCCP-activated PINK1/
Parkin signaling was significantly attenuated by NDR1
RNAI (Supplemental Fig. S12A). These results support
the notion that, as in flies, NDR1 kinase signaling acts
upstream of Parkin and the other key MQC players in the
mammalian MQC pathway.

Our results demonstrate that mTORC2 and Tre sig-
naling are actively involved in the dynamic MQC
network directed by PINK1 and that they act between
PINK1 and Parkin in a conserved signaling pathway.
This finding reveals a previously unappreciated com-
plexity in the signaling steps between PINK1 and Parkin.
This is the first time both mTORC2 and Trc are directly
implicated in MQC. The fact that PINK1 regulates Trc
T453 phosphorylation in an mTORC2-dependent man-
ner and $292 phosphorylation in an mTORC2-indepen-
dent manner suggests the involvement of additional
kinases in this MQC pathway. Our finding of active
p-Tre localizing primarily to mitochondria suggests that
mitochondria may serve as a key platform for Trc
signaling. The kinase that directly acts on Trc T453 in
the context studied here remains to be identified. Al-
though mTORC?2 is required, it may not be the kinase
that directly phosphorylates this site (Koike-Kumagai
et al. 2009). Similarly, although PINKI1 is required for
mTORC2 activation, our results suggest that PINK1 acts
through maintaining mitochondrial CI activity to influ-
ence mTORC?2 activity, rather than directly phosphory-
lating mTORC2 as proposed in a previous study (Murata
etal. 2011). Our findings offer new insights into the novel
role of mitochondria in regulating mTORC2 and Trc/
NDR kinase signaling.

mTORC2 and Trc signaling both induce cell morphol-
ogy changes through actin cytoskeleton regulation (Jacinto
et al. 2004; Fang and Adler 2010). Given the dynamic
changes in mitochondrial distribution and morphology
during MQC and the implicated roles of the actin cyto-
skeleton in regulating mitochondrial distribution and
morphology (Boldogh and Pon 2006), it is possible that
mTORC2/Trc may act in MQC through cytoskeletal
regulation, although this remains to be tested. Our results
support the notion that Trc signaling directly impinges on
Parkin or the other key MQC executors (Supplemental
Fig. S12C). A corollary of our finding is that mitochon-
drial localization of the kinases and the ensuing MQC
may participate in other physiological processes regu-
lated by mTORC2/Trc signaling. Given that deregulated
mTORC2 (Zoncu et al. 2011}, Tre/NDR (Cornils et al.
2011), and PINK1 and Parkin (Devine et al. 2011) signal-
ing have all been linked to cancer in humans, another
important implication of this study is that aberrant MQC
signaling also contributes to cancerous growth and that
therapeutic agents targeting the newly identified, highly
conserved MQC signaling pathway may have broad
therapeutic applications.
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Figure 4. Genetic evidence that Parkin and MQC executors act downstream
from TORC2 and Trc in the PINK1 pathway. (A,E) The enhancement of PINK1
RNAi-induced abnormal wing posture (A) or mitochondrial aggregation (E) by
rictor deletion was suppressed by Parkin but not GFP overexpression. (B,F) The
rescue of PINK1 RNAi-induced abnormal wing posture {B) or mitochondrial
aggregation (F) by Rictor overexpression was blocked by Parkin LOF. (C,G) The
enhancement of PINK1 RNAi-induced abnormal wing posture (C) or mitochon-
drial aggregation (G) by dominant-negative Trc was completely suppressed by
Parkin but not GFP overexpression. (D,H) The rescue of PINK1 RNAi-induced
abnormal wing posture (D} or mitochondrial aggregation (H) by wild-type or
constitutively active Trc was blocked by Parkin LOE. (I,]) The enhancement of
PINK1 RNAi-induced abnormal wing posture (I) or mitochondrial aggregation
(]) by rictor deletion was suppressed by Miro-RNAi, Marf-RNAi, or Atgl over-
expression. (K,L}) The enhancement of PINK1 RNAi-induced abnormal wing
posture by dominant-negative Trc was suppressed by Miro-RNAi, Marf-RNAi, or
Atgl overexpression. (* or #) P < 0.05; (** or ## P <0.01; and (*** or *¥) P < 0.005
in one-way ANOVA or Student’s t-tests when data from day 1 (*) or day 14 (%)
were compared. Bars: E~FJ,L, 30 pm.

Materials and methods

Multiplex kinase signaling in the PINK1 pathway

3 times in lysis buffer and twice with the TORC2 kinase buffer
(25 mM HEPES at pH 7.5, 100 mM KAc, 2 mM MgCly). The
integrity of the TORC2 was confirmed by Western blot analysis.
For kinase assays, TORC2 immunocomplexes were incu-
bated with 500 ng of human GST-AKT-KD fusion protein in
30 pL of TORC2 kinase buffer containing 500 pM ATP. The
reaction was performed for 30 min at 30°C and terminated by
the addition of 30pL of 2X SDS sample buffer. AKT phosphor-
ylation by TORC2 was analyzed by Western blot using the
p-T473-AKT antibody (Cell Signaling Technology).

Mitochondrial and cytoplasmic protein fractionation

For mitochondria purification, we adopted a previous method
(Kristian et al. 2006). Briefly, fly tissues were collected and
homogenized in homogenization buffer {210 mM mannitol,
70 mM sucrose, 1 mM EGTA, 10 mM B-glycerophosphate, 50 mM
NaF, 1 mM PMSF, 5 mM HEPES at pH 7.12). The homogenate was
centrifuged at 1500g for 5 min, and the supernatant was collected
and centrifuged again at 13,000g for 17 min. The supernatant was
concentrated as a cytoplasmic protein sample, and the pellet was
stored for further mitochondrial purification. For mitochondrial
purification, the previous pellet was resuspended in 15% Percoll
solution and loaded onto a 15%-22%-50% discontinuous Percoll

~gradient. The gradient was centrifuged at 30,700g for 6 min, and

intact mitochondria were recovered from the 22%-50% gradient
interface. Mitochondria were washed with homogenization buffer
and subjected to SDS-PAGE.

Quantitative Western blot analysis

To obtain quantitative Western blot results, experimental con-
ditions such as the amounts of protein loaded, the antibody
dilutions, and exposure times were adjusted to make sure that
the Western blot signals were in the linear range. For the in vitro
kinase assays, Western blot analyses were performed using
standard protocols. After incubation with the ECL reagent
(PerkinElmer, Inc.}, the signals were scanned using a Typhoon
9400 system {GE Healthcare Life Sciences), and signal intensity
was quantified by ImageQuantTL. For the other immunoblots,
the signals were recorded on X-ray film and scanned, and the
signal intensity was analyzed by ImageQuantTL or Image].
Statistical analyses were based on data from three independent
repeats.

Statistical analysis

Two-tailed Student’s t-tests were used in the statistical analysis
when comparing two samples. A one-way ANOVA test was used
when multiple samples were compared.
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Editor’s comment: By systematically obtaining information from the charts of an impressively large number of patients with Parkinson’s
disease (PD) followed in an outpatient neurology clinic, Yoritaka and colleagues have provided us a treasure trove of information and data
that will serve as a valuable reference point for both clinicians and researchers. In addition to useful demographic and treatment informa-
tion, they also have accumulated very interesting data on a number of aspects of PD that often receive scant attention, such as the fre-
quency of camptocormia and pneumonia in PD patients.

