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Abstract

Mutations in PTEN-induced putative kinase 1 (P/INKI) and parkin cause autosomal-recessive
Parkinson’s disease through a common pathway involving mitochondrial quality control. Parkin
inactivation leads to accumulation of the parkin interacting substrate (PARIS, ZNF746) that plays
an important role in dopamine cell loss through repression of proliferator-activated receptor
gamma coactivator-la (PGC-1a) promoter activity. Here we show that PARIS, links PINK1 and
parkin in a common pathway that regulates dopaminergic neuron survival. PINK1 interacts with
and phosphorylates serines 322 and 613 of PARIS to control its ubiquitination and clearance by
parkin. PINK1 phosphorylation of PARIS alleviates PARIS toxicity as well as repression of
PGC-1a promoter activity. Conditional knockdown of PINK1 in adult mouse brains leads to a
progressive loss of dopaminergic neurons in the substantia nigra that is dependent on PARIS.
Together, these results uncover a function of PINK1 to direct parkin-PARIS regulated PGC-1a
expression and dopaminergic neuronal survival.
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Lee et al. demonstrate that PARIS is a common substrate of PINK1 and parkin. PINK1
phosphorylation of PARIS primes it for ubiquitination and clearance by parkin. Thus, dysfunction
of either PINK1 or parkin converges onto PARIS accumulation, which leads to PGC-1a repression
and dopamine neuron loss.
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INTRODUCTION

Mutations in the E3 ligase PARKIN (Kitada et al., 1998) or the serine-threonine kinase
PINK1 (phosphatase and tensin (PTEN) homolog-induced putative kinase 1) (Valente et al.,
2004) cause autosomal recessive Parkinson’s disease (PD) (Corti et al., 2011; Martin et al.,
2011). PINK1 and parkin interact in a poorly understood genetic pathway important for
dopamine (DA) neuronal survival (Clark et al., 2006; Park et al., 2006; Yang et al., 2006).
Recently, a number of co-substrates for PINK1 and parkin have been identified tying these
proteins to multiple aspects of mitochondrial quality control (Pickrell and Youle, 2015;
Scarffe et al., 2014; Winklhofer, 2014). PARIS (ZNF746) is a pathologic parkin substrate,
which is increased in sporadic and familial PD brains and is responsible for DA neuronal
loss in mouse models of parkin inactivation (Shin et al., 2011; Siddiqui et al., 2015; Siddiqui
et al., 2016; Stevens et al., 2015). PARIS accumulation represses the transcriptional
coactivator, peroxisome proliferator-activated receptor gamma coactivator-1-alpha
(PGC-1a), which is critical for DA neuron survival (Ciron et al., 2015; Jiang et al., 2016;
Mudo et al., 2012; Zheng et al., 2010).

Since parkin and PINK1 are thought to regulate DA neuronal survival in a common pathway
(Corti and Brice, 2013; Rochet et al., 2012; Scarffe et al., 2014), and regulation of PARIS by
parkin is critical for DA cell survival (Shin et al., 2011; Siddiqui et al., 2015; Siddiqui et al.,
2016; Stevens et al., 2015; Winklhofer, 2014), we investigated whether PINK1 plays any
role in the regulation of PARIS. Here we show that PINK1 is a priming kinase for parkin-
mediated PARIS ubiquitination and clearance. PINK1 depletion in adult mouse brains leads
to PARIS accumulation, PGC-1a repression, and progressive DA neuron loss that is PARIS
dependent. Identification of PARIS as a PINK1 substrate provides a molecular mechanism
linking PINK1 and parkin to DA neuronal loss in PD.

RESULTS

PARIS interacts with PINK1 and parkin

Interaction of PINK1 and PARIS was first suggested by tandem affinity purification of
PARIS from SH-SY5Y cells which pulls down both endogenous parkin and PINK1 (Figure
1A). An /n vitro pull down assay using an anti-parkin antibody was conducted which
showed co-immunoprecipitation of both PARIS and PINK1 (Shiba et al., 2009; Shin et al.,
2011). Notably, addition of recombinant PINK1 enhances the association of these three
proteins (Figure 1B). In the absence of parkin, an N-terminal VV5-tagged recombinant PARIS
(rV5-PARIS) pulls down GST-tagged recombinant PINK1 (rGST-PINK1) (Figure 1C)
suggesting that PINKZ1 directly interacts with PARIS.

To further characterize this interaction SH-SY5Y cells were transfected with N-terminal
FLAG-tagged PARIS (FLAG-PARIS) or deletion mutants and N-terminal GFP-tagged
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PINK1 (GFP-PINK1). GFP-PINK1 co-immunoprecipitates PARIS as well as the Kriippel-
associated box (KRAB) domain containing N-terminal fragment (Figure S1A). PARIS co-
immunoprecipitates both the ~65 kDa and ~55 kDa forms of PINK1 (Figure S1B), while
PD-linked mutant L347P-PINKZ1 and kinase inactive K219M-PINKZ1 exhibit reduced
interaction with PARIS (Figure S1C). Co-immunoprecipitation of PARIS with deletion
mutants of N-terminal GFP-tagged PINK1 (N, amino acids (aa) 1-270; C, aa 268-581)
reveals that the N-terminal half of PINK1 is sufficient for the PARIS interaction (Figure
S1D). Attempts to generate smaller fragments of GFP-PINK1 were hampered by protein
instability.

The interaction of PARIS with PINK1 was also evaluated in mouse brain.
Immunoprecipitation of PARIS pulls down endogenous PINK1 (Figure 1D). Parkin, is not
required for the interaction of PARIS and PINKZ1, since immunoprecipitation of PARIS from
both wild type (WT) and parkin™~ brains pulls down PINK1 (Figure 1D). These
experiments suggest a direct interaction of PINK1 with PARIS.

