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Fig. 2. Reduced mitochondrial content in DA neurons in adult conditional
knockout of parkin. ( A) The relative quantity of mtDNA using two different
mtDNA markers (COX and CYTB) normalized to GAPDH was measured in the
ventral midbrain of conditional parkin KO mice 10 mo after lenti-GFPCre
deletion of parkin. ( B) Representative photomicrographs of laser capture
microdissection (LCM) of dopaminergic neurons from conditional parkin KO
mice 4 wk after lenti-GFPCre deletion of parkin.  Right panels are after LCM
and Lower four panels are images from lenti-GFPCre injection compared
with lenti-GFP injection as a control ( Upper four panels). (C) Using LCM-
captured DA neurons, the relative quantity of mtDNA was measured by
guantitative real-time PCR. Values were normalized to GAPDH, n = 3 per
group. (D) Measurement of TH mRNA indicates that the equal amount of
LCM-captured DA neurons were used. The results were evaluated for sta-
tistical significance by applying the one-way ANOVA with Tukey ’s post hoc
test (COX; F = 227.4, R* = 0.9806, CYTB;F = 234.3, R = 0.9812) (A) or un-
paired t test (Cand D). *** P < 0.001. Data are expressed as mean + SEM.

eliminated by PARIS knockdown and PARIS knockdown dramati-
cally increases PGC-1 mRNA (19) (Fig. SA5).

Parkin has been touted to play a role in mitochondrial auto-
phagy (mitophagy). If there were defects in mitophagy, one would
expect the absence of parkin to increase mitochondrial humber
through impaired clearance of mitochondrial. However, the de-
letion of parkin instead leads to reduced mitochondrial number
(Fig. 1). To confirm that adult conditional parkin knockout mice
do not have a defect in autophagy, the levels of the cytosolic
sequestosome 1 (p62) (21) were assessed along with the levels of
the microtubule-associated proteins 1A/1B light chain 3 (LC-3)
processing from LC-3I to LC-3Il (22) (Fig. S3. There is a re-
duction in LC-3lI levels, and there was no substantial change in
the levels of p62 after knockout of parkin Fig. S3. In addition,
dense core lysosomes are observed around degenerating or ne-
crotic mitochondria (Fig. S1G) . These results taken together
suggest that the adult conditional parkin knockout mice do not
have substantial defects in mitophagy.

Overexpression of PARIS Leads to Reduced Mitochondrial Markers.
Because PARIS is up-regulated in PD and the conditional parkin
KO mice (19), a PARIS overexpression model was used as pre-
viously described (19) in which aeho-associated virus serotype 1
(AAV1)-PARIS was stereotactically injected into the SN of C57BL/6
mice and compared with mice injected with control AAV1-GFP
virus (Fig. 3A). Stereotactic intranigral injection of AAV1 effec-
tively transduces the entire SNX9). One month after stereotactic
injection of the viruses, PARIS, PDHA, COXIV, VDAC, SDHA,
and superoxide dismutase 1 (SOD1) protein levels were de-
termined. AAV1-mediated overexpression of PARIS leads to a
greater than twofold up-reguldion of PARIS levels in the SN of
mice similar to the level of up-regulation of PARIS in sporadic PD
and the conditional parkin KO mice (Fig. 3B and C) (19). Ac-
companying the increase in PARISdvels is a down-regulation of
PDHA, COXIV, VDAC, and SDHA and a trend toward a re-
duction in SOD1 (Fig. 3 B and C). To assess whether PARIS
overexpression has an effect on mitochondrial number, the level of
COXIV was assessed and normalized to-actin via Western blot
(Fig. 3 D and E). PARIS overexpression significantly reduces
COXIV levels, which are rescud by either AAV1-parkin or lenti—
PGC-1 (Fig. 3D andE). To assess whether PARIS overexpression
has an effect on mtDNA copy number, the ratio ofmitochondrial
ND1 gene to genomic -actin (23) was measured by real-time
quantitative PCR in SH-SY5Y cells transfected with GFP-tagged
wild-type (WT) PARIS or GFP-tagged C571A mutant PARIS,
which lacks transcription& repressive activity (19) Fig. SH). WT
PARIS overexpression leads to a significant 56% reduction of
mtDNA copy number, whereas overexpression of C571A mutant
PARIS does not affect mtDNA copy number Eig. SH).