Ronald F. Pfeiffer, Editor-in-Chief Department of Neurology, University of Tennessee HSC, 875 Monroe Avenue, Memphis, TN 38163, USA

Motor and non-motor symptoms of 1453 patients with Parkinson’s
disease: Prevalence and risks
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Article history: Purpose: We examined the prevalence and risk of clinical symptoms in a large number of Japanese pa-
Received 2 January 2013 tients with Parkinson’s disease (PD) (n = 1453; 650 males).
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Results: The mean age (SD) was 67.7 (10.0), age of onset was 58.0 (11.5), and disease duration was 9.7
(6.6) years. The mean modified Hoehn and Yahr stage was 2.8 (1.2). Most patients (88.9%) received
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1. Introduction

levodopa (547.7 (257.6) mg/day). A large proportion (81.3%) received dopamine agonists (136.2 (140.7)
mg/day). About 23.4% received pain treatment 6.9 (5.1) years after the onset; females (p < 0.05) and
patients with late-onset PD (>60 years, p < 0.001) were more likely to be affected. About 44.7% of pa-
tients had wearing-off 7.5 (4.7) years after the onset, and it was more common in females (p < 0.001) and
patients with early-onset PD (p < 0.001). Camptocormia was found in 9.5% of patients 8.1 (6.2) years after
the onset, and it was more common in females (p < 0.05) and patients with late-onset PD (p < 0.05).
About 28.6% of patients developed psychosis 9.0 (5.4) years after the onset, and it was more likely to
occur in patients with late-onset PD (p < 0.001). Late-onset PD and cerebrovascular disease were also
associated with increased risk of pneumonia. :
Conclusions: Considering that very few studies have assessed numerous clinical symptoms in the same
report, these data provide a useful reference for the clinical course of PD.

© 2013 Elsevier Ltd. All rights reserved.

replacement with levodopa or dopamine agonists (DA) results in
marked improvement of motor symptoms and alleviation of

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder after Alzheimer's disease. Dopamine
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disability; these treatments have also improved patient survival
[1,2]. However, levodopa use is also associated with the devel-
opment of motor complications that substantially contribute to
disability in patients with advanced PD. Various motor and non-
motor symptoms (NMS) and side effects of anti-parkinsonian
drugs limit the medication dose and the ability to prescribe
other drugs. Here, we have described the prevalence and risk
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Table 1
Baseline demographic and clinical characteristics of patients with Parkinson’s disease.
Variable Category n or mean SD Median
Total 1453
Age 67.7 10.0 68.5
Age at onset 58.0 11.5 59.3
Sex Male 650 (44.7%)
Female 803 (55.3%)
Disease duration Mean 9.7 6.6 8.5
Hoehn and Yahr stage on First visit Enrollment
0 10 (0.7%) 48 (3.3%)
0.5 and 1.0 241 (16.6%) 101 (7.0%)
1.5 and 2.0 685 (47.1%) 428 (29.5%)
2.5 and 3.0 414 (28.5%) 438 (30.1%)
4 68 (4.7%) 294 (20.2%)
5 10 (0.7%) 99 (6.8%)
Not described 25 (1.7%) 45 (3.1%)
Hypertension 258 (17.8%)
Dyslipidemia 174 (12.0%)
Diabetes mellitus 79 (5.4%)
Cerebral vessel disease 86 (5.9%)
Malignant tumor 87 (6.0%)
Therapy in another hospital before our hospital 802 (55.2%)
Anti-parkinsonian drugs
Levodopa 1292 (88.9%)
Duration from onset to start of treatment Years 29 3.2 2.0
Daily dose at enrollment day mg 547.7 257.6 600.0
Cumulative dose g 1259.2 : 1190.0 9334
Pramipexole 900 (61.9%)
Duration from onset to start of treatment Years 6.4 5.6 5.0
Daily dose (n = 900) mg 2.1 26 1.7
Ropinirole 212 (14.6%)
Duration from onset to start of treatment Years 75 6.1 6.0
Daily dose (n = 212) mg 75 4.7 33
Pergolide 414 (28.5%)
Duration from onset to start of treatment Years 4.9 49 3.5
Daily dose (n = 414) mg 941.4 2.0 1.6
Cabergoline 405 (27.9%)
Duration from onset to start of treatment Years 49 52 33
Daily dose (n = 405) mg 23 13 2.0
Bromocriptine 99 (6.8%)
Duration from onset to start of treatment Years 4.3 42 34
Daily dose (n = 99) mg 16.2 7.5
Dopamine agonist 1182 (81.3%)
Duration from onset to start of treatment Years 4.0 44 26
Daily dose (n = 1453) mg 136.2 140.7 120.0
Entacapone 314 (21.6%) .
Duration from onset to start of treatment Years 10.3 5.8 93
Daily dose (n = 314) mg 490.3 2493 400.0
Trihexyphenidyl 561 (38.6%)
Duration from onset to start of treatment Years 4.0 4.0 27
Daily dose (n = 561) mg 33 1.6 3.0
Amantadine 598 (41.2%)
Duration from onset to start of treatment Years 5.6 5.8 39
Daily dose (n = 598) mg 166.0 63.6 150.0
Zonisamide 98 (6.7%)
Duration from onset to start of treatment Years 9.9 72 8.2
Daily dose (n = 98) mg 47.3 34.9 25.0
Droxidopa 134 (9.2%)
Duration from onset to start of treatment Years 7.0 5.1 5.9
Daily dose (n = 134) mg 380.6 178.7 300.0
Selegiline ’ 620 (42.7%)
Duration from onset to start of treatment Years 6.7 5.0 5.6
Daily dose (n = 620) mg 7.2 6.0 5.0

of clinical symptoms in a large number of Japanese patients
with PD.

2. Patients and methods

Between January and June 2010, we retrospectively reviewed the charts of pa-
tients who had visited our outpatient neurology clinic at Juntendo Hospital in Tokyo,
and had been diagnosed with PD by a board-certified neurologist. Diagnoses were
based on the UK Brain Bank diagnostic criteria for PD [3], and patients with de-
mentia with Lewy bodies [4], progressive supranuclear palsy, corticobasal

degeneration, vascular parkinsonism, and other forms of parkinsonism were
excluded. Hospital charts were systematically reviewed by A.Y. This study was
approved by the Juntendo Hospital institutional ethics committee, and informed
consent was obtained.

The following data were collected from patients: sex; date of birth, first visit,
and onset; initial symptoms, side of initial symptoms, order of medications taken
from the time of initial medication, approximate date of start or stop of each
medication, and modified Hoehn and Yahr (H & Y) stage for the initial and final
evaluations; and dates of important events (pain, wearing-off, camptocormia, sleep
attack, orthostatic hypotension, psychosis, electrical convulsive therapy [ECT] for
severe psychosis, neuroleptic malignant syndrome, pneumonia, and tube feeding).
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“Onset” was defined as the date of appearance of the first symptoms of parkin-
sonism (bradykinesia, rest tremor, and/or rigidity). “Pain” was defined as pain that
required treatment, including pain related to wearing-off and excluding pain
related to bone fracture, myocardial infarction, respiratory disease, and abdominal
disease. “Camptocormia” was defined as marked anterior flexion of the thor-
acolumbar spine in the recumbent position without evidence of fixed kyphosis.
“Sleep Attack” was an acute and irresistible episode of sleep occurring without
warning signs [5]. “Orthostatic hypotension” was defined as a greater than
20 mmHg decrease in systolic pressure. “Psychosis” included reports of illusion,
false sense of presence, hallucinations, or delusions that continued or recurred for
at least 1 month [6]. Diagnosis of “neuroleptic malignant syndrome” was based on
Levenson’s criteria [7]. Other NMS like depression, cognition, apathy, and excessive
daytime sleepiness were not selected, because their onset was not clear, and the
patients were not regularly examined using tools like the NMS questionnaire
(NMSQuest) [8], Scale for Outcomes in Parkinson’s Disease-Psychiatric Complica-
tions (SCOPA-PC) [9], or SCOPA-Cognition (SCOPA-COG) [10]. NMS in early PD like
REM sleep behavior disorder (RBD), olfactory dysfunctions, or constipation were
not analyzed.