PINK1 phosphorylates PARIS

Maltose-binding protein fused 7ribolium castaneum PINK1 (MaBP-TcPINK1), possesses
both strong kinase activity and high homology with human PINK1 (Woodroof et al., 2011).
Wild type TcPINK1 markedly increases immunopurified FLAG-PARIS phosphorylation as
detected by 32P, whereas kinase inactive TcPINK1 (D359A) fails to phosphorylate PARIS
(Figure 2A). Moreover, despite lower Kinase activity, recombinant human PINKZ1 purified
from E. coli phosphorylates immunopurified FLAG-PARIS as detected by a phosphoserine
antibody, while a kinase inactive PINK1 (K219M) does not (data not shown). Consistent
with these /n vitro assays, PINK1 overexpression in SH-SY5Y cells phosphorylates FLAG-
PARIS as detected by a phosphoserine immunoblot of FLAG immunoprecipitates (Figures
2B and 2C). The L347P, A217D, G309D familial PD mutants of PINK1 and the K219M
kinase inactive PINK1 fail to phosphorylate FLAG-PARIS (Figures 2B and 2C).

Phosphorylation of PARIS by PINK1 was identified by mass spectrometry at S106, S322,
S359, and S613 and T603. Of these S322 and S613 were conserved among mammals
(human, monkey, chimpanzee, rat and mouse) (Figures S2A-S2C). Site directed
mutagenesis of S322 or S613 to alanine (S322A or S613A) reduces the phosphorylation of
PARIS by PINK1 (Figures 2D and 2E). To characterize the role of S613 phosphorylation of
PARIS, we raised and purified rabbit antibodies against a PARIS peptide containing
phosphoserine 613 (pS613). The purified rabbit antibody to pS613-PARIS is highly specific
for S613 phosphorylation (Figures S2D and S2E). Interestingly, it appears that S322A
substitution (S322A-PARIS) affects PARIS S613 phosphorylation, suggesting a synergistic
interaction in the phosphorylation of these two serine residues (Figures S2D and S2E).
Phosphorylation of PARIS S613 is markedly enhanced by PINK1 coexpression, whereas
kinase deficient PINK1 mutants fail to phosphorylate PARIS (Figures 2F and 2G).

PINK1 is required for ubiquitination and degradation of PARIS by parkin

To determine if PINK1 regulates the ubiquitination of PARIS by parkin, SH-SY5Y cells
were transfected with PINK1, HA-ubiquitin and FLAG-PARIS. PINK1 enhances the
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endogenous ubiquitination of PARIS, while L347P and K219M PINK1 mutants have no
effect on PARIS ubiquitination (Figure 3A) indicating the importance of PINK1 kinase
activity. HA-ubiquitin signal is not measurable in the absence of FLAG-PARIS expression
indicating that the ubiquitination is specific for FLAG-PARIS (Figure S3A).

To determine if endogenous PINK1 is required for PARIS ubiquitination, PINK1 was
knocked down by shRNA (Figures 3B, S3B and S3C) resulting in reduced ubiquitination of
PARIS (Figure 3B). Ubiquitination is restored by expression of shRNA resistant PINK1
(PINK1R) (Figure 3B, S3B, and S3C), thus controlling for potential off-target effects. To
evaluate whether endogenous parkin contributes to the enhanced ubiquitination of PARIS
following PINKZ1 phosphorylation, parkin was knocked down by shRNA attenuating this
enhancement (Figure 3C).

To investigate the impact of PARIS phosphorylation on its proteasomal degradation the
tetracycline sensitive PARIS expression system (TetP-PARIS-FLAG) was used to assess
steady state levels of PARIS-FLAG in PINK1 overexpression. Twenty-four hours after
induction of PARIS-FLAG with tTA, doxycycline was added to block further PARIS-FLAG
expression. PINK1 overexpression accelerates the degradation of PARIS, while kinase
deficient L347P and K219M PINK1 do not (Figure 3D).

To evaluate the effect of endogenous PINK1 on endogenous PARIS levels we knocked down
PINK1 in SH-SY5Y cells which lead to a three-fold increase in PARIS. ShRNA resistant
PINK1 (PINK1R) restores PARIS to baseline (Figure 3E). PARIS mRNA does not change in
response knockdown of PINK1 (Figure 3F). These results suggest that endogenous PINK1
even under basal conditions possesses sufficient catalytic activity to regulate its potential
substrates. Supporting this notion, basal phosphorylation of both PARIS and PINK1 were
detected at appreciable levels by phosphorylated protein enrichment (Figure S3E and S3F).
The phosphorylation of PARIS and PINK1, measured by column binding, was enhanced by
treatment with the mitochondrial depolarizing agent, carbonyl cyanide 7-chlorophenyl
hydrazone (CCCP) and abolished by phosphatase treatment of cell lysates indicating that
binding of proteins to the column requires phosphorylation (Figure S3E and S3F).

Ubiquitin is the most extensively characterized PINK1 substrate (Fiesel et al., 2015; Kane et
al., 2014; Kazlauskaite et al., 2014; Koyano et al., 2014; Ordureau et al., 2014; Wauer et al.,
2015a). We used the phosphorylation of ubiquitin as a measure of PINK1 activity.
Phosphorylated ubiquitin is detected in the postnuclear, mitochondrial and cytoplasmic
compartments, and the phosphorylation is enhanced by CCCP treatment (Figure S3G).
Conversely, transfection of SH-SY5Y cells with siRNA to PINK1 leads to a reduction in
ubiquitin phosphorylation (Figure S3H). This would suggest that PINK1 is catalytically
active under basal conditions.

PINK1 knockdown also reduces PARIS phosphorylation in the cytoplasm (Figure S3H).
FLAG-PARIS is phosphorylated at S613 by endogenous PINKZ1 since depletion of PINK1
reduces S613 phosphorylation (Figure 3G). Introduction of PINK1R, an shRNA resistant
PINK1, restores the phosphorylation of FLAG-PARIS, thus controlling for potential off-
target effects (Figure 3G). Endogenous PARIS is phosphorylated by PINK1 since PINK1
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knockdown reduces the relative phosphorylation of endogenous PARIS leading to PARIS
accumulation (Figure 3H). These results taken together demonstrate that PINK1 has basal
catalytic activity in the absence of wide scale mitochondrial depolarization and that PARIS
is a physiologic phosphosubstrate of PINKL1.

