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N E U R O S C I E N C E

Deubiquitinase CYLD acts as a negative regulator 
of dopamine neuron survival in Parkinson’s disease
Sheila K. Pirooznia1,2, Hu Wang1,2, Nikhil Panicker1,2, Manoj Kumar1,2, Stewart Neifert1,2, 
Mohamad Aasif Dar1,2, Evan Lau1,2, Bong Gu Kang1,2, Javier Redding-Ochoa2,3, 
Juan C. Troncoso2,3, Valina L. Dawson1,2,4,5,6,7*, Ted M. Dawson1,2,5,6,7,8*†

Mutations in PINK1 and parkin highlight the mitochondrial axis of Parkinson’s disease (PD) pathogenesis. PINK1/
parkin regulation of the transcriptional repressor PARIS bears direct relevance to dopamine neuron survival 
through augmentation of PGC-1–dependent mitochondrial biogenesis. Notably, knockout of PARIS attenuates 
dopaminergic neurodegeneration in mouse models, indicating that interventions that prevent dopaminergic ac-
cumulation of PARIS could have therapeutic potential in PD. To this end, we have identified the deubiquitinase 
cylindromatosis (CYLD) to be a regulator of PARIS protein stability and proteasomal degradation via the PINK1/
parkin pathway. Knockdown of CYLD in multiple models of PINK1 or parkin inactivation attenuates PARIS ac-
cumulation by modulating its ubiquitination levels and relieving its repressive effect on PGC-1 to promote 
mitochondrial biogenesis. Together, our studies identify CYLD as a negative regulator of dopamine neuron 
survival, and inhibition of CYLD may potentially be beneficial in PD by lowering PARIS levels and promoting 
mitochondrial biogenesis.

INTRODUCTION
Genetic mutations in the E3 ubiquitin ligase parkin or the Ser/Thr 
kinase PINK1 play a causal role in autosomal recessive Parkinson’s 
disease (PD) (1, 2). PINK1 facilitates parkin activation by phosphor-
ylating both ubiquitin and parkin phosphorylation at S65 (3, 4). Sev-
eral substrates of PINK1 and parkin are now known to link these 
proteins in common pathways regulating multiple aspects of mito-
chondrial quality control (5, 6). Of these, the pathogenic substrate, 
PARIS (ZNF746), which is subject to proteasomal regulation through 
sequential phosphorylation and ubiquitination by PINK1 and parkin, 
respectively, plays a pivotal role in dopamine neuron survival (7–9). 
Accumulation of PARIS is evident in sporadic and familial PD brains 
and also leads to loss of dopamine neurons in Drosophila models of 
conditional parkin or PINK1 knockdown (KD) (10), a mouse model 
of parkin inactivation (11, 12), and adult conditional mouse models 
of parkin knockout (7, 8) or PINK1 KD (9). The underlying molec-
ular mechanism involves PARIS-mediated transcriptional repression 
of peroxisome proliferator-activated receptor-gamma coactivator-1a 
(PGC-1a) that leads to impaired mitochondrial biogenesis, declines 
in mitochondrial mass, and deficits in respiratory capacity of mito-
chondrial pools within the dopamine neurons. PARIS also plays a 
key role in a-synuclein (a-syn)–induced neurodegeneration under 

conditions of parkin inactivation in two A53T a-syn transgenic 
models of familial PD and in the a-syn preformed fibril model of 
sporadic PD (13). Collectively, these studies indicate that PARIS is 
the key mediator of neurodegeneration in familial and sporadic PD 
through regulation of PGC-1a and provide a strong rationale to iden-
tify strategies that reduce or inhibit PARIS to prevent neurodegen-
eration in PD.

Ubiquitination is a reversible modification, and the actions of E3 
ligases such as parkin are countered by deubiquitinating enzymes 
(DUBs) that catalyze the removal of ubiquitin from substrates. The 
human genome encodes ~100 DUBs belonging to six families (14). 
However, the identity of DUBs that function in the PINK1/parkin 
pathway to regulate cellular levels of PARIS is currently unknown. 
Identification of these DUBs could nevertheless have immense ther-
apeutic potential as inhibition of these DUBs could counter PARIS 
accumulation by promoting protein destabilization. We recently 
reported that transgenic expression of human PARIS (hPARIS) in 
Drosophila causes selective progressive degeneration of dopamine 
neurons and motor deficits that result from PARIS-dependent repres-
sion of PGC-1a and its downstream transcription factors nuclear 
respiratory factor 1 (NRF1) and transcription factor A, mitochon-
drial (TFAM), ultimately impinging on mitochondrial biogenesis. 
Notably, short hairpin RNA (shRNA)–mediated reductions in 
Drosophila PINK1 (dPINK1) or parkin activity in the fly dopa-
mine neurons lead to up-regulation of the Drosophila homolog 
of PARIS and phenocopy the mitochondrial biogenesis defects (10). 
Given this highly conserved nature of PARIS regulation by the 
PINK1/parkin pathway, we reasoned that these Drosophila models 
would serve as powerful systems to screen for DUBs that function 
as part of the PINK1/parkin pathway to regulate PARIS protein 
stability and thereby promote dopaminergic (DA) mitochondrial 
health via the PGC-1a axis. To this end, we conducted a genome-wide 
DUB-specific RNA interference (RNAi) screen in the Drosophila 
model of hPARIS to identify DUBs whose loss of function in vivo 
suppressed the PARIS-induced motor deficits. Such DUB candidates 
were further examined to identify DUBs that not only suppressed 
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motor deficits under conditions of PINK1 or parkin insufficiency 
but also promoted survival of fly dopamine neurons. This led to 
the identification of the DUB cylindromatosis (CYLD) that effec-
tively suppressed DA neurotoxicity incurred under conditions of 
PARIS accumulation.

Here, we show that the neuroprotective effects of CYLD KD are 
mediated through its DUB activity. DA neuron KD of CYLD in 
Drosophila increases PARIS ubiquitination, thereby accelerating its 
proteasomal degradation. CYLD KD also relieves the repressive 
effect PARIS has on PGC-1a and alleviates the mitochondrial bio-
genesis defects that result from PARIS accumulation in the fly 
dopamine neurons. Our studies further identify mammalian PARIS 
to be a DUB substrate of CYLD. Depletion of CYLD activity ameliorates 
DA neurodegeneration and behavioral deficits observable in adult 
conditional parkin KD mouse models. In human embryonic stem 
(hES) cell–derived midbrain dopamine neurons, reducing CYLD 
activity in the parkin- deficient background facilitates PGC-1a– 
dependent gene expression changes that promote mitochondrial 
protein synthesis to sustain mitochondrial biogenesis. Notably, 
the neuroprotective effects mediated by CYLD KD are abrogated 
in the absence of PGC-1a. Together, these observations uncover a 
previously unidentified role for CYLD in promoting mitochondrial 
health within dopamine neurons via the PARIS/ PGC-1a axis and 
highlight its utility as a potential therapeutic target for small 
molecule inhibitors.

RESULTS
Genome-wide DUB-specific RNAi screen in Drosophila 
identifies candidates that function in the  
PINK1/parkin pathway
To identify DUBs that regulate PARIS neurotoxicity via the PINK1/
parkin pathway, we devised a genome-wide in vivo RNAi screen in 
Drosophila targeting all the DUBs encoded in the fly genome. An 
inventory of DUBs encoded in the fly genome has been described 
(15) and includes 45 putative DUBs belonging to five typical DUB 
subfamilies, of which 43 have direct orthologs in humans (table S1). 
We have previously shown that DA overexpression of hPARIS in 
Drosophila leads to adult onset progressive loss of dopamine neu-
rons and climbing deficits that phenocopy the effect DA KD of 
dPINK1 or parkin has (10). We therefore used DUB-specific RNAi 
fly lines in a series of sequential primary and secondary F1 screens to 
identify DUBs that, when knocked down, rescued the pronounced 
climbing defects under these conditions (Fig. 1A). A primary F1 
screen was conducted in flies that overexpressed hPARIS in the do-
pamine neurons under the control of the DA neuron–specific tyro-
sine hydroxylase (TH)–Gal4 driver (TH>hPARIS). RNAi fly lines 
targeting each of the 43 DUBs with human orthologs were crossed 
to TH>hPARIS flies and DUB KDs that suppressed PARIS-induced 
climbing defects in the F1 progeny were scored as positive hits in 
this primary screen. As control, each of the 43 DUB-specific RNAi 
lines was crossed to the TH-Gal4 driver to ensure that KD of the 
respective DUBs did not in itself lead to climbing defects that could 
potentially obscure readout in the TH>hPARIS flies (table S2). Of 
the 43 DUBs screened in the TH>PARIS flies, KD of 13 individual 
DUBs effectively suppressed the PARIS-induced climbing defects 
(Fig. 1B and fig. S1). To identify DUBs that function in the PINK1/
parkin pathway to regulate PARIS, these 13 DUB candidates were 
then subjected to additional secondary screens to identify DUBs 

that, when knocked-down, were also able to rescue climbing defects 
that stem from DA KD of Drosophila parkin (dparkin) or dPINK1. 
RNAi fly lines targeting each of the above 13 DUBs were crossed to 
flies that exhibit DA KD of dparkin (TH>dparkin KD) or dPINK1 
(TH>dPINK1 KD), and climbing performance was scored in the F1 
progeny. Of the 13 DUBs screened simultaneously in the TH>dparkin 
KD and TH>dPINK1 KD flies, 11 DUBs suppressed climbing defects 
under conditions of dparkin KD (Fig. 1C and fig. S2A), while 4 DUBs 
suppressed climbing defects under conditions of dPINK1 KD (Fig. 1D 
and fig. S2B). Of note, the four DUBs, namely, USP10, CYLD, OTUB1, 
and STAMBP, identified in the dPINK1 KD screen were represented 
in all three rounds of the F1 screens and are thus likely to function 
in a common pathway with PINK1 and parkin to regulate PARIS- 
mediated neurotoxicity in vivo.