The daily levodopa equivalent dose was calculated on the basis of the following
equivalences: 100 mg standard levodopa = 10 mg bromocriptine = 1 mg
pergolide = 5 mg ropinirole = 1 mg pramipexole [11}].

2.1. Statistical analyses

SAS (ver. 9.1.3; SAS Institute Inc., Cary, NC, USA) and SPSS (ver. 16.1; SPSS Inc.,
Chicago, IL, USA) were used for statistical analyses. The data are presented as mean
(standard deviation [SD]) values for age, age at onset, H & Y stage of the “on” phase,
daily dose of drugs, and duration from the onset of PD for important events. H & Y
stages without parkinsonism symptoms in the “on” phase were considered as “0".
Point prevalences were calculated, and Kaplan—Meier (K—M) time-to-event curves
and log-rank tests were used to estimate the absolute risk of each event. The factors
chosen were as follows: onset age (early onset < 60 years or late onset > 60 years),
sex, hypertension (HT), diabetes mellitus (DM), dyslipidemia (DL), cerebrovascular
disease (CVD), and malignant tumor. These were selected because they are the most
frequently seen diseases in the Japanese. Logistic regression was performed to
calculate odds ratios (ORs) with 95% confidence intervals (Cls) for each event. Cox

Table 2
Kaplan—Meier survival of events in the patients with Parkinson’s disease.

proportional-hazard modeling was used to calculate hazard ratios (HRs) and 95% Cls
for differences among subgroups embedded into the following variables: age at
onset, sex, order of drugs (levodopa or other anti-parkinsonism drugs), and duration
to the start of drugs (levodopa, other drugs, or all anti-parkinsonism drugs). Pro-
portional hazards were assessed with graph log—log plots. Statistical tests were two-
sided, and the significance level was set at p < 0.05.

3. Results

We evaluated 1453 patients with PD (650 males) (Table 1). Their
mean age (SD) was 67.7 (10.0), age of onset was 58.1 (11.5), and
disease duration was 9.7 (6.6) years. The mean follow-up at our
hospital was 5.9 (5.7) years. Age and age at onset were 67.2 (10.2)
and 57.5 (11.8) years, respectively, for males and 68.3 (9.6) and 58.6
(11.2) years, respectively, for females. The mean H & Y stages were
2.2 (0.8) at the first visit and 2.8 (1.2) at the final evaluation. Pa-
tients with H & Y stages of 0,1 (0.5 and 1.0), [ (1.5 and 2.0), IIl (2.5
and 3.0), IV (4.0), V (5), and unknown {not described) were 3.3%,
7.0%, 29.5%, 30.1%, 20.2%, 6.8%, and 1.7%, respectively. The per-
centages of patients with PD who also had HT, DL, DM, CVD,
and malignant tumor were 17.8%, 12.0%, 5.4%, 5.9%, and 6.0%,
respectively.

Most patients (1292, 88.9%) received levodopa, and the average
daily dose at enrollment was 547.7 (257.6) mg/day. The average
levodopa doses for patients with H & Y stages of O, I, II, I, IV, and V
were 504.2 (252.8) mg, 498.0 (283.5) mg, 511.5 (304.2) mg, 484.9
(303.8) mg, 461.9 (283.4) mg, and 475.3 (270.1) mg, respectively
(including unmedicated patients). In total, 1182 patients (81.3%)
also received DAs; the average equivalent dose at enrollment was
136.2 (140.7) mg/day. The equivalent DA doses were 134.4 (142.4)
mg, 136.9 (138.1) mg, 136.6 (139.0) mg, 140.8 (142.3) mg, 129.5

Factors Category N n (%) Disease duration and prevalence: Kaplan—Meier (%) Log-rank test
2nd year 4th year 6th year 8th year 10th year 12th year
n
1356 1162 965 760 583 426
Pain Total 1453 340 (23.4) 3.2% 7.1% 13.2% 19.8% 25.0% 30.2% —
Age of onset <60 711 178 (25.0) 1.6% 4.4% 9.8% 15.1% 21.1% 25.5% P < 0.001***
>60 742 162 (21.8) 4.8% 9.9% 16.9% 25.7% 29.4% 37.0%
Sex Male 650 133 (20.5) 2.5% 6.2% 11.7% 17.6% 21.0% 26.5% P=0.018
Female 803 207 (25.8) 3.7% 7.9% 14.5% 21.6% 28.0% 33.1%
Wearing-off Total 1453 649 (44.7) 1.8% 9.9% 22.7% 40.5% 50.9% 61.8% -
Sex Male 650 253 (38.9) 1.3% 8.5% 18.6% 34.5% 40.9% 52.9% P < 0.001™*
Female 803 396 (49.3) 2.2% 11.1% 26.0% 45.4% 58.8% 68.7%
Camptocormia Total 1453 138 (9.5) 0.7% 2.7% 5.2% 7.5% 9.3% 11.8% -
Age of onset <60 711 80 (11.3) 0.7% 1.5% 3.5% 5.5% 7.0% 10.0% P =0.034*
>60 742 58 (7.8) 0.7% 4.1% 7.2% 9.9% 12.1% 13.4%
Sex Male 650 47 (7.2) 0.2% 1.6% 3.9% 6.4% 75% 9.1% P=0.010*
Female 803 91(11.3) 1.1% 3.6% 6.3% 8.5% 10.7% 13.9%
Sleep attack Total 1453 65 (4.5) 0.4% 1.3% 2.4% 4.4% 6.7% 10.5% -
Orthostatic hypotension Total 1453 95 (6.5) 0.5% 1.6% 3.0% 4.8% 6.0% 8.3% -
Age of onset <60 711 45 (6.3) 0.1% 0.4% 1.4% 2.5% 3.0% 5.3% P < 0.001***
>60 742 50 (6.7) 0.8% 2.8% 4.9% 7.9% 10.5% 12.8%
Hypertension - 1195 88 (7.4) 0.5% 1.8% 3.4% 5.5% 6.8% 9.5% P = 0.005"*
-+ 258 72.7) 0.4% 0.9% 0.9% 1.5% 2.3% 2.3%
Psychosis Total 1453 416 (28.6) 1.7% 5.8% 11.1% 18.0% 25.6% 33.8% -
Age of onset <60 711 207 (29.1) 0.7% 2.5% 5.8% 11.2% 16.0% 22.1% P < 0.001***
>60 742 209 (28.2) 2.7% 9.4% 17.2% 26.6% 39.8% 53.9%
Malignant syndrome Total 1453 32(22) 0.1% 0.2% 0.3% 1.1% 2.2% 2.8% —
Diabetes mellitus - 1374 27 (2.0) 0.1% 0.2% 0.3% 1.1% 1.7% 2.4% P =0.032*
+ 79 5(6.3) 0.0% 0.0% 0.0% 2.0% 9.0% 9.0%
Pneumonia Total 1453 63 (4.3) 0.1% 0.2% 0.7% 1.5% 2.8% 3.3% -
Age of onset <60 711 27 (3.8) 0.0% 0.0% 0.3% 0.3% 0.6% 0.8% P < 0.001***
>60 742 36 (4.9) 0.1% 0.5% 1.1% 3.1% 6.6% 7.9%
Cerebrovascular disease . 1367 51 (3.7) 0.1% 0.2% 0.5% 1.0% 2.1% 2.7% P < 0.001***
+ 86 12 (14.0) 0.0% 1.3% 4.1% 7.6% 11.7% 11.7%