PINK1 regulates parkin-mediated ubiquitination and degradation of PARIS via
phosphorylation

PARIS ubiquitination and degradation are regulated by parkin (Shin et al., 2011). A
ubiquitination assay in SH-SY5Y cells reveals that PARIS ubiquitination is markedly
enhanced by parkin overexpression (Figure S4A). The role of PARIS phosphorylation by
PINK1 in PARIS turnover was assessed using pulse chase experiments. SH-SY5Y cells were
transfected with TetP-PARIS-FLAG or TetP-PARIS-FLAG mutants (S322A or S613A or
S322/613A), HA-ubiquitin, parkin and tTA. Parkin robustly ubiquitinates PARIS, but in
S322A and S613A PARIS mutants this effect is reduced (Figure 4A), while S322/613A
PARIS (SA-DM) is not ubiquitinated (Figure 4A), linking PARIS S322/S613
phosphorylation by PINKZ1 to subsequent ubiquitination by parkin.

Additionally, an /n vitro ubiquitination reaction using recombinant ubiquitin, E1, UbcH7 as
an E2, PARIS WT or SA-DM together with TcPINK1 and rat full-length parkin showed
increased activation of parkin by addition of TcPINK1 (Figure S4B), consistent with
previous reports (Fiesel et al., 2015; Kazlauskaite et al., 2015; Kumar et al., 2015; Sauve et
al., 2015; Wauer et al., 2015a; Yamano et al., 2015). In contrast, phosphorylation mutant
PARIS SA-DM fails to be phosphorylated and ubiquitinated by TcPINKZ1/parkin even in the
presence of parkin activation (Figure S4B).

Recent /n vitro studies have shown that TcPINK1 can phosphorylate ubiquitin and parkin,
enhancing parkin activity (Fiesel et al., 2015; Kane et al., 2014; Kazlauskaite et al., 2014;
Kazlauskaite et al., 2015; Koyano et al., 2014; Kumar et al., 2015; Ordureau et al., 2014;
Sauve et al., 2015; Wauer et al., 2015a; Wauer et al., 2015b; Yamano et al., 2015). We
observe strong phosphorylation of both PARIS and parkin by TcPINKZ1 /n vitro (Figure
S4C-S4E). Phosphorylation-deficient ubiquitin (S65A-Ub) and constitutively active parkin
(rat parkin fragment 219-465) were used to examine the effect of PARIS phosphorylation on
ubiquitination independent of parkin or ubiquitin phosphorylation. Rat parkin enhances
PARIS ubiquitination but fails to ubiquitinate the PARIS phosphorylation mutant (Figure
4B), demonstrating the necessity of PARIS S322/S613 phosphorylation for parkin-mediated
ubiquitination.

The impact of PARIS phosphorylation on its steady state levels was assessed using TetP-
PARIS-FLAG or TetP-PARIS-FLAG mutants (S322A or S613A). PINK1 overexpression
reduces steady state levels of PARIS-FLAG by greater than 50%, whereas S322A PARIS-
FLAG is only reduced by about 30% and S613A PARIS-FLAG is not reduced (Figure 4C).
We examined whether this difference might be due to a change in the binding of mutant
PARIS for N-terminal VV5-tagged parkin (V5-parkin). S322A or S613A mutations
diminished the parkin interaction, while double mutation (S322/613A) abolished PARIS’s
interaction with parkin (Figure 4D), suggesting that phosphorylation of PARIS by PINK1
promotes parkin interaction.
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To mimic phosphorylation of PARIS, plasmids with serine to aspartate substitution at S322
or/and S613 (S322D, S613D, S322/613D (SD-DM)) were generated and the stability of the
proteins assessed. Cellular levels of S322D, S613D and SD-DM are significantly lower than
WT PARIS (Figure S4F), and SD-DM PARIS was stabilized by the proteasome inhibitor,
MG132, or parkin knock down (Figure 4E). These changes in protein expression are not due
to transcriptional alterations because mCherry, expressed from the same transcript via
internal ribosomal entry site (IRES), did not show noticeable differences among the groups
(Figure S4G and Figure 4E).

The physiologic role of endogenous parkin and PINK1 in PARIS clearance were assessed
using a tetracycline responsive PARIS expression system (TetP-PARIS-FLAG) to monitor
steady state levels of PARIS-FLAG after PINK1 or parkin knockdown. With control ShRNA,
PARIS-FLAG decrease by ~60% by 24 h after doxycycline treatment (Figure 4F). PINK1
knockdown delays PARIS degradation by ~50% while parkin knockdown almost completely
prevents PARIS clearance (Figure 4F) demonstrating that PARIS clearance is regulated by
both endogenous PINK1 and parkin. Further, parkin knockdown prevents the reduction in
PARIS seen with PINK1 overexpression (Figure 4G), while PINK1 knockdown abolished
parkin-mediated degradation of PARIS (Figure 4H). Thus, it seems ubiquitination and
degradation of PARIS by parkin is regulated by PINK1 phosphorylation at S322 and S613.

PINKZ1-parkin interaction has been extensively studied in CCCP-induced mitophagy, where
catalytically active PINK1 is stabilized on damaged mitochondria (Narendra et al., 2010;
Vives-Bauza et al., 2010). We report that CCCP treatment of SH-SY5Y cells leads to
accumulation of PINK1 and a gradual decrease in PARIS (Figure S4H and S4l). This
reduction of endogenous PARIS is parkin and PINK1 dependent since knockdown of either
prevents PARIS degradation (Figure S4J and S4K). The cellular distribution of PARIS after
CCCP treatment was evaluated using confocal immunofluorescence. FLAG-PARIS is
localized to the nucleus and to a lesser extent the cytosol (Figure S4L). CCCP treatment for
2 h redistributes PARIS to the cytoplasm where it partially colocalizes with mitochondria
(Figure S4L). Following CCCP treatment, PINK1 and parkin colocalize with PARIS at the
mitochondria (Figure S4M and S4N), indicating that, under depolarizing conditions, PARIS
can localize to mitochondria where it is targeted for degradation by PINK1 and parkin.