Drosophila CYLD functions in the PINK1/parkin pathway
DA KD of parkin or PINK1 in Drosophila leads to progressive loss of 
dopamine neurons within all major DA neuronal clusters (10). The 
four candidate DUBs (USP10, CYLD, OTUB1, and STAMBP) iden-
tified from the primary and secondary F1 screens were therefore 
examined for their ability to promote dopamine neuron survival 
under conditions of dparkin or dPINK1 KD. Among the four DUBs 
examined in the TH>dparkin KD flies, only KD of the DUB CYLD 
effectively suppressed dopamine neuron loss within all the major 
dopamine neuronal clusters PPL1, PPL2, PPM1/2, and PPM3 (Fig. 2, 
A to C, and fig. S3A). In the TH>PINK1 KD flies, in addition to 
CYLD, KD of USP10 also promoted neuronal survival within the 
major DA clusters (Fig. 2, D and E, and fig. S3B). The opposite effects 
USP10 KD has on dopamine neuronal survival in the dparkin KD 
and dPINK1 KD flies suggest that USP10-mediated effects likely 
occur in a parkin-independent fashion. Since we set out to conduct 
the genome-wide RNAi screen to identify DUBs that function in a 
common pathway with PINK1 and parkin, the DUB CYLD (hereafter 
referred to as dCYLD) that suppressed both the climbing defects and 
dopamine neuron loss in the parkin KD and PINK1 KD flies emerged 
as a strong candidate from the series of our sequential F1 screens. 
Following the outcome of this initial screen, the effect of dCYLD KD 
was further verified using a second independent dCYLD-specific 
RNAi line, which similarly rescued climbing defects (fig. S2, A and 
B, and movie S1) and dopamine neuron loss (Fig. 2, B to E, and fig. 
S3, A and B) in the dparkin and dPINK1 KD flies. DA KD of dCYLD 
using both the dCYLD RNAi lines (dCYLD KD-1 and dCYLD KD-2) 
also rescued the DA phenotypes in the TH>hPARIS flies (Fig. 2, B 
to E, and figs. S1, S2, A and B, and S3, A and B).

We have previously shown that DA accumulation of the 
Drosophila homolog of PARIS (dPARIS) under conditions of par-
kin or PINK1 KD leads to adult onset progressive loss of DA neurons 
and climbing defects similar to hPARIS (10). To examine whether 
KD of dCYLD exerts neuroprotective effects under conditions of 
dPARIS accumulation, dCYLD was knocked down using the two 
independent dCYLD RNAi lines (dCYLD KD-1 and dCYLD KD-2) 
in flies that exhibit DA overexpression of dPARIS (TH>dPARIS 
flies). dCYLD KD using both the dCYLD RNAi lines promoted do-
pamine neuronal survival in the TH>dPARIS flies and suppressed 
climbing defects as assessed in 30-day-old flies (fig. S4, A to D, and 
movie S2). Together, these findings uncover a novel role for CYLD 
in the PINK1/parkin pathway and further indicate that the neuro-
protective effects CYLD KD has toward alleviating PARIS-dependent 
neurotoxicity are highly conserved.
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Fig. 1. Genome-wide RNAi screen to identify candidate DUBs that function in PINK1/parkin pathway. (A) Schematic of the screen. TH-Gal4–driven DUB-specific 
RNAi fly lines were used in an F1 primary screen to identify DUBs that rescued hPARIS-induced climbing defects on day 20. Such candidate DUBs were subjected to addi-
tional secondary F1 screens probing for DUBs that rescued climbing defects under conditions of DA parkin or PINK1 KD on day 20, respectively. Hits from the secondary 
screen were then examined for their ability to promote dopamine neuron survival in 20-day-old parkin or PINK1 KD flies. (B) Primary F1 screen based on rescue of 
PARIS-induced climbing defect identified 13 DUBs. (C) Summary of candidate DUBs from primary screen that rescued climbing defects in parkin KD flies. (D) Summary of 
candidate DUBs from primary screen that suppressed climbing defects in PINK1 KD flies and progressed for further validation. TH-Gal4/+ flies served as control. N = 60 flies 
per genotype for both primary and secondary screens. Quantitative data = means ± SEM. One-way analysis of variance (ANOVA); **P < 0.01, ***P < 0.001, ****P < 0.0001. 
See also figs. S1 and S2 and table S1.
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Fig. 2. Validation of candidate DUBs identified in primary and secondary RNAi screens places Drosophila cylindromatosis (dCYLD) in the PINK1/parkin pathway. 
(A) Representative confocal image of the Drosophila whole brain showing the PPL1, PPL2, PPM1/2, and PPM3 DA neuron clusters. Scale bar, 100 M. (B) Representative 
confocal images of individual dopamine neuron clusters visualized using TH immunofluorescence in the indicated genotypes under conditions of parkin KD. Scale 
bar, 50 M. N = 10 flies per genotype. (C) Quantification of neuronal numbers within individual dopamine neuron clusters in the indicated genotypes. (D) Representative 
confocal images of individual dopamine neuron clusters visualized using TH immunofluorescence in the indicated genotypes under conditions of PINK1 KD or hPARIS 
overexpression. Scale bar, 50 M. (E) Summary of dopamine neuron quantifications in the indicated genotypes. TH-Gal4/+ flies served as control. N = 10 flies per genotype. 
Quantitative data = means ± SEM. One-way ANOVA; ****P < 0.0001. See also fig. S3.
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DA KD of dCYLD promotes mitochondrial biogenesis
DA accumulation of dPARIS leads to defects in mitochondrial bio-
genesis that stem from dPARIS-mediated transcriptional repression 
of the Drosophila homolog of PGC-1a (Spargel) and its downstream 
transcription factors NRF-1 (ewg) and mitochondrial transcription 
factor (TFAM) (10). We therefore examined whether dCYLD KD 
alleviates the mitochondrial biogenesis defects that result from dPARIS 
accumulation. Quantification of mitochondria labeled within the 
DA neurons using mitochondrial targeted green fluorescent pro-
tein fluorescence (mito-GFP) reveals that dCYLD KD under con-
ditions of DA overexpression of dPARIS abrogates the detrimental 
effect dPARIS accumulation has and leads to a significant increase 
in mitochondrial abundance within the dopamine neurons. Of note, 
both the dCYLD RNAi lines (dCYLD KD-1 and dCYLD KD-2) sim-
ilarly rescue dPARIS-mediated mitotoxicity (Fig. 3, A and B). Assess-
ment of mitochondrial DNA (mtDNA) copy number in dopamine 
neurons isolated from fly brains using fluorescence-activated cell 
sorting (FACS) also reveals a significant increase in mtDNA copy 
numbers in the dPARIS overexpressing flies under conditions of 

dCYLD KD (Fig. 3C). Quantitative reverse transcription polymerase 
chain reaction (RT-PCR) measurements of transcript levels of 
Drosophila homologs of PGC-1a (Spargel), NRF-1 (ewg), and TFAM 
show up-regulation of these genes under conditions of dCYLD KD 
(Fig. 3D). Transcript levels of the Drosophila homolog of NRF-2 (Delg), 
also a known target of PGC-1a, remain unaffected under dPARIS 
overexpression (Fig. 3D).

Neuroprotective effects of dCYLD KD are mediated by its 
DUB activity
To examine the potential mechanism underlying the neuroprotec-
tive effects dCYLD KD has under conditions of dparkin or dPINK1 
KD, we examined the effect of dCYLD KD on cellular levels of 
PARIS. Immunoblot analyses show that DA KD of dCYLD pre-
vents dPARIS accumulation in flies exhibiting DA KD of dparkin 
or dPINK1, indicating that CYLD regulates PARIS protein stabil-
ity (Fig. 4A). We next sought to determine whether dPARIS is a 
deubiquitination substrate of dCYLD. Toward this end, reciprocal 
coimmunoprecipitation experiments in Drosophila S2 cells indicate 

Fig. 3. dCYLD KD promotes mitochondrial biogenesis in dopamine neurons. (A) Representative confocal images showing mito-GFP (green)–labeled mitochondria 
within dopamine neurons immunostained for TH (red) in the indicated genotypes. Scale bar, 25 M. (B) Quantification of intensity ratio of mito-GFP to TH immunofluo-
rescence in the indicated genotypes. TH>mito-GFP flies served as control, N = 10 flies per genotype. (C) Assessment of mitochondrial DNA copy number in FACS-sorted 
dopamine neurons in 30-day-old flies of the indicated genotypes. Mean ratio of mtDNA to nuDNA from three independent FACS experiments, each using 50 whole fly 
brains shown. TH>GFP flies served as control. (D) Quantitative RT-PCR analysis of Drosophila homologs of PGC-1a (Spargel), NRF1 (ewg), NRF-2 (Delg), and TFAM 
in FACS-sorted DA neurons from 30-day-old flies. Mean values from three independent FACS experiments shown. TH>GFP flies served as control. Quantitative 
data = means ± SEM. One-way ANOVA; *P < 0.05, **P < 0.01, and ****P < 0.0001.
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that CYLD interacts with PARIS (Fig. 4, B and C). Furthermore, co-
immunoprecipitation of dPARIS in S2 cells using a dPARIS-specific 
antibody shows that the dCYLD catalytic mutant (dCYLD C284S) 
but not wild-type (WT) dCYLD leads to increased ubiquitination of 
dPARIS. Increased ubiquitination of dPARIS is observable in the form 
of a higher molecular weight smear in immunoblots of immunopre-
cipitated dPARIS, characteristic of polyubiquitinated proteins and 

leads to substantially reduced cellular levels of dPARIS (Fig. 4D). 
This indicates that dCYLD targets dPARIS for deubiquitination. 
To investigate the effect of dCYLD on proteasomal degradation of 
dPARIS, a C-terminal V5-tagged dPARIS was ectopically expressed 
in S2 cells under the control of Drosophila metallothionein gene pro-
moter whose expression could be induced by addition of copper sul-
fate (CuSo4). This inducible dPARIS expression system was then used 