All events were analyzed with all factors. The factors were designed as follows, onset age, sex, hypertension, diabetes mellitus, dyslipidemia, cerebrovascular disease, and
malignant tumor. Table indicates only factors with significant differences. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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Table 3
Logistic regression of the events in patients with Parkinson’s disease.

A. Yoritaka et al. / Parkinsonism and Related Disorders 19 (2013) 725-731

Factors Statistical ~ Age at Age Sex Disease Modified Daily Duration to  Duration start  First start  Hypertension
analysis onset (female) duration Hoehn and levodopa  start of of the drugs of the
Yahr stage (mg) levodopa except drugs
levodopa
Pain Odds ratio  0.85 1.18 142 0.83 1.00 1.00 0.10 0.96 0.83
Cl 0.66—1.08 0.92-1.51 1.08-1.87 0.65-1.06 0.87-1.15 1.00-1.00 1.00-1.00 0.92-1.01 0.60—-1.16 NE
p 0.177 0.191 0.013* 0.128 0.996 <0.001***  0.099 0.090 0.283
Wearing-off Odds ratio  0.97 0.97 2.13 1.00 0.93 1.00 1.00 0.99 1.28
Cl 0.75-1.27 0.75-123 1.61-280 0.77-1.29 0.82-1.07 1.00-1.00 1.00-1.00 0.93-1.04 091-1.79 NE
p 0.840 0.815 <0.001**  0.989 0.316 <0.001**  <0.001*** 0.592 0.156
Camptocormia Odds ratio 0.88 1.12 1.56 0.87 1.37 1.00 1.00 095 1.00
Cl 0.68—-1.14 0.86-145 1.07-2.28 0.68-1.12 1.13-1.66 1.00-1.00 1.00-1.00 0.88—-1.02 0.63—-1.57 NE
p 0.319 0.403 0.022* 0.278 0.002** 0.113 0.681 0.144 0.860
Sleep attack Odds ratio  0.98 1.00 0.60 NE 1.01 1.00 093 0.88 1.21 NE
Cl 093-1.03 0.95-1.06 0.36-1.00 0.78-1.30 0.99-1.00 0.78-1.11 0.76—1.02 0.93—-1.58
p 0.980 0.970 0.048* 0.967 0.889 0434 0.101 0.151
Orthostatic Odds ratio  0.86 1.19 0.95 0.82 132 1.00 1.00 1.03 1.25 4.47
hypotension CI 0.66—-1.11 091-1.54 0.60-1.51 0.64-1.05 1.03—-1.69 1.00-1.00 1.00-1.00 0.97-1.09 0.71-221 1.01-19.75
p 0.235 0.200 0.826 0.117 0.028* 0.190 0.016* 0.386 0.433 0.048*
Psychosis Odds ratio  0.98 1.06 1.20 1.01 1.49 1.00 1.04 0.94 0.68
cl 0.91-1.05 098-1.14 0.79-1.81 094-1.08 1.21-1.88 1.00-1.00 0.96-1.13 0.88-1.00 0.41-1.14 NE
D 0.505 0.136 0.401 0.845 <0.001** <0.001***  0.360 0.061 0.144

CI: confidence interval, *: p < 0.05, **: p < 0.01, ***: p < 0.001, NE: not examined.

(134.2) mg, and 131.4 (156.3) mg for H& Y stages 0, I, IL, 1, [V, and V,
respectively (including unmedicated patients). Equivalent DA
doses in H & Y stages I and II were not significantly different
between patients with wearing-off (159.8 (156.0) mg) and those
without wearing-off (131.6 (137.0) mg). The average levodopa
dose for H & Y stage I and II patients was 538.8 (214.6) mg with
wearing-off and 278.0 (247.4) mg without wearing-off; this dif-
ference was statistically significant (p < 0.001). H& Y stage I and II
patients with psychosis were on higher doses of levodopa (535.9
(220.2) mg) compared to patients without psychosis (336.9 (263.5)
mg) (p < 0.001). The average DA dose was 119.5 (151.6) mg in pa-
tients with psychosis and 146.9 (143.3) mg in those without
(p > 0.05).

The onset of events was significantly (p < 0.001) earlier in pa-
tients with late onset than in those with early onset (Additional

Table 4

Cox proportional hazards models for clinical events in patients with Parkinson’s disease.

Table 1S). The prevalence and mean duration of each symptom
from onset of PD are shown in Additional Fig. 1. The data obtained
from K—M curves, logistic regression, and Cox HRs are shown in
Tables 2—4, respectively.

3.1. Pain

About 23.4% of patients had pain at a mean duration of 6.94
(5.12) years from PD onset. In the twelfth year, 37.0% of late-onset
and 25.5% of early-onset patients reported pain (p < 0.001); there
was a statistically significant sex difference (p < 0.05). Logistic
regression showed that the pain OR was 142 (95% CI, 1.08—1.87;
p < 0.05) for females. Cox modeling yielded an HR of 1.26 (95% (I,
1.08—1.58; p < 0.05) for females and 1.02 (95% CI, 1.01-1.03;
p < 0.001) for age at onset.

Events Variables Age at Sex Duration to Duration to start First startof  No Diabetes Cerebro-vascular
onset (female) start of of the drugs except the drugs hyper-tension mellitus+ disease+
levodopa levodopa

Pain HR 1.02 1.26 0.93 0.95 1.06
95%Clt 1.01-1.03 1.08—1.58 0.86—1.00 0.91-0.99 0.79-1.41 NE NE NE
p <0.001™* 0.043* 0.059 0.01* 0.701

Wearing off HR 0.99 1.46 0.89 0.97 0.86
95%Cl1 0.98—-0.99 1.24-1.71 0.84-0.94 0.95-0.99 0.70—-1.04 NE NE NE
p <0.001*** <0.001*** <0.001*** 0.006™* 0.123

Camptocormia HR 1.02 1.46 1.01 0.94 1.08
95%Cl 1.01-1.04 1.03—2.08  0.90-1.12 0.88—1.00 0.70-1.68 NE NE NE
p 0.012* 0.033* 0.909 0.053 0.723

Sleep attack HR 1.02 0.55 0.89 0.85 1.20
95%Cl 099-1.05 0.33-090 0.75-1.05 0.74-0.98 0.93-1.53 NE NE NE
P 0.085 0.017* 0.152 0.021* 0.160