PINK1 regulates PARIS repression of PGC-1a and cell toxicity

PARIS accumulation downstream of parkin inactivation leads to PGC-1a repression (Shin et
al., 2011; Siddiqui et al., 2015; Siddiqui et al., 2016; Stevens et al., 2015). We sought to
determine whether PINK1 alters the expression of the PGC-1a. PGC-1a mRNA was
monitored using RT-gPCR following shRNA knockdown of PINK1 and/or PARIS in SH-
SY5Y cells. PINK1 knockdown reduces PGC-1a mRNA by 40% and simultaneous
knockdown of PARIS restores PGC-1a mRNA (Figure 5A). Similarly, knockdown of
PINK1 reduces PGC-1a protein by 50% whereas knockdown of PARIS restores basal
PGC-1a (Figure 5B). Consistent with PGC-1a repression, PINK1 knockdown in SH-SY5Y
cells results in PARIS enrichment at the insulin response sequence (IRS) region of the
PGC-1a promoter in a chromatin immunoprecipitation assay (Figure 5C and 5D). As
previously reported, PARIS substantially reduces PGC-1a promoter activity in a luciferase
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assay using a 1 kb human PGC-1a luciferase promoter construct (Shin et al., 2011) (Figure
5E). PINK1 overexpression partially prevents this reduction, and PINKZ1 kinase activity is
required for this reduction as the kinase inactive K219M PINK1 mutant has no effect
(Figure 5E). Neither PINK1 or K219M PINK1 overexpression directly affect PGC-1a
promoter activity (Figure 5E). Notably, repression of PGC-1a by PARIS phosphorylation
mutants (S322A or S613A or SA-DM) could not be rescued by PINK1 overexpression.
(Figure 5F).

PARIS accumulation and PGC-1a repression are key molecular events in DA cell death
(Shin et al., 2011; Stevens et al., 2015). To determine if PARIS toxicity is influenced by
PINK1 phosphorylation, cell death was measured following transient overexpression of
PARIS in SH-SY5Y cells. With about 60% transfection efficiency (Figure S5A, and S5B),
overexpression of PARIS results in approximately 19% cell death compared with 7% cell
death in controls. PINK1 overexpression attenuates PARIS toxicity, while K219M PINK1
has no effect (Figure 5G). PARIS S322A, S613A and SA-DM results in more than 16% cell
death in SH-SY5Y cells, but PINK1 overexpression was unable to rescue the toxicity of the
PARIS phosphorylation defective mutants (Figure 5G).

To further evaluate the ability of PINKZ1 to rescue PARIS toxicity /n vivo, we used
recombinant adeno-associated virus (rAAV) to overexpress PARIS and PINK1 in mouse VM
(Figure 6A and 6B). Consistent with our previous report (Shin et al., 2011), rAAV-PARIS
leads to a three-fold increase in PARIS, similar to levels seen in sporadic PD and adult
conditional parkin KO mice, repression of PGC-1a. (Figure 6C and 6D) (Shin et al., 2011)
and loss of DA neurons (Figure 6E and 6F). Co-expression of PINK1 reduced PARIS and
reversed PGC-1a repression (Figure 6C and 6D) preventing the loss of DA neurons due to
PARIS overexpression (Figure 6E and 6F). The protective effect of PINK1 is dependent on
PARIS S322 and S613 phosphorylation because PINK1 failed to prevent PGC-1a repression
and DA neuron toxicity induced by phosphorylation deficient mutant PARIS (Figure 6C-6F).

PINK1 knockdown in an adult mouse brain leads to PARIS-dependent DA neuronal loss

Knockout of parkinin adult mice leads to degeneration of DA neurons that is PARIS
dependent (Shin et al., 2011; Stevens et al., 2015). To investigate whether adult knockdown
of PINK1 leads to DA neuron degeneration, we used conditional pinkZ-RNAJtransgenic
mice (Zhou et al., 2007). Mice were stereotaxically injected with AAV-GFP-Cre, which
efficiently transduces TH+ DA neurons (Figure S6A and S6B) leading to >80% knockdown
of PINK1 mRNA (Figure S6C), and reduced PARIS S613 phosphorylation despite increased
PARIS (Figure S6D and S6E). PINK1 knockdown leads to a ~30% reduction in PGC-1a
mMRNA (Figure S6C). PINK1 knockdown leads to a two-fold increase in PARIS protein and
reduction of PGC-1a protein which are rescued by PARIS knockdown (Figure 7A and 7B).

To address potential off-target effects of ShRNA to PINK1 and PARIS, AAV that express
human PINK1 (AAV-hPINKZ1) or a different ShRNA to mouse PARIS (AAV-shPARIS#2-
RFP) (Figure S7). AAV-shPARIS#2, efficiently transduced GFP-Cre positive DA neurons
(Figure S7A). PGC-1a repression was evaluated at the cellular level by probing pink1-
SIRNA mouse VM with antibodies to TH, PGC-1a, and GFP after injection with AAV-GFP
or AAV-GFP-Cre and AAV-hPINK1 viruses (Figure S7B and S7C). TH+ neurons transduced
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with GFP-Cre, had reduced PGC-1a signal intensity compared to AAV-GFP control (Figure
S7B, and S7C) consistent with the western blot analysis (Figure 7A and 7B). Co-injection of
AAV-hPINK?1 virus prevented the PGC-1a repression (Figure S7B and S7C). We also
examined whether PGC-1a repression by PINK1 depletion is PARIS dependent in DA
neurons by laser capture microdissection. TH+ and AAV virus transduced (GFP+) neurons
from pink1-siRNA transgenic mice stereotaxically injected with AAV-GFP, AAV-GFP-Cre,
and AAV-GFP-Cre/shRNA-PARIS in the VM (VM) were collected for RNA extraction
(Figure S7D and S7E). DA neurons transduced with both AAV-GFP-Cre and shPARIS, were
protected from PGC-1a downregulation following PINK1 ablation (Figure S7D and S7E)
consistent with the western blot analysis (Figure 7A and 7B).