Fig. 4. KD of dCYLD promotes dopamine neuron survival by destabilizing dPARIS through its DUB activity. (A) Representative immunoblot and dPARIS quantifica-
tion in flies expressing the indicated transgenes under the control of TH-Gal4 driver. TH-Gal4/+ flies served as control, N = 3. (B) Coimmunoprecipitation using anti-V5 
antibodies shows interaction between C-terminal V5-tagged dPARIS and N-terminal Myc-tagged dCYLD in Drosophila S2 cells. Similar results were observed in three in-
dependent experiments. (C) Reciprocal coimmunoprecipitation experiments using anti-Myc antibodies verify dPARIS interaction with dCYLD in S2 cells transfected with 
indicated constructs in three independent experiments, N = 3. (D) Deubiquitination of dPARIS by dCYLD as assessed in S2 cells transfected with indicated constructs. 
Immunoblot analysis and relative quantification of immunoprecipitated (IP) dPARIS shows increased ubiquitination (Ub) of dPARIS in the presence of the dCYLD C284S 
catalytic mutant, thereby enhancing its proteasomal degradation, N = 3. (E) DUB activity of dCYLD affects the turnover rate of dPARIS. (F) Immunoblot analysis and dPARIS 
quantification in S2 cells at the indicated time points shows that while the dCYLD catalytic mutant accelerates dPARIS turnover, overexpression of WT dCYLD increases its 
half-life, N = 3. Quantitative data = means ± SEM. One-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. See also fig. S4.
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to monitor the steady-state levels of dPARIS-V5 in the presence of 
dCYLD WT or the dCYLD C284S catalytic mutant. Forty-eight hours 
after dPARIS induction, CuSo4 was removed from the S2 culture 
medium to block further dPARIS expression. Assessment of dPARIS 
over a period of 12 hours indicates that the dCYLD C284S catalytic 
mutant accelerates degradation of dPARIS, while dCYLD WT sus-
tains consistently high levels of dPARIS (Fig. 4, E and F). This indi-
cates that under conditions of dCYLD KD, increased ubiquitination 
of dPARIS targets it for proteasomal degradation, thereby preventing 
its accumulation and promoting DA neuron survival in vivo.

Mammalian PARIS is a deubiquitination substrate of CYLD
We next sought to determine whether the DUB activity of CYLD 
regulates proteasomal degradation of PARIS in mammalian cells 
similar to that observed in Drosophila. In human SH-SY5Y neuroblas-
toma cells, CRISPR-cas9 gene editing–mediated KD of CYLD leads 
to a reduction in endogenous PARIS levels that can be restored upon 
reintroduction of WT CYLD. CYLD overexpression, on the other 
hand, leads to PARIS accumulation, indicating that CYLD specifical-
ly regulates PARIS protein stability (Fig. 5A). This effect is further 
demonstrable in cycloheximide chase assays that were conducted to 
follow the rate of PARIS turnover in SH-SY5Y cells. While CYLD 
KD accelerates proteasomal degradation of PARIS, overexpression 
of CYLD increases PARIS protein stability, thereby sustaining con-
sistently high levels of PARIS at all the time points assessed (Fig. 5, 
B and C). Reciprocal coimmunoprecipitation experiments in SH-SY5Y 
cells using V5-tagged CYLD and FLAG-tagged PARIS indicate that 
CYLD and PARIS interact similarly to their Drosophila counterparts 
(fig. S5, A and B). To further characterize this interaction, SH-SY5Y 
cells were transfected with full-length V5-CYLD and FLAG PARIS 
or FLAG-tagged deletion mutants of PARIS (fig. S5C). Coimmuno-
precipitation experiments indicate that the N-terminal region PARIS 
harboring the Kruppel-associated box domain interacts with CYLD 
(fig. S5D). The CYLD binding region in PARIS was further verified 
in reciprocal coimmunoprecipitation experiments (fig. S5E). To map 
the PARIS binding region in CYLD, V5-tagged full-length CYLD 
or its deletion mutants (fig. S5F) were expressed in SH-SY5Y cells 
together with FLAG-PARIS. Reciprocal coimmunoprecipitation 
experiments show that PARIS binds CYLD at its third cytoskeleton- 
associated protein (CAP) domain located in close proximity to 
the CYLD USP (catalytic) domain (fig. S5, G and H).

To determine whether CYLD regulates PARIS protein stability 
through its DUB activity, ubiquitination of ectopically expressed 
FLAG-PARIS was monitored in SH-SY5Y cells cotransfected with 
hemagglutinin (HA)–tagged WT ubiquitin under conditions of CYLD 
KD and overexpression. CYLD KD that reduces PARIS protein lev-
els leads to significant enrichment of WT ubiquitin chains on PARIS 
evident in the form of high molecular weight smears. This effect is 
abrogated by CYLD overexpression that leads to PARIS accumula-
tion (Fig. 5, D and E). To examine the specific type of ubiquitin 
linkage on PARIS that CYLD targets for deubiquitination, ubiquiti-
nation of FLAG-PARIS was examined as before in SH-SY5Y cells 
expressing either HA-K48 or HA-K63 ubiquitin mutants that only 
append either K48 or K63 ubiquitin chain linkages, respectively. 
Under conditions of CYLD KD, immunoprecipitated PARIS exhib-
its substantial enrichment of K48 ubiquitin chain linkages that are 
hydrolyzed by CYLD overexpression resulting in PARIS ubiquiti-
nation pattern similar to that observed with WT ubiquitin. However, 
no discernible changes in PARIS ubiquitination were observed in 

cells coexpressing the HA-K63 ubiquitin mutants (Fig. 5, D and E). 
This indicates that CYLD predominantly targets K48 ubiquitin chain 
modifications on PARIS for deubiquitination, thereby facilitating 
its proteasomal degradation. To further confirm whether PARIS is 
a DUB substrate of CYLD, purified recombinant proteins were used 
to verify the interaction between CYLD and PARIS followed by 
in vitro deubiquitination assays. In in vitro glutathione S-transferase 
(GST) pull-down assays, GST-tagged PARIS pulls down WT CYLD 
(Fig. 5F), indicating that the interaction between these proteins is 
direct, which is further evident in reciprocal pull-down assays that 
used GST-CYLD (Fig. 5G). In vitro ubiquitination reactions where-
in PARIS was ubiquitinated using ubiquitin, E1 and UbcH7 (E2) in 
the presence of WT Tc PINK1 and activated parkin, the presence of 
WT CYLD leads to substantial reduction in PARIS ubiquitination, 
whereas the CYLD catalytic mutant (CYLD C601A) has no effect. 
These studies provide additional evidence that PARIS is a DUB sub-
strate of CYLD.