catecholaminergic cell line causes a twofold increase in the level of

PARIS followed by a reduction of PGC-1 and the mitochondrial ~PARIS Overexpression Leads to Reduced Mitochondrial Number and
proteins pyruvate dehydrogenase alpha (PDHA), COXIV, and Structural Abnormalites. TEM images from SN were collected 4
voltage-dependent anion chanrlg(VDAC), whereas succinate de- wk after stereotactic injection of AAV1-GFP or AAV1-PARIS
hydrogenase complex, subunit A (SDHA) did not decreasd={g. S2 into the SN of WT mice to determine the effects of PARIS
C and D). To assess the functional consequences of the observedoverexpression on nuclear and mitochondrial morphology (Fig. 4).
deficits, we conducted microplate-based respirometry in SHSY-5Y PARIS overexpression in the SN of mice leads to the clumping of
cells transduced with either shRNA-dsRED or shRNA-parkin. nuclear chromatin and pyknotic nuclei Fig. S4 A and B). In
Parkin knockdown led to a 38% reduction in basal respiration, a AAV1-PARIS —injected SN, 43% of the cells examined have
48% reduction in maximal respiration, and a 63% loss of functional shrunken pyknotic nuclei compared with 15% of the control
reserve capacity fig. S2E and F). To determine whether the re- AAV1-GFP —injected SN similar to adult conditional parkin
duction in PGC-1 and the mitochondrial proteins induced by the knockout mice (Fig. S4 A and B). In neurons with normal ap-
absence of parkin is dependent on the presence of PARIS, a double pearing nuclei, TEM image analysis reveals a 23% reduction in
knockdown experiment was performed by lentiviral transduction of mitochondrial number in AAV1-PARIS —injected SN compared

shRNA against parkin and PARIS in SH-SY5Y cells Fig. S2C and
D). Knockdown of PARIS prevents the down-regulation of PGC-1
and the mitochondrial proteins induced by parkin knockdownKig.

with AAV1-GFP —injected SN (Fig. 5A and B). Interestingly, the
mitochondria in AAV1-PARIS —injected SN are two times bigger
than those in AAV1-GFP-injected SN (0.71 m? vs. 0.39 m?,

S2C and D). As previously described, knockdown of parkin leads to respectively) (Fig. 4A and C). In AAV1-PARIS —injected

a reduction in the mRNA for PGC-1 and this reduction is
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SN, 47.5% of the mitochondria have loss of organized cristae

Stevens et al.
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Fig. 5. PARIS overexpression leads to mitochondrial respiratory defects.
(A) Mouse embryonic ventral midbrain cultures were transduced with the
indicated lentivirus from 3 -5 d in vitro (DIV). Microplate based respirometry
was conducted at 12 —-15 DIV. Ventral midbrain cultures showed an average
of 10.9 + 2.2% TH positive cells at 15 DIV (n = 3 wells per dissection, 4 dis-
sections). (B and C) PARIS-transduced cultures exhibited a two- to threefold
increases in PARIS protein levels compared with lenti-GFP control ( n = 3).
(D) Lentiviral PARIS-transduced cultures exhibited a 54.1% reduction in PGC-

1 transcript levels (n = 6). Transcript levels were restored by transduction
with lentiviral PGC-1  (n = 3). (E) Mitochondrial stress testing of the cultures.
PARIS overexpression caused a 29.0+ 6.3% decrease in basal respiration and
a 44.5 =+ 9.7% decrease in maximal respiration. PARIS overexpression re-
duced mitochondrial reserve capacity by 69.0 * 7.8 (n = 5 assays). Concurrent
overexpression of PGC-1 rescued these phenotypes (n = 4 assays). Data are
expressed as mean + SEM. The results were evaluated for statistical signifi-
cance using one-way ANOVA with Tukey 's post hoc test (C-E). Differences
were considered significant when * P < 0.05, *** P < 0.001.

protein markers and leads to concomitant reduction in respiratory
function and capacity.