Three months after AAV-GFP-Cre injection of pink1-RNAjmouse VM the number of DA
neurons was assessed via stereologic analysis. AAV-GFP-Cre mediated expression of
ShRNA-PINKZ1 in adult animals leads to a 30% reduction in TH+ neurons that is prevented
when PARIS is also knocked down (Figure 7C and 7D). This DA neuron degeneration is
progressive since at 12 months post-injection there is about 45% loss of TH+ neurons
(Figure 7D). PINK1 depleted mice show astrogliosis in the substantia nigra (SN) by GFAP
immunoreactivity and western blot (Figure 7E-7H).

Along with PGC-1a restoration, human PINK1 expression in PINK1 depleted mice reversed
DA neuron loss as determined by stereologic counting of TH+ neurons (Figure S7F and
S7G). Co-injection of AAV-shPARIS #2-RFP also provided nearly complete protection from
DA neuronal toxicity due to PINK1 depletion (Figure S7F and S7G). These results taken
together confirm that /7 vivo knockdown of PINKZ1 in adult mice leads to loss of DA
neurons that is PARIS dependent.

DISCUSSION

Using gain and loss of function studies we show here that PINK1 acts as a priming kinase
for parkin-mediated ubiquitination of PARIS, which controls the steady state levels of
PARIS. Substrate phosphorylation is a common regulatory mechanism by which E3 ligases
recognize their cognate substrate (Hunter, 2007). Phosphorylation of PARIS by PINK1
occurs under basal conditions both /n vitroand in vivo and the absence of PINK1 leads to
reduced levels of phosphorylated PARIS, which are not efficiently recognized by parkin for
ubiquitination and proteasomal degradation. PARIS accumulates in the absence of PINK1
where it transcriptionally represses PGC-1a leading to the degeneration of DA neurons.

Parkin and PINK1 are key players in multiple domains of mitochondrial health and quality
control, including fission/fusion, transport, mitophagy and biogenesis (Corti and Brice,
2013; Pickrell and Youle, 2015; Scarffe et al., 2014; Voigt et al., 2016; Winklhofer, 2014). In
addition to their role at the mitochondria, both parkin and PINK1 have roles outside the
mitochondria. For instance, parkin is active in multiple cellular compartments including the
cytosol (von Coelln et al., 2004a; West et al., 2007), synaptic terminals (Fallon et al., 2006;
Helton et al., 2008), mitochondria (Geisler et al., 2010), endosomes (Song et al., 2016) and
nucleus (da Costa et al., 2009; Lee et al., 2015). PINK1 is also found outside the
mitochondria where different processed forms occur in the cytosol under basal conditions
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(Fedorowicz et al., 2014; Haque et al., 2008; Lin and Kang, 2008, 2010; Murata et al., 2011;
Sha et al., 2010; Weihofen et al., 2008). These different forms of PINK1 may not simply be
intermediates that are targeted for proteasomal degradation as there is evidence that cytosolic
PINK1 may regulate dendritic complexity (Dagda et al., 2014), vesicular release of
dopamine, calcium-activated potassium channels, long-term potentiation (Kitada et al.,
2007; Shan et al., 2009) and mitochondrial transport by phosphorylating Milton or Miro (Liu
et al., 2012; Matenia et al., 2012). Thus, it could be possible that PARIS phosphorylation
under physiological conditions is mediated by cytosolic PINK1. Consistent with this notion
we observe basal levels of phosphorylation of cytosolic ubiquitin and PARIS under
physiological conditions. PINK1 activity and phosphorylation of parkin (Fiesel et al., 2015)
and ubiquitin under basal conditions have also been reported (Fiesel et al., 2015; Koyano et
al., 2014; Ordureau et al., 2014). Other mitochondrial proteins such as fumarase, apoptosis
inducing factor (AIF), aconitase, NAD(P)H dehydrogenase among others and have both
mitochondrial and extramitochondrial localizations due to a variety of mechanisms (Yogev
and Pines, 2011). Thus, it will be important in future studies to determine the mechanisms
accounting for the non-mitochondrial presence of PINK1 and phosphorylation of cytosolic
substrates. In addition to cytosolic PINK1, mitochondrial PINK1 can come into contact with
proteins in the cytoplasm, since processed PINK1 is targeted to the outer mitochondrial
membrane with its kinase domain facing the cytosol (Zhou et al., 2008), enabling PINK1 to
have full access to cytosolic substrates. Thus, PINK1 through potential different mechanisms
is capable of phosphorylating cytosolic substrates.

Structural analysis of parkin indicates that it exists in an autoinhibited state and thus requires
relief of this autoinhibition to become active (Trempe et al., 2013; Wauer and Komander,
2013). During mitochondrial membrane depolarization parkin is activated by PINK1
phosphorylation of parkin and ubiquitin (Kane et al., 2014; Kazlauskaite et al., 2014;
Kazlauskaite et al., 2015; Koyano et al., 2014; Kumar et al., 2015; Ordureau et al., 2014;
Sauve et al., 2015; Wauer et al., 2015a; Wauer et al., 2015b; Yamano et al., 2015). What
accounts for parkin activation under physiological conditions in the cytosol and non-
mitochondrial organelles is not known and requires further study. However, our observation
that phospho-ubiquitin is present in the cytosol and is PINK1 dependent suggests that
phosphorylation of ubiquitin by PINK1 may contribute to activation of cytosolic parkin. In
addition, parkin is likely to be regulated by its association with its E2s (Fiesel et al., 2014),
CHIP and substrates (Byrd and Weissman, 2013; Imai et al., 2002; Shin et al., 2011).