Conditional KD of CYLD in adult mice prevents DA 
neurodegeneration under conditions of parkin deficiency
Conditional knockout of parkin in adult mice leads to degeneration 
of dopamine neurons that is dependent on PARIS (8, 9). CYLD is 
expressed in multiple regions of the mouse brain (16–18), including 
the substantia nigra (SN) dopamine neurons, where it predominantly 
localizes to the cytosol (Fig. 6A). We therefore investigated whether 
CYLD inactivation in adult mice could ameliorate PARIS-dependent 
DA degeneration. CYLD was knocked down along with parkin by 
stereotactically injecting adeno-associated virus serotype 2 (AAV2) 
expressing GFPCre into the ventral midbrain of 2-month-old parkin 
Flx/Flx; CYLD Flx/Flx mice (Fig. 6B). Stereotactic injection with 
AAV2-GFPCre, which efficiently transduces TH-positive dopamine 
neurons (Fig. 6C), leads to over 80% reduction in CYLD and parkin 
protein levels in these mice that were assessed 3 months after the 
stereotactic injections (Fig. 6, D and E). While PARIS levels are mark-
edly increased in the absence of optimal levels of parkin activity, 
depletion of CYLD in the conditional parkin KD animals significantly 
suppressed such toxic accumulations of PARIS (Fig. 6, D and E). 
Furthermore, CYLD KD relieves the repressive effect PARIS accumu-
lation has on PGC-1a–dependent mitochondrial protein synthesis 
in the parkin KD mice (Fig. 6, D and F). To examine whether CYLD 
KD abrogates the detrimental effects PARIS accumulation has on 
dopamine neuron survival in the parkin KD mice, the number of 
dopamine neurons was assessed via stereological analysis of TH- and 
Nissl-positive neurons in the SN pars compacta (SNpc) of parkin 
Flx/Flx, CYLD Flx/Flx, and parkin Flx/Flx; CYLD Flx/Flx mice. Sig-
nificant dopamine neuron loss in the parkin KD mice becomes dis-
cernible 3 months after injection with AAV2-GFP Cre. However, 
conditional KD of CYLD in the parkin Flx/Flx mice protects against 
dopamine neuron loss (Fig. 6, G and H). There was no loss of dopa-
mine neurons in the AAV-GFP Cre–injected CYLD Flx/Flx mice that 
was comparable to that in the AAV-GFP–injected CYLD Flx/Flx con-
trol group (Fig. 6, G and H). Since the AAV injections were done 
unilaterally, amphetamine-induced rotation was used as a functional 
behavioral readout of DA degeneration. Consistent with the loss of 
dopamine neurons, conditional parkin KD led to a significant in-
crease in amphetamine-induced rotational behavior that was rescued 
by CYLD KD (fig. S6A). In assessments of motor performance by 
the pole test, CYLD KD also rescued motor deficits in the conditional 
parkin KD mice evident from the decreased time to turn and time 
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Fig. 5. Mammalian PARIS is a deubiquitination substrate of CYLD. (A) Immunoblot analysis and quantification of endogenous PARIS in SH-SY5Y neuroblastoma cell 
line following CRISPR-Cas9–mediated KD or overexpression (OE) of CYLD, N = 3. (B) Cycloheximide chase experiment at the indicated time points showing PARIS turnover 
rate under conditions of CYLD KD or OE in SH-SY5Y cells. (C) Relative quantification of endogenous PARIS shows accelerated protein turnover under conditions of CYLD 
KD, whereas CYLD OE increases PARIS half-life. N = 3 independent experiments. (D) CYLD promotes deubiquitination of PARIS through hydrolysis of K48 ubiquitin chains. 
Ubiquitination of immunoprecipitated FLAG-tagged PARIS in SH-SY5Y cells monitored by immunoblot analysis under conditions of CYLD KD or OE in the presence of 
HA-tagged WT ubiquitin or ubiquitin mutants that can only append either K48 or K63 ubiquitin chains. (E) Quantification of PARIS ubiquitination showing enrichment of 
WT or K48 ubiquitin chains under conditions of CYLD KD but not CYLD OE. No changes in levels of K63 ubiquitin chains on PARIS observable under the different conditions 
assayed. N = 3. (F) GST pull-down assays using purified recombinant GST-tagged PARIS and WT CYLD indicate a robust interaction between PARIS and CYLD. Similar 
results were observed in three independent pull-down experiments. (G) Reciprocal GST pull-down assays using GST-tagged CYLD and PARIS confirm the direct inter-
action between PARIS and CYLD. N = 3. (H) In vitro deubiquitination of PARIS by CYLD. Immunoblot analysis of purified recombinant GST-PARIS ubiquitinated in the 
presence of PINK1 and activated parkin showing decreased ubiquitination in the presence of WT CYLD. The CYLD C601A catalytic mutant, however, has no impact on 
PARIS ubiquitination. Similar results were observed in three independent experiments. Quantitative data = means ± SEM. One-way ANOVA; *P < 0.05, **P < 0.01, and 
****P < 0.0001. See also fig. S5.
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Fig. 6. CYLD KD prevents DA neurodegeneration in adult conditional parkin KD mice. (A) Representative confocal images showing CYLD coexpression in TH- 
immunostained SN dopamine neurons in midbrain sections from WT C57BL/6 mice. Scale bar, 20 M. (B) Schematic of experimental schedule following stereotaxic 
injection with AAV-GFP or AAV-GFP Cre in SN of 2-month-old C57BL6 mice of indicated genotype. (C) Representative immunofluorescence images verifying stereotaxic 
injection quality. Scale bar, 500 M. (D) Representative immunoblots of indicated proteins in ventral midbrain lysates from adult mice harboring conditional KD of parkin, 
CYLD, or a combination of parkin and CYLD. (E) Relative quantification of PARIS, parkin, and CYLD in ventral midbrain lysates from floxed mice of indicated genotypes 
stereotaxically injected with AAV-GFP or AAV-GFP-Cre. Mean values from four independent stereotaxic injections in each case shown. (F) Relative quantification of 
PGC-1a and the indicated mitochondrial proteins in ventral midbrain lysates as shown in (C). N = 4 independent stereotaxic injections with AAV-GFP or AAV-GFP-Cre. 
(G) Representative TH immunostaining of midbrain sections from SN of mice homozygous for the floxed parkin, CYLD, or parkin; CYLD alleles injected with AAV-GFP or 
AAV-GFP-Cre. (H) Stereotaxic assessment of TH- and Nissl-positive neurons in the SN pars compacta (SNpc) of indicated injection groups (N = 8 unilaterally injected mice 
per group). Quantitative data = means ± SEM. One-way ANOVA with Tukey post hoc test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. See also fig. S6.
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to reach the base (fig. S6B and movie S3). In grip strength analyses, 
CYLD KD improved forelimb and all limbs grip strength in the con-
ditional parkin KD mice (fig. S6C).

CYLD down-regulation in hES cell–derived midbrain 
dopamine neurons attenuates PARIS neurotoxicity  
under conditions of parkin deficiency
In differentiated midbrain dopamine neurons derived from hES cells, 
loss of parkin leads to defects in mitochondrial biogenesis stemming 
from toxic accumulations of PARIS (19). We therefore examined 
whether inactivation of CYLD in the parkin-deficient hES cell–
derived midbrain dopamine neurons could abrogate the mitotoxic 
effects of PARIS accumulation. To this end, CYLD was down-regulated 
in the H1 control and parkin-deficient human midbrain dopamine 
neurons using lentiviral CRISPR-Cas9–mediated gene editing tech-
nique. Intriguingly, an ~50% reduction in endogenous CYLD levels 
was sufficient to prevent PARIS accumulation in the parkin-deficient 
human midbrain dopamine neurons (Fig. 7, A and B). CYLD KD 
also restored the neuronal protein levels of PGC-1a and other mito-
chondrial markers that are substantially reduced in the parkin- 
deficient midbrain dopamine neurons under conditions of PARIS 
accumulation (Fig. 7, A to C). The absence of parkin leads to sub-
stantial loss of TH-positive dopamine neurons, and CYLD KD par-
tially rescues this neuronal loss (Fig. 7D). Thus, CYLD KD facilitates 
PGC-1a–dependent gene expression changes that promote mito-
chondrial protein synthesis and dopamine neuron survival. To 
examine whether CYLD specifically affects PGC-1a–dependent 
mitochondrial biogenesis, we knocked down PGC-1a in the parkin- 
deficient midbrain dopamine neurons using shRNA under condi-
tions of CYLD KD. Relative to the scrambled RNA–treated control, 
shRNA KD of PGC-1a led to over 90% reduction in PGC-1a protein 
levels and abrogated the rescue effect CYLD KD has on the mito-
chondrial markers in the parkin-deficient neurons. (Fig. 7, E and F). 
In addition to defects in mitochondrial biogenesis and respiratory 
capacity, parkin-deficient human midbrain neurons also exhibit de-
ficiencies in mitophagy (19). To examine whether CYLD KD affects 
mitophagy, we evaluated levels of the autophagic markers LC3-I and 
LC3-II as a measure of mitophagy in the parkin-deficient human 
midbrain neurons. Conversion of LC3-I to LC3-II occurs during 
autophagy, and an increase in LC3-II protein levels with a concomitant 
decrease in LC3-I levels serves as a good indicator of autophagosome 
formation (20). Consistent with previous observations, a signifi-
cant reduction in LC3-II to LC3-I ratio is observable in the parkin- 
deficient human DA (hDA) neurons compared to the control condition 
(Fig. 7G). However, the LC3-II to LC3-I ratio in the parkin KO hDA 
neurons remains unaffected under conditions of CYLD KD (Fig. 7G). 
This indicates that the protective effects mediated by CYLD KD are 
predominantly through prevention of PARIS accumulation and the 
resultant augmentation of mitochondrial biogenesis. To further ver-
ify the effect of CYLD on mitochondrial biogenesis, we used surface 
sensing of translation (SUnSET), a protein-labeling method based 
on incorporation of puromycin into newly synthesized proteins and 
its detection with anti-puromycin antibodies (21). To measure the 
rate of mitochondrial protein synthesis, the H1 control and parkin- 
deficient human midbrain dopamine neurons in culture were pulsed 
with puromycin. Anti-puromycin and anti-Tomm20 antibodies were 
then used to fluorescently tag puromycin-labeled mitochondrial 
peptides within TH-positive dopamine neurons. Quantitative mea-
surements of puromycin-labeled peptides that colocalized with the 

mitochondrial Tomm20 marker reveal a significant reduction in 
mitochondrial protein synthesis in the parkin-deficient human mid-
brain dopamine neurons that is effectively restored by CYLD KD 
(Fig. 7, H and I). However, shRNA KD of PGC-1a in addition to 
reducing mitochondrial protein synthesis in the H1 control also abol-
ished the rescue effects mediated by CYLD KD in the parkin-deficient 
human midbrain neurons (Fig. 7, H and I). We next monitored 
mitochondrial turnover using soluble SNAP-tag, a self-labeling 
protein tag that allows covalent fusion of specific ligands to any 
protein of interest (22). Specifically, we used SNAP-Cox8A that con-
sists of the inner mitochondrial protein, cytochrome C oxidase, sub-
units 8-2 (COX8-2) fused to the N terminus of the SNAP-tag. This 
COX8-2–SNAP fusion protein when labeled with distinct SNAP 
substrates allows mitochondria to be labeled with different fluores-
cence tags and offers the feasibility of measuring turnover rates of 
labeled mitochondria over time. Human midbrain dopamine neurons 
were transduced with the COX8-2–SNAP fusion tag, and old versus 
newly formed mitochondria in TH-positive dopamine neurons were 
distinguished using a red (TMR-Star) and a green (Oregon Green) 
SNAP-tag substrate, respectively. As previously reported (19), 
parkin-deficient dopamine neurons (P-KO1) exhibit a significant 
reduction in the proportion of newly formed mitochondria. How-
ever, this is restored to control levels under conditions of CYLD 
KD (Fig. 7,  J  and K), indicating that reduction in CYLD levels 
promotes mitochondrial biogenesis. Furthermore, shRNA KD of 
PGC-1a reduces formation of new mitochondria by ~50% in the 
H1 control and also abrogates the rescue effect CYLD KD has in 
the parkin-deficient dopamine neurons (Fig. 7, J and K), providing 
further support that CYLD KD facilitates PGC-1a–dependent tran-
scriptional events that promote mitochondrial biogenesis. We next 
examined whether CYLD levels are altered in postmortem PD 
samples. Immunoblot analysis of ventral midbrain samples from 
postmortem PD brains shows no significant difference in CYLD 
protein levels compared to age-matched controls (Fig. 7L).