Orthostatic HR 1.04 0.87 0.93 1.03 0.94 1.63

hypotension ~ 95%Cl 1.02-1.06 0.57-134 0.79-1.09 0.98-1.08 0.53—1.66 0.97-2.74 NE NE

p 0.001** 0.532 0.345 0.332 0.834 0.063

Psychosis HR 1.05 1.04 0.99 0.97 1.16
95%Cl 1.04-1.07 0.85~1.26 0.93—-1.06 0.94—-1.01 0.90—-1.51 NE NE NE
p <0.001*** 0.714 0.781 0.096 0.253

Malignant HR 1.05 0.73 0.94 1.01 2.05 247

syndrome 95%Cl 0.99-1.06 0.35-153  0.74-1.21 0.93—-1.09 0.70—-6.01 NE 0.87-6.97 NE

p 0.176 0.404 0.646 0.883 0.189 0.088

Pneumonia HR 1.13 0.63 1.07 0.99 2.00 1.98
95%Cl 1.09-1.16  0.83-1.06 091-1.26 0.93—-1.05 0.93—-4.29 NE NE 1.03-3.80
P <0.001*** 0.083 0.435 0.771 0.076 0.041*

HR: hazard rate, CI: confidence interval, *: p < 0.05, **: p < 0.01, ***: p < 0.001, NE: not examined.
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3.2. Wearing-off

About 44.7% of patients experienced wearing-off an average of
7.52 (4.66) years after PD onset. The prevalence of dyskinesia was
27.1%, and all of these patients had wearing-off. Wearing-off was
more common in females (p < 0.001); 58.8% of female and 40.9% of
male patients had experienced it by the tenth year. Logistic
regression analysis revealed a significantly higher OR for female
sex, daily dose of levodopa, and disease duration to the start of
levodopa. HRs were 1.46 (95% CI, 1.24—1.71; p < 0.001) for female
sex, 0.99 (95% CI, 0.98—0.99; p < 0.001) for age at onset, 0.89 (95%
(1, 0.84—0.94; p < 0.001) for disease duration to the start of levo-
dopa, and 0.97 (95% CI, 0.95—-0.99; p < 0.01) for the duration to the
start of other drugs.

3.3. Camptocormia

Camptocormia was found in 9.5% of patients an average
of 8.05 (6.16) years after PD onset. Prevalence was higher in
late-onset patients than in early-onset patients (p < 0.05), and
more females developed the symptom (p < 0.01). Logistic
regression analysis revealed significantly higher ORs for female
sex and higher H & Y stages. HRs were 1.02 (95% CI, 1.01-1.04;
p < 0.05) for age at onset and 1.46 (95% CI, 1.03—2.08; p < 0.05)
for female sex. In 34 patients, we stopped pramipexole and their
camptocormia improved; therefore, we also assessed campto-
cormia risk in patients who did or did not receive non-ergot DAs.
Among patients who received pramipexole, females showed a
higher prevalence of camptocormia (7.7% in the second year and
14.8% in the fourth year), and males had lower prevalence in the
early stage of disease (3.8% in the second year, 6.5% in the fourth
year) (p < 0.01). The HRs for patients on pramipexole were 1.82
(95% CI, 1.21—-2.72; p < 0.001) for female sex and 0.67 (95% (I,
0.54—0.83; p < 0.001) for disease duration. For those who
experienced camptocormia without non-ergot DAs, no differ-
ences were observed for age at onset, sex, or accompanying
disease.

3.4. Sleep attack

An average of 8.50 (6.52) years from PD onset, 4.5% of patients
had sleep attack without warning signs. Daily DA doses were not
correlated to the prevalence of sleep attack. Logistic regression
analysis revealed significantly higher ORs for male sex. HRs were
0.60 (95% CI, 0.36—1.00; p < 0.05) for female sex.

3.5. Orthostatic hypotension

An average of 8.83 (6.04) years from PD onset, 6.5% of patients
developed orthostatic hypotension that required treatment.
Notably, 12.8% of late-onset patients had orthostatic hypotension by
the twelfth year compared to just 5.3% of early-onset patients. Lo-
gistic regression revealed that the OR was significantly higher for
higher H & Y stages and patients without hypertension. The HR was
1.039 (95% (I, 1.02—1.06; p < 0.01) for age at onset.

3.6. Psychosis

About 28.6% of patients had symptoms of psychosis an
average of 9.03 (5.38) years after PD onset. Interestingly, 53.9% of
late-onset patients and 22.1% of early-onset patients had expe-
rienced symptoms of psychosis by the twelfth year (p < 0.001).
Logistic regression tests revealed that the OR was significantly
larger for higher H & Y stages and greater levodopa doses. The
HR was 1.05 (95% CI, 1.04—-1.07; p < 0.001) for age of onset.

Seventeen patients underwent ECT for the treatment of psy-
chotic symptoms that were refractory to medication. ECT tock
place an average of 8.24 (6.07) years after PD onset. The preva-
lence rate for ECT was 1.8% in the twelfth year. More patients
with DM than without DM (3.8% vs. 1.0%) received ECT (p < 0.05).
Logistic regression revealed no OR effects for ECT (data not
shown).

3.7. Neuroleptic malignant syndrome

About 2.2% of patients developed neuroleptic malignant syn-
drome an average of 11.44 (7.79) years after PD onset. Among pa-
tients with DM, 9.0% developed malignant syndrome, whereas only
1.7% of patients without DM had experienced malignant syndrome
by the tenth year (p < 0.05). Logistic regression and HR assessments
did not reveal any risk factors that predisposed patients to devel-
oping malignant syndrome.

3.8. Pneumonia

About 4.3% of patients developed pneumonia, which occurred
an average of 13.87 (8.04) years after PD onset. Late-onset patients
(p < 0.001) and those with CVD (p < 0.001) were more likely to
develop pneumonia. The HR was 113 (95% (I, 1.09-1.16;
p < 0.001) for age at onset and 1.98 (95% (I, 1.03—3.80; p < 0.05)
for CVD. Tube feeding was necessary in 2.1% of patients after an
average of 16.03 (9.36) years after PD onset. Tube feeding preva-
lence rates were 0.1%, and 1.8% in the sixth and twelfth years,
respectively.

4. Discussion

In Western countries, the prevalence and incidence of PD are
greater in males than in females [12,13]. In our study, there were
more female patients, which is similar to what was previously re-
ported in a Japanese PD study (male:female, 1:1.2—1.7) [14,15]. In
this retrospective non-interventional study, we assessed symptom
prevalence and duration in a large cohort of Japanese patients with
PD. The duration to the onset of events, except for malignant syn-
drome, in the early-onset group was 1.5—2 times greater than that
in the late-onset group.

The questionnaire-based study by Chaudhuri et al. [ 16] revealed
no differences in pain rate (27% for patients with PD vs. 30.2% for
age matched-controls). Other studies have described higher pain
rates in patients with PD [17,18]; however, the studies utilized
different pain scales. We found that females and late-onset pa-
tients had increased pain rates, but other reports have stated that
younger age at onset [17] and female sex [19—21] were risk factors
for pain.