Dopamine neurons do not degenerate in germ line parkin knockout mice (Goldberg et al.,
2003; Itier et al., 2003; Von Coelln et al., 2004b). Crossing germ line parkin knockout mice
to mitochondrial mutator mice causes loss of DA neurons and elevation of phosphorylated
ubiquitin suggesting that PINK1 is activated and that defects in mitophagy could be
contributing to loss of DA neurons (Pickrell et al., 2015). On the other hand, mitophagy
defects were not found in parkin knockouts in response to mitochondrial stressors
(Kageyama et al., 2014; Kageyama et al., 2012; Sterky et al., 2011). Moreover, in adult
conditional parkin knockouts, which exhibit progressive degeneration of DA neurons,
mitochondrial mass was reduced and defects in mitophagy were not observed (Stevens et al.,
2015). PARIS up-regulation and PGC-1a suppression seem to be the primary driver of DA
neuron loss due to the absence or inactivation of parkin (Shin et al., 2011; Stevens et al.,
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2015) and PINK1 in PD since loss of DA neurons is PARIS dependent. Since PARIS
regulates mitochondrial biogenesis through its actions on PGC-1a under normal conditions
(i.e. active PINK1 and parkin) there is likely a homeostatic mechanism that controls the
content of mitochondria in a cell through degradation (mitophagy) and synthesis
(biogenesis). Consistent with this notion is our observation that following induction of
mitophagy through mitochondrial depolarization via CCCP there is enhanced PARIS
phosphorylation and reduction in its levels, which would relieve its repression on PGC-1a
and augment biogenesis. Moreover, it has been reported that PGC-1a is involved in the
regulation of mitochondrial autophagy and degradation as well as biogenesis (Baldelli et al.,
2014; Vainshtein et al., 2015a; Vainshtein et al., 2015b). Further studies are required to
investigate this possibility.

In conclusion, since the PARIS/PGC-1a cell death pathway appears to play a role in
sporadic PD (Clark et al., 2011; Eschbach et al., 2015; Shin et al., 2011; Su et al., 2015;
Zheng et al., 2010), therapeutic strategies aimed at inhibiting PARIS or maintaining PGC-1a
function could be beneficial in both sporadic PD and PD due to mutations in parkin or
PINKI.

EXPERIMENTAL PROCEDURES

Antibodies

Plasmids

Full experimental details can be found in the Supplemental Experimental Procedures.

Antibodies specific to PARIS that is phosphorylated at serine 613 (anti-pS613-PARIS
antibodies) were raised by immunizing a rabbit with a phospho-peptide (CDPFK-
(phosphorylated)S-PASKGPLASTD, synthesized in the Johns Hopkins Sequencing Facility)
and purified in a column conjugated with the phosphorylated PARIS peptide (SulfoLink
Immobilization Kit for Peptides, Thermo Scientific).

TetP-PARIS-FLAG was constructed by cloning PCR amplified C-terminal FLAG tagged
human PARIS into the Sall site of pTRE-Dual2 vector (Clontech). Serine 322 and serine 613
of human PARIS were mutagenized into alanine by using site directed mutagenesis
following the manufacturer’s instruction to generate S322A, S613A, and double
phosphorylation mutant PARIS (QuikChange® I XL Site-Directed Mutagenesis Kit,
Stratagene).

Subcellular fractionation

SH-SYS5Y cells and mouse brain tissues were subjected to subcellular fractionation using the
Qproteome Mitochondria Isolation Kit (Qiagen) following the manufacturer instructions.
Cytosolic fractions were concentrated with acetone precipitation.
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Tet-off mediated pulse chase study

SH-SY5Y cells were transfected with pCMV-tTA and TetP-PARIS-FLAG and indicated
DNA constructs. One day later, doxycycline (200 ng per ml, Invitrogen) was added to
culture media and PARIS-FLAG was measured by western blot.

In vitro ubiquitination/phosphorylation assay

Recombinant PARIS WT or phosphorylation SA-DM mutant proteins were incubated with
ubiquitin S65A (10 pg), UBE1 (250 ng), UbcH7 (500 ng), TcPINK1 and rat Parkin (full
length, aa 219-465, 2 g) in ubiquitin conjugation reaction buffer (Boston Biochem)
supplemented with 2 mM ATP at 37° C for 40 minutes.

Virally induced conditional PINK1 knockdown mouse model

PINK1-siRNA transgenic mice were generously provided by Dr. Xugang Xia (Thomas
Jefferson University). In this mouse strain, expression of ShRNA to mouse PINK1 is blocked
by a floxed STOP sequence in between the U6 promoter and shPINK1 sequence (Zhou et
al., 2007). A recombinant adeno-associated virus expressing GFP-fused Cre recombinase
(AAV-GFP-Cre) was stereotaxically introduced into two-month-old mice SN at coordinates
(1.3 mm lateral, 3.2mm caudal, 4.3 mm ventral relative to Bregma).

Chromatin immunoprecipitation

SH-SY5Y cells were fixed, glycine quenched, and lysed in 500 ml of SDS buffer containing
protease inhibitors. Chromatin was digested with micrococcal nuclease and sonicated to
100-250bp DNA/Protein complex using a Diagenode UCD-300. Pre-cleared samples were
incubated with mouse anti-PARIS antibodies (Neuromab) overnight. Elutes were subjected
to reverse cross-linking and DNA was recovered by phenol-chloroform-ethanol purification.

Laser capture microdissection

Statistics

The brains were rapidly removed and frozen on dry ice with OCT tissue freezing medium
for cryostat sectioning (Tissue-Tek). An RNase inhibitor and sterile PBS were used during
immunofluorescence labeling for tyrosine hydroxylase (TH) and GFP. Double positive
neurons were collected by LCM (Leica P.A.L.M. laser microdissection) and used for RNA
extraction.