DISCUSSION
Dysfunction in mitochondrial quality control is emerging as a com-
mon feature in both familial and sporadic forms of PD. Involvement 
of PINK1 and parkin in multiple aspects of mitochondrial quality 
control suggests that PINK1/parkin signaling could be a point of 
convergence of common pathogenic mechanisms likely at play in PD 
pathogenesis. Furthermore, the pathogenic substrate, PARIS, which 
is subject to proteasomal regulation by PINK1 and parkin, directly 
ties these proteins to dopamine neuron survival and thus represents 
a nodal point in the PINK1/parkin pathway around which novel 
therapeutics could be developed to augment mitochondrial health. 
To this end, using a sequential series of DUB-focused RNAi screens, 
we have identified CYLD to be a deubiquitinase that functions as part 
of the PINK1/parkin pathway to regulate cellular levels of PARIS. We 
show here that DA KD of CYLD in Drosophila promotes neuron sur-
vival under conditions of PINK1 or parkin insufficiency. We also 
show that CYLD interacts with PARIS and reverses PARIS ubiqui-
tylation to increase protein stability, an effect that is highly conserved 
across species. Reducing CYLD activity has neuroprotective effects 
in adult conditional parkin KD mice or differentiated human dopa-
mine neurons deficient for parkin activity. In the parkin-deficient 
human dopamine neurons, such CYLD KD–mediated neuroprotective 
effects are abrogated in the absence of PGC-1a, a crucial regulator 
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Fig. 7. CYLD down-regulation attenuates PARIS-mediated neurotoxicity in hES cell–derived midbrain dopamine neurons deficient for parkin activity. (A) Immunoblot 
analysis of the indicated proteins in control (H1) and two independent parkin knockout (P-KO1 and P-KO2) human midbrain dopamine neurons. (B) Quantification of 
indicated proteins in the different conditions. Mean values from three independent experiments shown. (C) Quantification of indicated mitochondrial markers in the 
different conditions. N = 3 independent experiments. (D) Quantification of TH-positive dopamine neurons in differentiated human midbrain cultures immunostained 
with TH and neuronal TUJ1 marker. N = 6 independent experiments (E) Immunoblot analysis of mitochondrial biomarkers in indicated conditions. (F) Quantification of 
indicated proteins under respective conditions. N = 3 independent experiments. (G) Immunoblot analysis and quantification of LC3II/I ratio in differentiated human mid-
brain neurons. N = 3 independent experiments. (H) Representative confocal images of human midbrain dopamine neurons immunostained for TH (green) and puromycin. 
Puromycin-labeled mitochondrial proteins detected by colocalization of anti-puromycin immunofluorescence (magenta) with the mitochondrial marker Tomm20 
(red). (I) Quantification of anti-puromycin colocalization with Tomm20 in TH-positive midbrain dopamine neurons. Mean values from at least 15 TH-positive midbrain 
dopamine neurons from three independent differentiation shown. (J) Representative confocal images of human midbrain dopamine neurons expressing SNAP-Tag-
Cox8a fusion protein immunostained for TH (magenta). Existing mitochondrial pool (old mito) shown in red and mitochondria newly assembled (new mito) shown in 
green. Nucleus stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (K) Ratio of newly assembled to old mitochondria in TH-positive midbrain dopamine neurons. 
Mean values from at least 15 TH-positive midbrain dopamine neurons from three independent differentiations shown. (L) Immunoblot analysis and quantification of 
CYLD expression in SN from postmortem PD and age-matched controls. N = 4 per group. Quantitative data = means ± SEM. One-way ANOVA; *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001.
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of mitochondrial biogenesis. These findings indicate that suppression 
of PARIS accumulation under conditions of CYLD KD effectively 
relieves the repressive effect PARIS has on PGC-1a–dependent 
transcriptional programs with a net effect of promoting mitochon-
drial biogenesis to sustain optimal mitochondrial functions crucial 
for dopamine neuron survival.

CYLD, originally identified as a tumor suppressor, is implicated 
in numerous polyubiquitin-dependent signaling pathways critical 
to the regulation of inflammatory responses (23, 24), cell prolifera-
tion (25–27), and cell death (28–32). Although CYLD has not been 
extensively studied in a neuronal context, it is highly expressed in the 
brain (33, 34), promotes dendritic and spine morphogenesis (35), and 
is enriched at the striatal synapses where it interacts with numerous 
proteins of the striatal synaptosome (16). CYLD is also localized to 
the hippocampal postsynaptic densities where it regulates activity- 
dependent clustering of PSD-95 with potential implications for syn-
aptic organization, function, and plasticity (36–38). Maintenance of 
functional synaptic connections also crucially depends on the syn-
aptic availability of mitochondria to meet their adenosine triphosphate 
(ATP) requirements (39). In this regard, the increased mitochondrial 
biogenesis observable under conditions of CYLD KD would in es-
sence increase the pool of functional mitochondria for synaptic traf-
ficking by augmenting the synthesis of mitochondrial proteins. This 
becomes even more crucial in SN dopamine neurons that have pro-
portionally greater energy requirements owing to their remarkably 
extensive axonal arbors and numerous synaptic connections (40). 
Thus, our observation of the role CYLD plays within the dopamine 
neurons to promote mitochondrial network homeostasis via the 
PARIS/PGC-1a axis adds to its repertoire of neuronal functions and 
indicates that modulation of CYLD activity could ameliorate nigral 
synaptic transmission deficits.

Several other DUBs are now implicated in PD etiology (41–43) 
and some are also known to affect PINK1/parkin-mediated mitoph-
agy in cultured mammalian cells (43, 44), raising the possibility that 
modulating the activity of such DUBs could hold therapeutic po-
tential in PD. In support of this notion, studies in dPINK1 or parkin 
null mutants show that genetic or pharmacological inhibition of 
mitophagy-related DUBs like USP8, USP14, USP15, or USP30 ame-
liorates mitochondrial dysfunctions in adult flight muscles and/or 
rescues locomotor deficiencies observable in the PINK1/parkin- 
deficient flies (44–46). However, there is no direct evidence to date 
to indicate that defects in mitophagy persist specifically within the 
dopamine neurons in Drosophila or any other in vivo PD model (47). 
Moreover, reports on dopamine neuron degeneration in the dPINK1 
and parkin Drosophila mutants are highly variable (48–53), making 
any inferences drawn from these models on the link between mito-
chondrial dysfunctions and DA neurodegeneration rather inconclu-
sive. In our fly DUB screen, USP10 was one other DUB that, when 
knocked down, rescued climbing defects in the PINK1/parkin- 
deficient flies and PARIS-overexpressing flies. USP10 activation has 
recently been shown to promote dopamine neuron survival by stim-
ulating the antioxidant Nrf2 activity (54). However, whether USP10 
has a role in mitophagy or has mitochondrial functions remains un-
clear. Moreover, in our follow-up studies, USP10 KD rescued dopa-
mine neuron loss only in the PINK1-deficient flies, suggesting that 
USP10 could function in a parkin-independent manner. Hence, the 
pharmacological utility of the mitophagy-related DUBs in PD ther-
apeutics remains a conjecture. Conditional KD of PINK1 or parkin 
in adult animals, on the other hand, leads to progressive loss of 

dopamine neurons and behavioral abnormalities that directly stem 
from PARIS-mediated repression of mitochondrial biogenesis 
(7–10). Notably, this effect is highly conserved from Drosophila 
to mouse models, and the inverse relationship between PARIS 
and PGC-1a observed in these models is similar to what occurs in 
human postmortem PD brain tissues. Moreover, PARIS plays an 
important role in neurodegeneration in sporadic models of PD 
(11, 13). Notably, CYLD KD prevents PARIS accumulation under 
conditions of PINK1 or parkin inactivation and promotes DA neu-
ronal survival and motor performances in Drosophila and mouse 
models of PARIS accumulation. The fact that CYLD KD mediates 
similar neuroprotective effects in human midbrain dopamine neu-
rons indicates that modulating CYLD activity could be a viable 
therapeutic avenue to alter the progression of PD resulting from 
reduced PINK1 or parkin function. Mitochondrial biogenesis not 
only augments mitochondrial protein synthesis to meet cellular 
bioenergetic demands but also serves to replace depleted parts. 
Thus, the PINK1/parkin pathway could promote proteasomal deg-
radation of PARIS to counter mitochondria that are eliminated via 
mitophagy as a homeostatic mechanism. In the absence of optimal 
PINK/parkin activity, CYLD KD could serve to replenish a healthy 
pool of functional mitochondria by preventing PARIS accumulation 
and promoting biogenesis through PGC-1a. The downstream tar-
gets of PGC-1a include genes encoding for all five respiratory 
complex (RC) subunits. Hence, activation of PGC-1a–dependent 
transcriptional events under conditions of CYLD KD could facilitate 
the synthesis and assembly of RC components with feed-forward 
effects on mitochondrial energy metabolism.

While we do not find any evidence for changes in CYLD protein 
levels in postmortem PD samples, our studies in multiple model sys-
tems indicate that reducing CYLD activity is beneficial under con-
ditions of suboptimal PINK1/parkin functions. CYLD inactivation 
is shown to have beneficial effects in other models of neuronal 
toxicity as well. For instance, CYLD depletion prevents glutamate 
toxicity in vitro and exhibits significant protection against trau-
matic neuronal injury in  vivo (32). Recently, a novel missense 
variant in CYLD (M719V) was found to be associated with autosomal 
dominant inheritance of frontotemporal dementia and amyotrophic 
lateral sclerosis (34). Intriguingly, compared to the WT protein, 
mutant CYLDM719V exhibits increased deubiquitinase activity 
and leads to impaired autophagy. Together, these studies provide a 
strong rationale to design and test specific CYLD inhibitors that 
could have translational potential as therapy for PD and other 
neurodegenerative diseases.