Moreover PARIS overexpression is sufficient to induce defi-
cits in mitochondrial number, increases in abnormal cristae, and
reduction of mitochondrial protein markers selectively in the
cells of the ventral midbrain. Overexpression of PARIS in pri-
mary mouse ventral midbrain cultures leads to reduced oxygen
consumption and impaired respiratory reserve capacity consis-
tent with the reduction in mitochondrial mass. In contrast to our
findings in the adult conditional parkin knockout, mitochondrial
size was increased in AAV1-PARISinjected mice. One possible
reason for this observation may be that the overexpression of
PARIS in conjunction with fully functional parkin impairs bio-

PARIS-mediated repression of PGC-1. PGC-1 is a major
regulator of mitochondrial size, number, and function (24).
Methylation of the PGC-1 promoter is known to lead to de-
creased mitochondrial size and number and decreases in re-
spiratory chain components (25). Thus, chronic repression of the
PGC-1 promoter by PARIS accumulation, as seen in parkin
inactivation, likely hinders the production of new mitochondrial
proteins, leading to reductions in overall cellular mitochondrial
content. This reduction of mitochondria may in turn cause the
defects in oxidative phosphorylation (19, 26).

Whereas studies in patient tissues and genetic models fre-
quently report impaired mitochondrial function, few studies have
looked at mitochondrial number in PD or PD models. InDro-
sophila studies, parkin loss seems to lead to increased mito-
chondrial size; however, studies in mammalian neurons suggest
that parkin loss leads to an increased prevalence of smaller mi-
tochondria and a reduced fractional volume of mitochondria.
Germ-line parkin knockout mice exhibit reductions in a number
of mitochondrial proteins without observed changes in mito-
chondrial morphology or DA neuron loss (27, 28). A recent re-
port shows reduced mitochondrial fractional volume in DA
neurons from patients with parkin mutations as well as in DA
cells from an isogenic parkin KO-inducible pluripotent stem cell
line (28). Whereas PGC-1 is involved in transcriptional regu-
lation of numerous bioenergetic and antioxidant pathways we
focused primarily on investigating defects of oxidative phos-
phorylation because of its importance in energy production in
neurons as well as previous evidence of ox/phos defects found in
the PD literature. Further study would be need to investigate the
differential impact of parkin loss on other metabolic pathways.

Parkin has been touted to regulate mitochondrial quality con-
trol including mitophagy, transport, fission, and fusion (for review
see ref. 29). Our findings would suggest that parkin also regulates
mitochondrial number and size in a PARIS-dependent manner.
The reduction in mitochondrial number, size, function, and
markers coupled with consistent and chronic PGC-1repression
suggests that the absence of parkin leads to a mitochondrial
biogenesis defect.

Defects in mitophagy were not observed in adult conditional
parkin knockouts and would not explain the observations reported
here. One might expect increased mitochondrial nhumber and
proteins if there were defects in mitophagy, but instead mito-
chondrial number and markers were reduced. Other investigators
have failed to observe mitophagy defects in parkin knockouts and
in patients with parkin mutations (27). In addition, mitophagy
defects were not observed even in the setting of mitochondrial
stressors in parkin knockouts (30, 31). We cannot exclude the
possibility that there are defects in mitophagy, transport, fission,
and fusion due to the absence of parkin and up-regulation of
PARIS, but our data would suggest the PARIS up-regulation and
PGC-1 suppression and decrements in mitochondrial biogenesis
are the primary driver of DA neuron loss. Under physiologic
conditions in the presence of parki, there is likely a homeostatic
mechanisms that regulates the level of mitochondrial numbers in
response to the needs of the cell in a balanced pathway of degra-
dation (mitophagy) and production (biogenesis) of mitochondria
that is regulated by parkin, with PARIS playing a central role in the
biogenesis arm. Consistent with the notion of a homeostatic

genesis without a direct impact on parkin-mediated regulation of mechanism is the recent report bthe coordination of mitophagy
mitochondrial dynamics or mitophagy. Nonetheless, the overall and mitochondrial biogenesis during aging irCaenorhabditis ele-
similar reduction in mitochondrial mass, protein markers, and gang(32). Further studies are required to investigate this possibility.
respiratory capacity, coupled with the PARIS-dependent nature  |n ight of the experimental findings that PARIS regulates
of these observations in the parkin knockout models suggests anPGC-1 , mitochondrial integrity, and dopaminergic neuronal
overall redundancy in the pathogenic mechanism. viability, it is likely that increased PARIS levels in PD due to
Because PARIS is a transcriptional repressor that accumulates parkin inactivation contribute to the pathogenesis of this neu-
and regulates the levels of PGC-1 specifically in DA neurons rodegenerative disease through down-regulation of PGC-land
(29), the reduction in mitochondrial number, indices, and func- some of its target genes. Consistent with this notion, the loss of
tion in the adult conditional parkin knockout mice is likely due to DA neurons and many of the mitochondrial abnormalities are
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