Quantitative data are presented as the mean * s.e.m. Statistical significance was assessed
either via an unpaired two-tailed Student’s #test or nonparametric Mann-Whitney U-test for
two-group comparison or an ANOVA test with Tukey’s HSD post hoc analysis for
comparison of more than three groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
PARIS is a PINK1 Substrate

PINK1 phosphorylation of PARIS primes it for parkin ubiquitination and
degradation

PINKZ1 controls PARIS regulated PGC-1a levels and dopamine neuron
survival

Conditional knockdown of PINK1 leads to PARIS-dependent loss of
dopamine neurons
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antibody (7= 2). (D) Co-immunoprecipitation of endogenous PARIS with PINK1 from
parkirt™* and parkin™~ mouse brain tissue (/7= 2). See also Figure S1.
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Figure 2. PINK1 phosphorylates PARIS
(A) In vitro kinase assay using [32P]-ATP of PARIS phosphorylation by maltose-binding

protein tagged 7ribolium castaneum PINK1 (MaBP-TcPINK1). Phosphorylated TcPINK1
and PARIS are indicated by empty and filled arrowheads, respectively (n= 2). Kl, kinase
inactive mutant TcPINK1 (D359A). (B) PARIS phosphorylation of PARIS IPs via a
phosphoserine antibody by WT, L347P, A217D, G309D or K219M PINK1 in SH-SY5Y
cells. (C) Quantification of relative phosphorylation levels of PARIS (n= 3). (D) Serine
phosphorylation of WT and phosphomutant (S322A and S613A) PARIS by PINK1 in SH-
SY5Y cells. (E) Quantification of relative phosphorylation levels of PARIS WT and
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phosphomutants (n7= 3). (F) PINK1 WT and mutant phosphorylation at S613 of PARIS
determined by Immunoblots using pS613-PARIS antibodies for anti-FLAG
immunoprecipitates from SH-SY5Y cells. (G) Quantification of relative S613
phosphorylation normalized to total immunoprecipitated PARIS levels (n7= 3 per group).
Quantified data (Figures 2C, 2E, and 2G) are expressed as mean + s.e.m., **P < 0.01, ***p
< 0.001, analysis of variance (ANOVA) test followed by Tukey HSD post-hoc analysis. See
also Figure S2.
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Figure 3. PINK1 is required for Parkin ubiquitination and degradation of PARIS
(A) PARIS ubiquitination with PINK1 or mutant (L347P and K219M) overexpression by

HA western blot of FLAG immunoprecipitates from transfected SH-SY5Y cells. Graph
shows quantification of HA-ubiquitin normalized to total PARIS (7= 4). (B) PARIS
ubiquitination after knockdown of PINK1 in SH-SY5Y cells. Graph shows relative
ubiquitination normalized to total PARIS. PINK1R is shRNA resistant PINK1 (7= 3). (C)
PARIS ubiquitination with PINK1 overexpression and co-transfection of sShRNA-parkin.
Graph shows PARIS ubiquitination normalized to total PARIS (n= 4; 3 for no HA-Ub). (D)
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Pulse chase analysis of PARIS-FLAG with PINK1 or kinase deficient mutants, K219M and
L347P overexpression. PARIS-FLAG was induced by the Tet-off system for 24 hours, and
the degradation of PARIS-FLAG was monitored after doxycycline treatment. Graph shows
quantification of PARIS-FLAG normalized to p-actin (n7= 4, statistical comparison done at
12 h). (E) Western blot of endogenous PARIS in SH-SY5Y cells 2 days after transfection
with PINK1 shRNA with and without sShRNA-resistant PINK1 expression. Graph shows
quantification of endogenous PARIS normalized to p-actin (7= 5). (F) Quantification of
PINK1 and PARIS mRNA normalized to GAPDH in SH-SY5Y cells transfected with
shPINK1 or shDsRed control (n7=3) (see Figure 5A for PINK1 mRNA). (G) PARIS S613
phosphorylation in SH-SY5Y cells transfected with FLAG-PARIS and shRNA to PINK1 or
shDsRed. Endogenous human PINK1 is indicated with an arrow head. Graph shows relative
quantification of pS613 PARIS normalized to FLAG-PARIS (n7= 4; 3 for shPINK1/
PINK1R). (H) Representative western blots showing accumulation of endogenous PARIS
and concomitant reduction of relative S613 PARIS phosphorylation by PINK1 depletion.
Graph shows relative quantification of pS613 PARIS normalized to total PARIS (7= 3).
Quantified data expressed as mean £ s.e.m., *£< 0.05, **P< 0.01, ***P< 0.001, a two-
tailed student ¢test for Figures 3F and 3H and analysis of variance (ANOVA) test followed
by Tukey HSD post-hoc analysis for the others. See also Figure S3.
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Figure 4. PINK1 phosphorylation of PARIS is required for Parkin ubiquitination of PARIS
(A) Immunoblots of parkin ubiquitination of PARIS WT and S322A, S613A, and

S322,613A (SA-DM)) phosphorylation mutants. Bar graph shows quantification of the
levels of ubiquitination of immunoprecipitated PARIS normalized to the levels of PARIS (n
= 3). (B) Immunoblot analysis of an /n vitro parkin ubiquitination assay with UbS®5A and rat
Parkin219-465 of WT or SA-DM PARIS in the presence of TcPINK1. Recombinant PARIS
phosphorylation and ubiquitination was monitored by Immunoblot using pSer613 and
PARIS antibodies respectively. Similar results were obtained in two independent
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experiments. (C) Immunoblot of pulse chase analysis of WT and phosphorylation mutant
PARIS-FLAG in the presence of PINK1 in SH-SY5Y cells. Bar graph of quantification of
relative WT and phosphorylation mutant PARIS-FLAG levels normalized to p-actin in the
indicated time points (n= 3). (D) Immunoblots of anti-FLAG immunoprecipitates from SH-
SY5Y cells expressing V5-parkin and WT or phosphodeficient S322A, S613A, and SA-DM
PARIS. (E) Immunoblots of WT and the phosphomimetic form of FLAG-PARIS (SD-DM)
in response to MG132 in SH-SY5Y cells. mCherry was used for transfection control. Bar
graph of quantification of relative PARIS-FLAG levels normalized to mCherry (7= 3 per
group). (F) Immunoblots of pulse chase analysis of PARIS-FLAG levels in the setting of
either PINKZ1 or parkin knockdown in SH-SY5Y cells. Line graph of quantification of
relative PARIS-FLAG levels normalized to B-actin (n= 3 per group). (G) Immunoblots of
pulse chase analysis of PARIS-FLAG levels in the presence of PINK1 overexpression with
or without knockdown of parkin in SH-SY5Y cells. Bar graph of quantification of relative
PARIS-FLAG levels normalized to p-actin (7= 4). (H) Immunoblot of PARIS-FLAG
degradation by Myc-parkin in the setting of PINK1 overexpression or knockdown in SH-
SY5Y cells. mCherry was used as a transfection control. Bar graph of quantification of
relative PARIS-FLAG levels normalized to mCherry (1= 3 per group). Quantified data
(Figures 4A, 4C, 4E, 4F, 4G, and 4H) are expressed as mean + s.e.m., *£< 0.05, **P< 0.01,
*** P < 0.001, analysis of variance (ANOVA) test followed by Tukey HSD post-hoc analysis.
See also Figure S4.
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Figure 5. PINK1 regulates PGC-1la. via PARIS
(A) Relative quantification of PGC-1a, PINK1, and PARIS mRNA after PINK1 and PARIS