MATERIALS AND METHODS
Experimental design
Cell lines
Drosophila S2 cells (DGRC 181) were cultured in M3 + BYPE me-
dium (pH 6.6) supplemented with fetal bovine serum (HyClone, 
SH30070.03HI) and penicillin-streptomycin solution (Sigma-Aldrich, 
P4333). The M3 + BYPE medium contained Shields and Sang powdered 
medium (39.4 g/liter; Sigma-Aldrich, S8398-1), potassium bicarbonate 
(0.5 g/liter; Sigma-Aldrich, 367877), yeast extract (1 g/liter; Sigma- 
Aldrich, Y-1000), and bactopeptone (2.5 g/liter; Difco, 211677). Cell 
cultures and transfected cells were maintained at 25°C without CO2. 
Human neuroblastoma SH-SY5Y cells were cultured in 1× Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco-Invitrogen), supplemented 
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with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
penicillin (1000 U/ml), and streptomycin solution (1 mg/ml; Biochrom 
AG, Berlin, Germany). Cultured and transfected cells were grown 
in a humidified incubator at 37°C, in a 5% CO2 atmosphere. Transfec-
tions of S2 and SHSY-5Y cells were carried out using X-tremeGENE 
HP DNA Transfection Reagent (Sigma-Aldrich, 6366244001) fol-
lowing the manufacturer’s protocol.

Fly stocks and maintenance
Drosophila melanogaster fly stocks were handled using standard pro-
tocols, maintained in a 12-hour light/dark cycle, and fed Drosophila- 
standard diet consisting of cornmeal, agar, yeast, sucrose, and dextrose. 
All experimental crosses were kept at 25°C. In all experiments, both 
male and female flies were used. Transgenic stocks, DUB-specific 
RNAi lines, and Gal4 lines were obtained from the Bloomington 
Drosophila Stock Center (BDSC), the Vienna Drosophila RNAi stock 
Center, the FlyORF, or were gifts (see table S1 for details). In each 
experiment, the relevant Gal4 heterozygous flies were used as con-
trol. Flies expressing shRNA-targeting GFP (BDSC, 41556) were used 
as control for all shRNA induction studies.

Plasmids and transfection
Plasmids used are as follows: Cloning of pMT-dPARIS is described 
in (10), pAMW-Myc-dCYLD WT and pAMW-Myc-dCYLD C284S 
plasmids are described in (55) and were obtained from F. Ikeda’s lab-
oratory. Human CYLD (hCYLD) CRISPR guide RNAs (gRNAs) were 
computationally designed using gRNA design software (Benchling, 
San Francisco, CA, USA) and cloned into the lentiCRISPR v2 plas-
mid (Addgene, catalog no. 52961) at Bsm BI restriction enzyme sites 
upstream of the scaffold sequence of the U6-driven gRNA cassette. 
The lentiCRISPR v2 vector also includes SpCas9 and a puromycin 
resistance selection marker that was used to select for stably trans-
fected SHSY-5Y cells. The lentiCRISPR V2 vector encoding the 
hCYLD gRNA was packaged as described previously (56). pCMV6-
AC-CYLD-GFP plasmid to express C-terminal GFP-tagged hCYLD 
was obtained from Origene (catalog no. RG219629). N-terminal V5- 
tagged full-length hCYLD or truncated forms of hCYLD were PCR- 
amplified and cloned into the pSF-CMV-NH2-V5-EKT-Ncol vector 
(Oxford Genetics, catalog no. OG91) at the Xho I-Nhe I restriction 
sites using standard cloning techniques. Coding sequence of full-
length hPARIS or its truncation domains was PCR-amplified and 
cloned into pCMV-3Tag-3 mammalian expression vector (Stratagene, 
catalog no. 240197) using standard cloning techniques. For re-
combinant protein purifications, full-length hCYLD WT, hCYLD 
C601A mutant, or hPARIS WT was cloned into pGEX-6P-1 bacterial 
expression vector using standard cloning techniques. pRK5-HA-
Ubiquitin-WT, pRK5-HA-Ubiquitin-K48 only, and pRK5- HA-
Ubiquitin-K63 only plasmids have been previously described (57). 
PGC-1a (PPARGC1A) human shRNA lentiviral particles were ob-
tained from Origene (catalog no. TL310260V). Cloning and charac-
terization of pMT-V5/His-dPARIS plasmid are described in (10).

Climbing assay
Climbing assays were performed as described previously (58). Flies 
were collected immediately following eclosion and maintained in 
batches of 20° at 25°C in vials containing standard food media. Each 
batch of flies was transferred to an empty 9-cm vial (Genesee Sci-
entific, 32-113) with a line drawn 2 cm from the bottom. Flies were 
tapped to the bottom to induce an innate climbing response. The 

number of flies that crossed the 2-cm mark in 15 s was counted. 
Five to ten technical replicates were performed for each batch to 
ensure an accurate reading at each time point, and average of the 
independent trials was used to calculate the percentage of flies with 
climbing defects.

Immunostaining of Drosophila brains
Drosophila brain dissection and immunostaining were performed as 
described previously with modifications (59). Briefly, adult Drosophila 
brains were fixed in 4% paraformaldehyde (PFA) for 45 min at room 
temperature (RT), washed three times in 1× phosphate-buffered sa-
line (PBS) containing 0.1% Triton X-100 (wash buffer), and blocked 
in PBS containing 5% normal goat serum and 0.2% Triton X-100 
overnight at 4°C. Brains were then incubated in primary antibody 
in blocking solution for at least 48 hours at 4°C, followed by three 
10-min washes at RT. Secondary antibody was applied in blocking 
solution, and samples were incubated for 48 hours at 4°C. Following 
five 10-min washes at RT, brains were mounted on glass slides using 
ProLong Gold antifade mountant (Life Technologies, P36930).

Drosophila brain imaging and quantification
Confocal microscopy and image acquisition were performed with 
a Zeiss LSM710 laser scanning confocal microscope at a magnifica-
tion of ×40 using procedures described previously (10). Images were 
scanned at 1024 × 1024 pixels, with a slice thickness of 1 M and line 
and frame average of 4. Sequential scanning of the different chan-
nels was used to avoid bleed-through. Imaging settings were first de-
termined for the control conditions in each experiment, which were 
then maintained for the other experimental conditions. Stacked 
Z-projections of images were created for DA neuron counts, and 
cell bodies stained with anti-TH were manually counted. The inves-
tigator was blinded to the individual genotype information while 
performing the neuronal counts. ImageJ software [National Institutes 
of Health (NIH)] was used to measure the integrated intensity of 
mito-GFP relative to TH. TH intensity in the 568-nm channel (marking 
DA neurons) was used to select regions of interest (ROIs). These ROIs 
were then transferred to the 488-nm channel to measure fluorescence 
intensity of mito-GFP–labeled mitochondria within the same ROIs.

FACS of TH neurons
FACS of TH neurons was performed following procedures described 
previously in (10). Transgenic fly lines carrying the TH-Gal4; UAS-
GFP constructs were crossed with flies carrying the respective UAS 
construct. F1 progeny that expresses GFP and the respective trans-
gene in the DA neurons in each case were collected and aged for 
20 days to be used for FACS analysis as previously described with 
modifications (60). Fifty adult brains were dissected and mechani-
cally dissociated in TrypLE Express (Gibco) by incubating at 37°C for 
40 min followed by passage through a syringe fitted with a 29-gauge 
needle 5 to 10 times. Flies were maintained at RT during brain dis-
sections to avoid temperature-induced induction of gene expres-
sion in the DA neurons. Following dissociation, cells were pelleted 
at low speed, resuspended in DMEM (Gibco) supplemented with 
10% fetal bovine serum (Hyclone), and passed through a 70-M 
mesh strainer. To label live cells, the membrane permeant Vybrant 
DyeCycle Ruby stain (Life Technologies) was applied to the cell sus-
pension before sorting. Cells were maintained at 4°C until flow 
analysis and sorting that was always performed within 30 min of 
completion of the protocol. Cells were subjected to FACS using 
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a SH800 (Sony, IL) flow cytometer fitted with a 100-M nozzle at 
20 psi. GFP and DyeCycle Ruby detection was done using a 488- and 
635-nm lasers, respectively. Samples were sorted at 4°C and the sorted 
cells were collected in 0.5 ml of TRIzol-LS (Invitrogen) or DMEM 
media supplemented with 10% fetal bovine serum (Hyclone) for RNA 
and DNA isolation, respectively. The yield of GFP-positive cells 
ranged from 2000 to 2500 cells per sort per 50 adult fly brains.

RNA and DNA extraction from FACS neurons
RNA was extracted from DA neurons after cell sorting using the 
TRIzol LS Reagent (Invitrogen) according to the manufacturer’s in-
structions. Following deoxyribonuclease I (Invitrogen) treatment, 
RNA was used for cDNA preparation using the Superscript III first-
strand synthesis system (Thermo Fisher Scientific) following the 
manufacturer’s protocol. Genomic DNA extraction from DA neu-
rons after cell sorting was performed as previously described (10) by 
pelleting FACS-sorted neurons by centrifuging at 4000 rpm for 10 min. 
The pellet was resuspended in 100 l of 1× PBS containing 20 mM 
EDTA followed by addition of 100 l of 2× proteinase K buffer 
[100 mM tris-HCl (pH 7.5), 50 mM EDTA, and 2% SDS]. After 
vortexing, proteinase K was added to the sample to final concentra-
tion of 500 g/ml and incubated overnight at 56°C. An equal volume of 
phenol/chloroform/isoamyl alcohol was added to the DNA solution, 
following which DNA was precipitated by adding 1:10 volume of 3 M 
sodium acetate (pH 5.2) and 1 volume of 100% EtOH and centri-
fuged at 13000g for 10 min. The DNA pellet was then washed with 
70% ethanol, air-dried, and resuspended in 20 l of distilled water.