Female patients were more likely to experience wearing-off,
and the average female daily dose of levodopa was higher (11.5
(5.8) mg/kg compared to 8.8 (3.9) mg/kg for males; Fisher’s test,
p < 0.01). The DATATOP clinical trial showed that more females
developed dyskinesia and that this was likely due to the higher
amount of levodopa (p < 0.01) [22]. In our study, younger age at
onset was a risk for wearing-off. Which drug was prescribed first
(levodopa or other drugs) did not affect wearing-off. A prospec-
tive study reported that motor complication prevalence was not
significantly different between patients initially treated with
levodopa and those first treated with DA [23—25]. Although there
were no statistical differences, the time without motor compli-
cations was longer in the group initially treated with DA; how-
ever, these patients often experienced sleepiness, edema, and
hallucinations [23—-25]. In our 2002 study, the prevalence of
wearing-off was 21.3% at the fifth year and 59.4% at the tenth year



730 A. Yoritaka et al. / Parkinsonism and Related Disorders 19 (2013) 725—731

from PD onset [15], which was slightly higher than what we
found here. In the interim between the studies, new anti-
parkinsonian drugs were marketed in Japan, including prami-
pexole (2004), ropinirole (2006), entacapone (2007), and zoni-
samide (2009). The availability of these drugs may have
prolonged wearing-off onset because we could select from
different DAs.

The prevalence of camptocormia and duration from PD onset to
camptocormia in our study were nearly identical to those previ-
ously described [26,27]. We found that female sex, older age at
onset, and disease severity were risk factors for camptocormia. In
our patient population, camptocormia was more severe during
walking or standing and tended to increase with fatigue and
decrease when non-ergot drug use was ceased. Camptocormia was
considered to be axial dystonia [28] rather than a myopathic
change [26,27]. Levodopa [29] or pramipexole [30] induced or
worsened camptocormia in some cases, but they may also have
beneficial effects in cases in which it is due to PD. We investigated
the risk of camptocormia in patients with PD receiving non-ergot
DAs..

Sleep attack and excessive daytime sleepiness were more
common in males [31]. Disease duration, DA therapy, excessive
daytime sleepiness [32] and RBD [33] were risks of sleep attack.
Varying frequencies of sleep attack (0—43%) have been reported
[34].

A previous report showed that 60% of patients developed psy-
chosis during a 12-year study period [35]. The analysis revealed
that the risk of psychosis (mainly hallucinations) increased in pa-
tients with older age at onset and greater disease severity. In other
studies, older age [36] and longer disease duration [37,38] were
associated with psychosis, and disease severity was linked to the
presence of hallucinations [38]. Moreover, hallucinations were
more frequent among patients with early PD treated with DA
compared with those who received placebo or levodopa [39]. In our
study, patients with psychosis were treated with lower doses of
DAs and higher doses of levodopa, and other drugs were stopped
due to psychosis.

The risk of neuroleptic malignant syndrome has been previously
associated with CVD, cerebral contusion, physical stress [40],
infection, hot weather, and severe wearing-off [41]. In this study,
CVD was not a risk factor. Many patients experienced dehydration
or severe off-phases before neuroleptic malignant syndrome onset.
Although malignant syndrome and dopamine agonist withdrawal
syndrome [42] were both acute syndromes caused by a sudden
change in dopaminergic stimulation, the risk factors for these
syndromes were different.

Respiratory infection is one of the leading causes of death in
patients with PD [15]. Patients with late-onset PD or CVD were at
risk for developing pneumonia, and the mean duration of tube
feeding was 2 years after the first episode of pneumonia.

The limitation of our retrospective study is that we did not
include patients who died early. Furthermore, this study was a
retrospective chart review study and certain treatment outcomes
differed from those of previously reported controlled prospective
studies.

NMSQuest studies [8,43] and the PRIAMO study [20] that used
self-completed NMS questionnaire have reported that NMS were
prevalent across all stages of PD disease. These studies broadly
included a broad spectrum of NMS that patients may not be aware
of as PD-related symptoms or clinicians ignored. However, until
recently, NMS were known to clinicians treating PD and patients
with PD, and many of the unrecognized NMS need treatment
because these reduce the quality of life.

In conclusion, we investigated the duration and prevalence rates
of various symptoms and complications in a large cohort of patients

with PD and determined that age and sex might predict the onset of
some events. Moreover, the onset or duration of levodopa use
might influence the onset of wearing-off, but the order of levodopa
or other drugs did not predict symptoms.
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ABSTRACT Mitochondrial fission is mediated by the dynamin-related protein Drp1 in meta-
zoans. Drp1 is recruited from the cytosol to mitochondria by the mitochondrial outer mem-
brane protein Mff. A second mitochondrial outer membrane protein, named Fis1, was previ-
ously proposed as recruitment factor, but Fis1~~ cells have mild or no mitochondrial fission
defects. Here we show that Fis1 is nevertheless part of the mitochondrial fission complex in
metazoan cells. During the fission cycle, Drp1 first binds to Mff on the surface of mitochon-
dria, followed by entry into a complex that includes Fis1 and endoplasmic reticulum (ER)
proteins at the ER-mitochondrial interface. Mutations in Fis1 do not normally affect fission,
but they can disrupt downstream degradation events when specific mitochondrial toxins are
used to induce fission. The disruptions caused by mutations in Fis1 lead to an accumulation
of large LC3 aggregates. We conclude that Fis1 can act in sequence with Mff at the ER-mito-
chondrial interface to couple stress-induced mitochondrial fission with downstream degrada-
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tion processes.

INTRODUCTION

Mitochondrial fission is mediated by dynamin-related proteins (Drp1
in metazoans and Dnm1 in yeast). These proteins are predominantly
cytosolic, but a small fraction can assemble into spirals that wrap
around the circumference of mitochondria and sever the mem-
branes through constriction (Bleazard et al., 1999; Labrousse et al.,
1999; Smirnova et al., 2001; Ingerman et al., 2005). Recruitment of
Drp1 to mitochondria is mediated by proteins that are anchored in
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the mitochondrial outer membrane. Mammalian cells have three
structurally distinct classes of recruitment factors on their mitochon-
drial outer membranes: Fis1, Mff, and the two related proteins
MiD49 and MiD51 (MIEF1; James et al., 2003; Gandre-Babbe and
van der Bliek, 2008; Otera et al., 2010; Palmer et al., 2011; Zhao
etal., 2011).

Fis1 was first discovered in yeast, in which it is the sole recruit-
ment factor on the outer membrane (Mozdy et al., 2000). This pro-
tein has two TPR motifs that bind to the yeast Drp1 homologue
Dnm1 through adaptor proteins (Mdv1l and Caf4; Tieu and
Nunnari, 2000; Griffin et al., 2005; Koch et al., 2005; Kobayashi
et al, 2007; Koirala et al., 2010). Fis1 is present throughout the
animal kingdom, but its functions in metazoans have been unclear.
Fis1 can bind to human Drp1 in vitro, can promote fission when
overexpressed, and has been implicated in a number of fission-
dependent processes, such as apoptosis and autophagy (James
et al., 2003; Yoon et al., 2003; Lee et al., 2004; Jofuku et al., 2005;
Gomes and Scorrano, 2008; Twig et al., 2008). However, mamma-
lian Fis1~~ cells have mild or no fission defect (Otera et al., 2010;
Loson et al., 2013), suggesting that Fis1 plays an ancillary role in
the fission process.
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Mff is believed to be the principal recruitment factor for Drp1 on
mitochondria in metazoans. Mff was shown to promote mitochon-
drial and peroxisome fission in mammalian cells (Gandre-Babbe
and van der Bliek, 2008) and subsequently to be the main Drp1 re-
ceptor (Otera et al., 2010). MiD49 and MiD51 (MIEF1) proteins can
act as alternative receptors because they also bind to Drp1 and af-
fect fission when they are overexpressed or when their levels are
altered in Mff-knockout cells (Loson et al., 2013; Palmer et al., 2013).
Mff, MiD49, and MiID51 (MIEF1) proteins were shown to indepen-
dently promote fission through Drp1 when they are expressed in a
heterologous system (Koirala et al., 2013). These experiments show
that Mff, Mid49/Mief, and Mid51 proteins are distinct Drp1 recruit-
ment factors. However, MiD49 and MiD51 (MIEF1) proteins are
found only in vertebrates, whereas Mff is present in all metazoans,
so it would appear that MiD49 and MiD51 (MIEF1) proteins provide
a vertebrate-specific function during fission.