knockdown in SH-SY5Y cells by RT-qPCR normalized to GAPDH (7= 4). (B) PGC-1a,
PARIS and PINK1 protein in SH-SY5Y cells transfected with indicated ShRNA (7= 4).
Bottom shows quantification normalized to p-actin (C) Chromatin immunoprecipitation
(ChIP) with PARIS antibodies or 1gG in SH-SY5Y cells transfected with shDsRed or
shPINK1. Occupancy of the PGC-1a promoter by PARIS was determined by RT-gPCR of
PARIS immunoprecipitates using primers for the PGC-1a IRS1 site. Representative
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PGC-1a and GAPDH PCR are shown as a negative control for anti-PARIS ChIP DNA. IRS,
insulin response sequence (D) Quantification of PGC-1a. DNA after shDsRed or shPINK1
transfection normalized to input (7= 4). (E) Quantification of PGC-1a promoter activity in
a stable luciferase SH-SY5Y cell line transfected with PARIS and PINK1 or kinase inactive
(K219M) PINK1 (7= 3). Top shows schematic of the PGC-1a luciferase construct used to
generate stable cell lines (IRS, insulin response sequence; CRE, cAMP response element;
MEF, muscle enhancer factor; Luc, luciferase expression). (F) Relative quantification of
PGC-1a promoter activity in the stable luciferase SH-SY5Y cell line transfected with
PARIS or phosphorylation mutants and PINK1 (n7= 3). (G) Percent cell death in SH-SY5Y
cells transfected with PARIS or phosphodeficient mutants and PINK1 determined by trypan
blue exclusion assay (=12 ; 3 for S322A and S613A,; 5 for SA-DM). Quantified data
(Figures 5A, 5B, 5D-5G) expressed as mean * s.e.m., *P< 0.05, **P< 0.01, ***P< 0.001,
analysis of variance (ANOVA) test followed by Tukey HSD post-hoc analysis. See also
Figure S5 and Table S1.
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Figure 6. PINK1 rescues PARIS-induced dopaminergic cell loss in vivo
(A) Schematic of SN virus injection schedule in 2 month old C57/B6 mice. (B)

Representative immunofluorescence images of injection quality. Scale bar = 500 mm. (C)
Western blots from mouse VM stereotaxically injected with AAV-GFP, or AAV-PARIS, or
AAV-PARIS SA-DM with AAV-hPINK1 or AAV-GFP. (D) Quantification of relative PARIS
and PGC-1a band densities normalized to B-actin. (n= 3). (E) Representative
immunohistochemistry of tyrosine hydroxylase (TH) in mouse SN injected with indicated
virus. Scale bar = 500 mm. (F) Stereological assessment of TH+ and Nissl positive neurons
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in the SN pars compacta (SNpc) of indicated injection groups (7=5 GFP, n=6 PARIS, n=
5 PARIS/PINK1, n=4 PARIS-SA-DM, and n =4 PARIS-SA-DM/PINK1 injected
hemispheres). Quantified data (Figures 6D and 6F) expressed as mean + s.e.m., *£< 0.05,
**p<0.01, ***P<0.001, analysis of variance (ANOVA) test followed by Tukey HSD post-
hoc analysis. B-actin was used as a loading control. See also Figure S6.
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Figure 7. PARIS is required for loss of dopaminergic neurons and reduction of PGC-1 a in
conditional PINK1 ablation

(A) Western blot analysis of PARIS, PGC-1a, parkin, and p-actin in the VM of pink1-
SIRNA Tg mice 4 weeks after SN injection with the indicated virus. Two month old mice
were used for injection. (B) Quantification of band intensities of PARIS, PGC-1a, and
parkin normalized to p-actin (7= 3). (C) Representative TH immunohistochemistry of DA
neurons in the SN 3 months after injection of AAV-GFP or AAV-GFP-Cre viruses and lenti-
shPARIS as indicated. Scale bar = 500 mm. (D) Stereological counting of TH+ and Nissl
stained neurons 3 months and 12 months after AAV-GFP-Cre injection of pink1-siRNA
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transgenic mice with and without coinjection of lenti-shRNA-PARIS. (7= 4 at 3 months; n=
5 GFP-Cre injected, 3 non-injected hemispheres at 12 months). (E) Representative GFAP
immunohistochemistry of pink1-sikRNA mouse VM injected with AAV-GFP or AAV-GFP-
Cre viruses. SNpc, SN pars compacta. SNr, SN reticularis. Scale bar = 100 mm. (F)
Percentage of GFAP positive area in the SNpc of AAV-GFP or AAV-GFP-Cre injected
pinkI-siRNA transgenic mice (1= 10 sections from 3 mice per group). (G) Representative
western blots of GFAP in AAV-GFP or AAV-GFP-Cre injected pink1-siRNA mouse
midbrain. (H) Relative quantification of GFAP in (G) normalized to p-actin (7= 4).
Quantified data expressed as mean + s.e.m., *£< 0.05, ***P < 0.001, a two-tailed Student’s
ttest (Figures 7F and 7H). Analysis of variance (ANOVA) test followed by Tukey HSD
post-hoc analysis (Figures 7B and 7D). See also Figures S7.
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