Real-time quantitative PCR
Real-time quantitative PCR was performed on an Applied Biosystems 
ViiA 7 Real-Time PCR System using the Maxima SYBR Green/ROX 
qPCR Master Mix (Thermo Fisher Scientific) as described in (10). 
Real-time PCR reactions were carried out in duplicates in 20 l re-
action volumes using 2 l of cDNA template and 1.5 M each of 
forward and reverse primer. Reactions were performed in 384-well 
plates for 40 amplification cycles at 95°C for 15 s, 60°C for 45 s, and 
72°C for 1 min with plate readings recorded after each cycle. Thresh-
old cycle (Ct) values were obtained, and the CT method was used 
to calculate the fold change in the transcript level of the sample rel-
ative to the control. RP49 was used as an internal standard and ref-
erence gene. Primers used are described in (10).

Measurement of mtDNA density
The relative number of mtDNA genomes per diploid nuclear genome 
in the different genotypes was determined using quantitative real- 
time PCR as described previously (10). FACS-sorted DA neurons 
were used for genomic DNA isolation. A 105–base pair (bp) region 
of the mitochondrial large ribosomal RNA gene (CR34094) and a 
249-bp region of the mitochondrial cytochrome B gene (CG34090) 
were used for mtDNA quantification. A 215-bp region of the single- 
copy nuclear gene that encodes the 215-kDa subunit of RNA 
polymerase II (CG1554) was used for nuclear genomic DNA quan-
tification. The amount of mtDNA was assessed by calculating the 
ratio of mtDNA to nuclear DNA (nuDNA) copy number. Primers 
used are described in (10).

Coimmunoprecipitation
Drosophila S2 cells were lysed in S2 lysis buffer [50 mM tris (pH 7.5), 
150 mM NaCl, 5 mM EDTA, and 1% NP-40] supplemented with 

EDTA-free protease inhibitor cocktail (Roche). Following a 15-min 
incubation on ice, samples were centrifuged at 12000g for 10 min. 
Human neuroblastoma SHSY-5Y cells were lysed in Triton lysis buf-
fer [50 mM tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 1% Triton 
and supplemented with EDTA-free protease inhibitor cocktail 
(Roche)] and incubated on ice for 30 min to ensure complete lysis. 
Samples were then centrifuged at 12000g for 10 min. Protein con-
centrations in the lysates (supernatant) were estimated using a 
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific), 
and equivalent amounts of lysates were used in coimmunoprecipitation 
experiments. Anti-FLAG M2 magnetic beads (Sigma-Aldrich), anti- 
Myc beads (Chromotek), and anti-V5 tag monoclonal antibody magnetic 
beads (MBL International) were used as per the manufacturer’s protocol 
for FLAG or V5 pull-down experiments, respectively. Lysates were 
incubated with 40 l of FLAG/V5 beads or 20 l of Myc beads over-
night at 4°C in a rotating wheel. The respective beads were washed 
thrice with S2 or Triton lysis buffer (for S2 or SHSY-5Y cells, re-
spectively), and bound proteins were eluted in 1× Laemmli sample 
buffer (Bio-Rad, 1610737) containing 2-mercaptoethanol. A frac-
tion of the lysates was also mixed in a 1:1 ratio with 2× Laemmli 
sample buffer containing 2-mercaptoethanol to be used as input.

GST pull-down assays
For in vitro GST pull down, purified recombinant GST-PARIS or 
GST-CYLD fusion protein was immobilized on glutathione-agarose 
beads (Thermo Fisher Scientific) and incubated with recombinant 
CYLD WT or PARIS in reaction buffer [250 mM tris-HCl (pH 7.6), 
500 mM NaCl, 25 mM MgCl2, 5 mM dithiothreitol (DTT), 0.5 mM 
EGTA, and 20 mM freshly prepared ATP] for 2 hours at 4°C on a 
rotating wheel. After washing the glutathione-agarose beads thrice 
in reaction buffer, samples were eluted in 1× Laemmli buffer con-
taining 2-mercaptoethanol.

Immunoblot analysis
Drosophila heads collected from cold anaesthetized flies were ho-
mogenized in lysis buffer (20 mM Hepes, 100 mM KCl, 5% glycerol, 
10 mM EDTA, 0.1% Triton, and 1 mM DTT) supplemented with 
EDTA-free protease inhibitor cocktail (Roche) using a micro-tissue 
grinder. Following a 30-min incubation on ice, samples were centri-
fuged at 12000g for 10 min. S2 or SHSY-5Y cell lysates were prepared 
as described in the previous section. For mouse studies and post-
mortem brain sample analysis, lysates from ventral midbrain tissues 
from indicated genotypes were prepared as previously described (9). 
All experiments that included human postmortem brain samples 
were carried out in accordance with the human Institutional Review 
Board at the Johns Hopkins University. Protein concentrations in 
each case were estimated using a BCA protein assay kit. Lysates in each 
case were mixed in a 1:1 ratio with 2× Laemmli sample buffer (Bio-
Rad) containing 2-mercaptoethanol. Equivalent amounts of protein 
were electrophoresed in 10% tris-glycine SDS–polyacrylamide gel 
electrophoresis (SDS-PAGE) gel and transferred to Hybond enhanced 
chemiluminescence nitrocellulose membrane (GE Healthcare). Mem-
branes were blocked for 1 hour using 1× tris-buffered saline (TBS) 
supplemented with 0.05% Tween-20 (1× TBST) and 5% nonfat milk 
followed by overnight incubation at 4°C in block containing corre-
sponding primary antibody. The next day, following three 10-min 
washes in 1× TBST, membranes were incubated in a corresponding 
secondary antibody (1:5000) in 1× TBST with 5% nonfat dry milk for 
at least 1 hour at RT. Membranes were thereafter washed thrice with 
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1× TBST and imaged by electrochemiluminescence. Images were col-
lected digitally, and band intensities were quantified by densitometry 
using ImageJ software (NIH) and normalized to the loading control.

Antibodies
Primary antibodies used for immunoblot analyses include rabbit anti-
body to hPARIS (1:2000; Proteintech, catalog no. 24543-1-AP), rabbit 
antibody to Drosophila PARIS [1:1000; (10)], rabbit antibody to CYLD 
(1:1000, Cell Signaling Technology, catalog no. 8462), rabbit antibody 
to CYLD (1:1000; Sigma-Aldrich, SAB4200060), mouse antibody to 
parkin (Prk8) (1:1000; Cell Signaling Technology, catalog no. 4211), 
and rabbit antibody to PGC-1a (1:1000; Novus Biologicals, catalog 
no. NBP1-04676). Anti-FLAG M2 (Sigma-Aldrich, catalog no. F3165), 
horseradish peroxidase (HRP)–conjugated anti-Myc (Cell Signaling 
Technology, catalog no. 2040), anti-V5 (Cell Signaling Technology, 
catalog no. 13202S), or anti-HA antibody (Sigma-Aldrich, catalog 
no. H9658) antibodies were used for detection of FLAG, Myc, V5, or 
HA-tagged proteins, respectively. Anti-ubiquitin antibody (1B4-UB, 
Abcam, catalog no. ab122) was used to detect polyubiquitin mod-
ifications of PARIS. Anti–maltose binding protein (MBP) (1:1000; 
New England Biolabs, E8032S) was used for detecting MBP-tagged 
recombinant Tc PINK1. The Mitochondrial Marker Antibody Sam-
pler Kit (Cell Signaling Technology, catalog no. 8674) was used to 
detect indicated mitochondrial proteins. Actin used as loading control 
was detected using anti–-actin antibody (1:10000; Abcam, catalog 
no. ab49900). Anti-mouse immunoglobulin G (IgG) or anti-rabbit 
IgG HRP–conjugated secondary antibody (1:2000; Cell Signaling 
Technology, catalog nos. 7076 and 7074) was used to detect protein 
bands by electrochemiluminescence.

Primary antibodies used for immunohistochemistry/immuno-
cytochemistry are as follows: mouse anti-TH antibody (1:1000; 
Immunostar, catalog no. 22941) and chicken anti-GFP antibody 
(1:500; Millipore, catalog no. AB10145) for Drosophila brains, rabbit 
anti-TH antibody (1:1000; Novus Biologicals, catalog no. NB300-109) 
for mouse tissues, and mouse anti-Tomm20 antibody (1:1000; Abcam, 
catalog no. ab56783) and anti-puromycin (1:1000l; Sigma-Aldrich, 
catalog no. MABE343) for human dopamine neurons. Secondary 
antibodies were goat anti-mouse, anti-rabbit, or anti-chicken Alexa 
fluorochromes at 1:1000 (Thermo Fisher Scientific, catalog nos. 
A-11032, A32731, and A-11039).

Analysis of protein turnover
To monitor dPARIS turnover, dPARIS was cotransfected in S2 cells 
with WT or mutant (C284S) dCYLD. dPARIS was expressed under 
the control of a Drosophila metallothionein (MT) gene promoter 
(pMT-V5/His-dPARIS plasmid) that allows for protein expression 
upon addition of CuSo4 to the culture medium. Twenty-four hours 
after transfection, CuSo4 was added to the culture medium to a final 
concentration of 500 M to induce dPARIS expression. After another 
48 hours, culture medium was replaced with fresh media without CuSo4 
to inhibit dPARIS expression. dPARIS turnover was then monitored 
in the presence of WT or mutant dCYLD at the indicated time points. 
hPARIS turnover rates were monitored in SHSY-5Y cells by addi-
tion of cycloheximide to a final concentration of 50 M, and lysates 
were assayed at the indicated time points.

Deubiquitination assays
In cell deubiquitination, assays were performed using SH-SY5Y 
cells under CYLD KD or overexpressing conditions. CYLD KD was 

achieved using CRISPR-/Cas9–mediated gene editing. Transient 
transfection using pCMV6-CYLD-GFP plasmid was used to over-
express CYLD. Cells were cotransfected with N-terminal FLAG-
tagged hPARIS with either WT ubiquitin or ubiquitin mutants that 
can append only K48 (HA-Ub-K48 only) or K63 (HA-Ub-K63 only) 
Ub chains under CYLD KD or overexpressing conditions. Following 
coimmunoprecipitation of PARIS using anti-FLAG M2 magnetic beads 
(Sigma-Aldrich) as described above, polyubiquitin modifications 
of PARIS were detected in immunoblots using anti- HA antibody.