While studying the Caenorhabditis elegans fission proteins, we
observed essential roles for Mff and Drp1 in stress-induced fission.
These observations are consistent with earlier results showing that
mitochondrial fission is needed to separate healthy from defective
parts of mitochondria (Twig et al., 2008). Moreover, genetic interac-
tions between mutations in mitochondrial fission proteins and muta-
tions in the Parkinson’s proteins Pink1 and Parkin in Drosophila also
suggest that mitochondrial fission is important for eliminating de-
fective mitochondria (Deng et al., 2008; Poole et al., 2008; Yang
etal., 2008). Pink1 and Parkin are key regulators of mitophagy, which
is a specialized form of autophagy. Pink1 is a serine threonine kinase
that is normally imported into mitochondria and rapidly degraded.
Pink1 import and degradation are blocked when damaged mito-
chondria lose their membrane potential. De novo-synthesized Pink1
is then shunted to the mitochondrial outer membrane, where it re-
cruits the E3 ubiquitin ligase Parkin from the cytosol (Chan et al.,
2011; Youle and Narendra, 2011). Parkin-mediated ubiquitination
leads to degradation of several key proteins, including mitofusins
and Miro, which promote fusion between mitochondria and trans-
port along microtubules (Youle and Narendra, 2011). By degrading
these proteins, defective mitochondria are effectively isolated from
the remaining population of mitochondria. It is not clear, however,
to what extent and how directly mitochondrial fission proteins inter-
act with mitophagy proteins.

Here we describe a new role for Fis1, acting in sequence with
Mff. Fis1 mutants can still generate mitochondrial fragments upon
treatment with stress-inducing chemicals, but the resulting autopha-
gosomes form large LC3-positive aggregates that persist for many
hours. Aggregate formation is inhibited by mutations in Drp1 and
Mff and by mutations in Pink1, showing that Fis1 contributes to mi-
tophagy. Chemicals that induce fission also promote interactions
between Fis1, Drp1m and endoplasmic reticulum (ER) proteins, sug-
gesting that Fis1 helps coordinate fission with changes in the ER-
mitochondrial interface. We conclude that Fis1 acts after Drp1 and
Mff initiate mitochondrial fission, guiding this process toward major
cellular stress response pathways.

RESULTS

Effects of Fis1 and Mff on mitochondrial fission in C. elegans
To investigate the functions of Fis1 and Mff in C. elegans, we looked
at strains with large deletions in each of the two C. elegans Fis1 and
Mff genes. These were crossed, generating fis-1(tm1867); fis-
2(gk414) and mff-1(tm2955); mff-2(tm3041) double mutants and a
quadruple mutant with deletions in all four genes (hereafter called
Fis1, Mff, and Fis1 Mff mutants). The effects on mitochondrial and
peroxisome morphologies were compared with the strong fission
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FHGURE 1: Effects of Mff and Fis1 on mitochondrial fission in

C. elegans. (A) Mitochondria in C. elegans body wall muscles were
labeled with mitochondrial outer membrane marker (YFP::Tom70,
green) in strains as indicated. Right, enlargements of the Mff,

Fis1 Mff, and Drp1 mutant images. (B) Effects of FIS-1 and
YFP::FIS-1 overexpression with the muscle-specific myo-3 promoter.
Mitochondria were labeled with YFP:TOM70. As a control for the
effects of outer membrane proteins on mitochondrial morphology, we
used feeding RNAI and an overexpression construct for another
mitochondrial outer membrane protein (peripheral benzodiazepine
receptor [PBR]). Bars, 10 um.

defects in the drp-1(tm1108) deletion strain. Our results show that
fis-1 and fis-2 single and double mutants have wild-type mitochon-
drial morphologies, as also shown by others (Breckenridge et al.,
2008), that mff-1 and mff-2 single mutants have weak effects, and
that the Mff double mutant has a mitochondrial fission defect similar
to but not as strong as the drp-1 defect (Labrousse et al., 1999;
Figure 1A and Supplemental Figure S1A). Analogous results were
obtained with a peroxisome marker, showing punctate peroxisomes
in wild-type and Fis1 mutants and tubular peroxisomes in drp-1 mu-
tant and Mff double mutants (Supplemental Figure S1B). We con-
clude that C. elegans Mff homologues affect mitochondrial and
peroxisome fission, whereas Fis1 homologues have no obvious
effects.

We tested whether Mff is essential for mitochondrial fission in
C. elegans, as suggested for mammalian cells (Otera et al., 2010),
by inducing mitochondrial fission with the calcium ionophores iono-
mycin and A23187. These drugs convert mitochondria from their
normal tubular shape to small, round, dispersed fragments in wild-
type animals. As expected, calcium ionophore-induced fragmenta-
tion was not observed in drp-1(tm1108) mutants (Supplemental
Figure S1C). However, fragmentation did occur in Fis1 and Mff dou-
ble mutants and in the Fis1 Mff quadruple mutant, showing that
Fis1 and Mff are not absolutely required for mitochondrial fission in
C. elegans (Supplemental Figure S1C). To further test to what ex-
tent mutations in Fis1 or Mff inhibit mitochondrial fission, we con-
ducted epistasis experiments with RNA interference (RNAI) for
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mitochondrial fusion genes. The drp-1 deletion completely reversed
mitochondrial fragmentation caused by RNA for the fusion proteins
fzo-1 and eat-3 (Head et al., 2011), but deletions in Fis1 and Mff
double mutants did not (Supplemental Figure S1, D and E). These
results show that the effects of C. elegans Mff mutations are mark-
edly less severe than the effects of a mutation in drp-1.

To test whether Mff mediates Drp1 recruitment in C. elegans, as
it does is in mammals, we examined the localization of cyan fluores-
cent protein (CFP):DRP-1 in muscle cells of mutant and wild-type
animals. CFP::DRP-1 is observed in spots that mark impending fis-
sion events, as shown with time-lapse photography (Labrousse
et al., 1999). This pattern was also observed in Fis1 and Mff double
and Fis1 Mff quadruple mutants (Supplemental Figure S1F). Overex-
pression of CFP::DRP-1 changes mitochondrial morphologies in Mff
double and Fis1 Mff quadruple mutants to a more normal tubular
morphology, suggestive of Drpl-dependent fission without Mff
(Supplemental Figure S1F). To verify that the different mutants have
no effect on Drp1 localization, we conducted subcellular fraction-
ation. Western blots show similar amounts of DRP-1 in the mito-
chondrial fractions of wild-type, Fis1 and Mff double mutants, and
the Fis1 Mff quadruple mutant (Supplemental Figure S1G).
C. elegans does not have MiD49 or MiD51 (MIEF1) homologues,
which act as additional Drp1 recruitment factors in vertebrates
" (Palmer et al., 2011; Zhao et al., 2011), but other factors may still
exist. Alternatively, Drp1 could bind directly to mitochondrial mem-
branes, as suggested by in vitro binding to cardiolipin-containing
liposomes (Montessuit et al., 2010). We conclude that Mff affects
fission, but Mff and Fis1 are not essential for fission or for Drp1 re-
cruitment to mitochondria in C. elegans.