In vitro deubiquitination assays were performed as previously de-
scribed (9). Recombinant GST, GST-PARIS, GST-parkin, GST-CYLD 
WT, and GST-CYLD C601A mutant were expressed in Escherichia 
coli and purified using glutathione-agarose beads. GST tag on parkin, 
CYLD, and CYLD C601A mutant was cleaved using PreScission pro-
tease. Two micrograms of GST-PARIS was incubated with 40 ng of 
UBE1 (E1, Boston Biochem, catalog no. E-305), 200 ng of UbcH7 (E2, 
Boston Biochem, catalog no. A-640), 1 g of His-Ub (Boston Biochem, 
catalog no. U-530), 500 ng of parkin, and 500 ng of His/MBP-
PINK1 (Boston Biochem, catalog no. AP-180) together with 500 ng 
of CYLD WT or CYLD C601A mutant in reaction buffer [250 mM 
tris-HCl (pH 7.6), 500 mM NaCl, 25 mM MgCl2, 5 mM DTT, 
0.5 mM EGTA, and 20 mM freshly prepared ATP] at 37°C for 
2 hours with agitation. The reaction mixture was then subjected to 
SDS-PAGE and Western blot analysis. Polyubiquitination of GST- 
PARIS was detected using anti-PARIS antibody. Autoubiquitination 
of parkin was detected using anti- parkin antibody.

Maintenance and differentiation of hES cells into 
dopamine neurons
H1 hES cells (Wi Cell, Madison, WI) were cultured using standard 
protocol on inactivated mouse embryonic fibroblast. All experi-
ments that included hES cells were carried out in accordance with 
the human Institutional Review Board and the Institutional Stem 
Cell Research Oversight Committee at the Johns Hopkins Univer-
sity. Differentiation of hES cells to dopamine neurons was done as 
described in (61). Single hES cells were cultured on Matrigel-coated 
plate at a density of 40,000 cells/cm2 in serum replacement medium 
(SRM) containing growth factor and small molecules, including 
FGF8a (100 ng/ml), SHH C25II (100 ng/ml), 100 nM LDN193189, 
10 M SB431542, 3 M CHIR99021, and 2 M purmorphine for the 
first 5 days. Cells were maintained for the next 6 days in neuro-
basal medium containing B27 minus vitamin A, N2 supplement, 
along with LDN193189 and CHIR99021. Last, cells were made into 
a single-cell suspension and seeded at a density of 400,000/cm2 on 
polyornithine- and laminin-coated plates in neurobasal media 
containing B27 minus vitamin A, brain-derived neurotrophic factor 
(20 ng/ml), glial cell line–derived neurotrophic factor (20 ng/ml), 
0.2 mM transforming growth factor– ascorbic acid (1 ng/ml), 
0.5 mM cyclic adenosine 3′,5′-monophosphate (cAMP), and 10 M 
DAPT until maturation (approximately 60 days). Generation and 
characterization of parkin knockout hES cells have been previously 
described in detail (19).

SUnSET assay
Differentiated human dopamine neurons cultured on glass coverslips 
precoated with polyornithine and laminin were incubated in media 
containing 1 M puromycin for 1 hour and subsequently washed once 
with PBS. Cells were replaced with media containing no puromycin 
and cultured for another hour to remove the traces of unlabeled 
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puromycin. Labeled cells were then fixed using 4% PFA for further 
immunocytochemistry.

SNAP-tag labeling of mitochondria
The SNAP-Tag-Cox8a fusion sequence was subcloned from the 
pSNAPf-Cox8A control plasmid (New England Biolabs) into cFUGw 
lentiviral vector using the Gibson assembly cloning kit (New England 
Biolabs). Differentiated human dopamine neurons cultured on coated 
glass coverslips were infected with the SNAP-Tag-Cox8a lentivirus 
for 5 days under culture conditions as described in (19). Transduced 
dopamine neurons in culture were then treated with a SNAP-tag 
substrate conjugated to 488 fluorophore (substrate 1) for 1 hour to 
label the existing mitochondrial pool. Neurons were then washed 
with media and cultured for an additional 24 hours. Thereafter, neu-
rons were treated for 1 hour with a second SNAP-tag substrate conju-
gated to 568 fluorophore (substrate 2) to label mitochondria assembled 
since treatment with substrate 1. Neurons were washed again with 
media and cultured for an additional 1 hour before fixing with 4% 
PFA for immunocytochemistry.

Immunocytochemistry and microscopy
Following puromycin labeling or SNAP-tag treatment, cells were 
fixed for 15 min with 4% PFA and washed with 1× PBS. Cells were 
permeabilized with 0.3% Triton X-100 for 15 min, washed three times 
in 1× PBS, blocked for 1 hour with 4% bovine serum albumin/10% 
serum in PBS, and incubated with primary antibody overnight at 
4°C. Following washing, cells were treated with secondary antibody 
for 1 hour in dark at RT. Cells were washed, counterstained with 
4′,6-diamidino-2-phenylindole (DAPI) in PBS (1 g/ml; Roth) for 3 min, 
and mounted with ProLong Gold antifade mountant (Life Technolo-
gies, P36930). Samples were imaged soon after the experiment and 
stored at 4°C. All images were taken for analysis with a Zeiss LSM 
880 AiryScan laser scanning confocal microscope at a magnification 
of ×40. Images were scanned at 1024 × 1024 pixels, with a slice 
thickness of 1 M and line and frame average of 4.

Animals
All experiments that included animals (8-week-old C57BL/6J mice; 
Jackson Laboratories, Bar Harbor, Maine, USA) were carried out in 
accordance with the NIH Guide for the Care and Use of Laboratory 
Animals and approved by the Institutional Animal Care and Use 
Committee at the Johns Hopkins University. All efforts were made 
to minimize suffering.

Generation of virally induced conditional KD mouse models
Exon 7 floxed parkin mice (Parkin Flx/Flx) have been previous-
ly described (8). Exon 9 floxed CYLD mice (CYLD Flx/Flx) were 
obtained from G. Mosialos, Aristotle University of Thessaloniki, 
Greece. The CYLD Flx/Flx mice were cross-bred to Parkin Flx/Flx 
mice to generate CYLD Flx/+; Parkin Flx/+ heterozygous mice, 
which were then cross-bred to each other to generate Parkin Flx/
Flx; CYLD Flx/Flx homozygous mice. Conditional KD of parkin, 
CYLD, or both parkin and CYLD was achieved by stereotactically 
introducing an AAV2 vector encoding the GF-fused Cre recom-
binase (AAV2- GFPCre) into SN of 6- to 8-week-old mice of the 
relevant genotype. AAV2-GFP injections served as control and SN 
coordinates (1.3 mm lateral, 3.2 mm caudal, and 4.3 mm ventral 
relative to Bregma) were used for the stereotactic injections as de-
scribed previously in (8, 9).

Immunohistochemistry and stereological assessment
Mice were perfused with ice-cold PBS solution followed by ice-cold 
4% PFA/PBS solution (pH 7.4) and prepared for immunohistochem-
ical staining as previously described (62). Unbiased stereological 
counting of TH-positive and Nissl-positive neurons was performed 
as previously described (9, 63).

Behavioral tests
Pole test
The pole test was performed as described previously (64). A 9-mm- 
diameter 2.5-foot metal rod wrapped with bandage gauze was used 
as the pole. Mice were placed on the top of the pole (7.62 cms from 
the top of the pole) facing head up. The time taken to turn and total 
time taken to reach the base of the pole were recorded. Before the 
actual test, the mice were trained for two consecutive days, and each 
training session consisted of three test trials. The maximum cutoff 
time to stop the test was 120 s. Results were expressed in turn and 
total time (in seconds) (64).
Grip strength
The grip strength test was performed as described before (64). Neuro-
muscular strength was measured by maximum holding force gener-
ated by the mice (Bioseb). Mice were allowed to grasp a metal grid 
with either their fore and/or hindlimbs or both. The tail was gently 
pulled, and the maximum holding force was recorded by the force 
transducer when the mice released their grasp on the grid. The peak 
holding strength was digitally recorded and displayed as force (in 
grams) (64).

Amphetamine-induced stereotypic rotation
Three months after mice received the AAV-GFP or AVV-GFP Cre 
intranigral injection, amphetamine (5 mg/kg body weight; Sigma- 
Aldrich) was administered intraperitonially. Mice were placed into a 
white paper cylinder of 20 cm in diameter and monitored for 30 min. 
The behavior of mice was recorded for at least 5 min between 20 
and 30 min following amphetamine administration. Full-body ipsi-
lateral rotations (clockwise) were counted for each mouse from the 
video recordings. The animal genotypes were blinded and random-
ly used during the experiment, and the blind was removed for final 
quantification and statistical assessment.

Statistical analysis
Statistical analyses were performed using GraphPad statistical soft-
ware (GraphPad Prism, version 8, San Diego, CA) as described in 
(10). The criteria for significance was: ns (not significant) P > 0.05, 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Significant 
differences between two groups were analyzed using a two-tailed 
Student’s t test. For more than two groups, a one-way analysis of vari-
ance (ANOVA) (with Tukey’s post hoc correction for multiple com-
parisons) was used. For mixed groups, a two-way ANOVA (with Tukey’s 
post hoc correction for multiple comparisons) was used. The graph 
representation, definition of n, and which statistical test was performed 
are indicated in the figure legends. Error bars show SEM or SD, 
as indicated in the figure legends. Sample size was chosen accord-
ing to that used for similar experiments in the literature.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh1824

View/request a protocol for this paper from Bio-protocol.

https://science.org/doi/10.1126/sciadv.abh1824
https://science.org/doi/10.1126/sciadv.abh1824
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abh1824
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