Mutations in Fis1 lead to LC3/LGG-1 aggregates

To further investigate the role of Fis1, we tested whether Fis1 over-
expression can induce mitochondrial fission in C. elegans. Our re-
sults show that FIS-1 overexpressed with the myo-3 promoter can
cause fragmentation, similar to the effects of Fis1 overexpression in
mammalian cells (James et al., 2003; Figure 1B). FIS-1 overexpres-
sion also causes fragmentation in the Mff double mutant, showing
that it is able to overcome an Mff deficiency. However, overexpres-
sion of a yellow fluorescent protein (YFP)-tagged version of FIS-1
gives rise to grape-like clusters of mitochondria. These clusters are
connected by thin tubules of mitochondrial outer membrane (Figure
1B). The few cells in which mitochondria are not clustered also have
closed mitochondrial networks, suggesting that YFP::FIS-1 interferes
with the fission process. Overexpression of an unrelated mitochon-
drial outer membrane protein does not have this effect (Figure 1B).
These dominant effects show that overexpressed Fis1 can affect mi-
tochondrial fission even though C. elegans Fis1 proteins are not re-
quired for fission.

The grape-like clusters of mitochondria in cells with YFP::FiS-1
are confined to small areas, unlike the dispersed mitochondrial dis-
tributions in wild-type animals and the drp-1(tm1108) mutant (Head
et al., 2011). These clusters resemble autophagosome intermedi-
ates (Yoshii et al., 2011), which would be consistent with previous
reports showing the induction of autophagy by overexpressed Fis1
and the inhibition of mitophagy by Fis1 small interfering RNA
(siRNA) in mammalian cells (Gomes and Scorrano, 2008; Twig et al.,
2008). To test whether loss of Fis1 function affects autophagy in C.
elegans, we expressed the LC3 homologue LGG-1 fused to CFP in
Fis1 and Mff mutants. Fis1 mutants showed a modest but consistent
increase in the number and size of LGG-1::CFP clusters when com-
pared with wild type or Mff mutants (Figure 2, A and B). This pattern
was dramatically altered by treating worms for 1 h with the reactive
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oxygen species (ROS)-producing chemical Paraquat, followed by a
5-h recovery. The small LGG-1 clusters in untreated cells were re-
placed by much larger clusters (Figure 2, A and B). Similar results
were obtained when worms were treated with the mitochondrion-
specific inhibitor antimycin A (Figure 2, A and B).

To determine whether the LGG-1 clusters in Fis1 mutants contain
remnants of mitochondria, we conducted triple labeling with the
LGG-1 marker and mitochondrial outer membrane and matrix mark-
ers. Outer membrane and matrix markers were visible in inclusions
in the LGG-1 aggregates, confirming that they contain portions of
mitochondria (Supplemental Figure S2, A and B). Three-dimensional
reconstructions of confocal images show that the aggregates con-
sist of LGG-1 structures interspersed with mitochondria (Figure 2C).
The aggregates disappear when Fis1 is reintroduced with transgenic
DNA, confirming that they are caused by mutations in Fis1 (Supple-
mental Figure S2C). If the worms with aggregates were left to
recover on plates without Paraquat, their aggregates persisted for
many hours, but the mitochondrial marker (Tom70:YFP) disap-
peared over time (Supplemental Figure S2D), similar to the prefer-
ential degradation of mitochondrial outer membrane proteins in
mammalian cells (Chan et al., 2011; Sarraf et al., 2013). CFP::DRP-1
was also initially present in and around the LGG-1 aggregates but
then later disappeared (Supplemental Figure S2E). The aggregates
disappear over the course of several days. It therefore seems likely
that the aggregates are temporary structures formed by LGG-1-
containing membranes that engulf portions of mitochondria. We
conclude that mutations in Fis1 affect autophagy in C. elegans,
causing the formation of large aggregates containing LGG-1, DRP-
1, and remnants of mitochondria.

LC3/LGG-1 aggregates do not result from a compensatory
response but instead are generated by aberrant
mitochondrial fission
The large LGG-1 aggregates in Fis1 mutants may result from stalled
mitophagy intermediates or from an alternative autophagy pathway
induced to compensate for the loss of Fis1. A compensatory mecha-
nism would be consistent with the surprising lack of brood-size de-
fects in Fis1 mutants grown with increasing concentrations of Para-
quat (Supplemental Figure S3A). We tested for compensatory
mechanisms by growing Fis1 mutants on pha-4 and daf-16 RNAI
bacteria. These two genes encode the FoxA and Foxo3 homo-
logues, which are important transcriptional regulators of the major
autophagic stress responses in C. elegans (Panowski et al., 2007),
but Paraquat still induces large LGG-1 aggregates in Fis1 mutants
grown with pha-4 or daf-16 RNAi (unpublished data), suggesting
that these pathways are not required for aggregate formation. We
also used quantitative PCR (qPCR) to determine the relative expres-
sion levels of autophagy genes controlled by pha-4 and daf-16, but
the expression levels of these genes in the Fis1 double mutant was
also similar to the expression levels in wild-type animals (Supple-
mental Figure S3B). These data show that genes encoding mac-
roautophagy proteins are not induced in C. elegans Fis1 mutants.
We used genetic interactions with other fission mutants to test
whether the LGG-1 aggregates in Fis1 mutants are by-products of
faulty fission. The brood size of the drp-1(tm1108) deletion strain is
reduced to zero when grown at 26°C instead of the normal tem-
perature of 20°C (unpublished data). The brood size of the Mff
double mutant is somewhat reduced at 26°C, and the brood size
of the Fis1 double mutant is the least affected (Supplemental
Figure S3C), consistent with the different degrees to which mito-
chondrial fission is affected in these strains. Importantly, the reduc-
tion in brood size is no worse in the Fis1 Mff quadruple mutants
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FIGURE 2: Fis1 genes trigger the formation of large autophagic aggregates. (A) CFP:LGG-1 (worm LC3, red)
ectopically expressed in worm muscle cells along with YFP:TOM70 (green). Worms were untreated or incubated with
Paraquat or antimycin A. Paraquat- and antimycin-treated worms were allowed to recover on plates without drugs

(5 and 4 h, respectively). Bar, 10 pm. (B) Aggregate sizes, shown as percentages of cell surface area. Box plots represent
40 or more cells per condition (p values determined with unpaired Student’s t test). (C) Surface renderings of LGG-1
aggregates (red) and mitochondria (green) in a Fis1 mutant treated with Paraquat as in A, but without recovery time.
Two examples. These renderings were made from confocal microscope images (stacks of 27 images with steps of

230 nm). Bottom left, opacity of the red channel set at 50% to visualize embedded mitochondria (labeled as
merged-50%). Otherwise, opacity was set at 100%. Bar, 1 ym.

than in the Mff mutants, even though Fis1 mutations by themselves  consistent with actions in the same pathway. This interpretation
also reduce brood size. These data show that there is no additive  was confirmed by further analysis of LGG-1 aggregate formation at
or synergistic effect of Fis1 and Mff mutations on brood size,  elevated temperatures. Wild-type and Mff mutants grown at 25 or
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