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

Loss of UCHL1 rescues the defects related to Parkinson’s 
disease by suppressing glycolysis
Su Jin Ham1,2,3†, Daewon Lee2,3†, Wen Jun Xu4, Eunjoo Cho2, Sekyu Choi2, Soohong Min2,3, 
Sunghyouk Park4, Jongkyeong Chung1,2,3*

The role of ubiquitin carboxyl-terminal hydrolase L1 (UCHL1; also called PARK5) in the pathogenesis of Parkinson’s 
disease (PD) has been controversial. Here, we find that the loss of UCHL1 destabilizes pyruvate kinase (PKM) and 
mitigates the PD-related phenotypes induced by PTEN-induced kinase 1 (PINK1) or Parkin loss-of-function muta-
tions in Drosophila and mammalian cells. In UCHL1 knockout cells, cellular pyruvate production and ATP levels are 
diminished, and the activity of AMP–activated protein kinase (AMPK) is highly induced. Consequently, the activat-
ed AMPK promotes the mitophagy mediated by Unc-51–like kinase 1 (ULK1) and FUN14 domain–containing 1 
(FUNDC1), which underlies the effects of UCHL1 deficiency in rescuing PD-related defects. Furthermore, we identi-
fy tripartite motif–containing 63 (TRIM63) as a previously unknown E3 ligase of PKM and demonstrate its antago-
nistic interaction with UCHL1 to regulate PD-related pathologies. These results suggest that UCHL1 is an integrative 
factor for connecting glycolysis and PD pathology.

INTRODUCTION
Parkinson’s disease (PD) is one of the most prevalent neurodegen-
erative disorders. The movement disorders of patients with PD 
result from loss of dopaminergic (DA) neurons in the substantia 
nigra, a region of the midbrain (1). To maintain energetic and func-
tional demands, DA neurons are known as one of the cell types that 
require high-energy supplies and thus perform glucose metabolism 
at a high level and produce excessive reactive oxygen species (ROS) 
as by-products (2, 3). As a result, DA neurons are sensitive to oxida-
tive stress, and the mitochondrial damages induced by ROS can be 
a potential cause for the death of DA neurons in patients with 
PD. Consistently, inhibition of the electron transport chain (ETC) 
in mitochondria by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) and 1,1′-dimethyl-4,4′-bipyridinium (paraquat) causes 
degeneration of DA neurons in animal models and induces symptoms 
related to PD (4–7). Therefore, understanding the molecular con-
nection between glucose metabolism and mitochondrial homeostasis 
has been imperative to uncover the molecular pathogenesis of PD.

Oxidative stress and calcium accumulation are the main factors 
for inducing mitochondrial damages. The damaged mitochondria 
should be removed by mitochondria-specific autophagy, mitophagy. 
Among the PD genes identified from genetic and genomic analyses 
of patients with PD, PTEN-induced kinase 1 (PINK1; also called 
PARK6) comprises a central signaling axis together with the E3 
ligase Parkin (also called PARK2), and both of them play an im-
portant role in controlling mitophagy (8–12). Upon mitochondrial 
damages, PINK1 phosphorylates Parkin, which induces transloca-
tion of Parkin from the cytosol to the damaged mitochondria (13). 
Ubiquitination of various mitochondrial proteins by Parkin triggers 
the recruitment of mitophagy adaptor proteins and mitophagosomes 

(14,  15). Other PD-associated genes, such as PARK7 (DJ-1) (16), 
PARK8 (LRRK2) (17), PARK13 (HTRA2/Omi) (18), and PARK15 
(FBXO7) (19), have been also reported to be involved in this 
PINK1-Parkin pathway.

Since protein ubiquitination plays a crucial role in the PINK1- 
Parkin pathway, ubiquitin C-terminal hydrolase L1 (UCHL1; also 
called PARK5) has also been regarded as an important PD-associated 
gene (20,  21). However, the exact role and molecular targets of 
UCHL1 have not been found yet. Belonging to the UCH family of 
deubiquitinating enzymes (DUBs), UCHL1 hydrolyzes a glycine 
peptide bond at the C terminus of ubiquitin and is highly expressed 
in the brain, accounting for 1 to 2% of total brain proteins (22, 23). 
Unexpectedly, one German family suffering from familial PD was 
identified carrying I93M mutation of UCHL1, which provides the 
first evidence to categorize UCHL1 as a PD-susceptible gene (21). 
After the initial finding, the E7A substitution of UCHL1 was associ-
ated with motor neuron dysfunctions similar to PD (24). On the 
contrary, several statistical studies proposed reduced incidence of 
PD by the S18Y polymorphism in certain populations (25–29). 
Despite these epidemiological findings, whether the mutations in 
UCHL1 are directly related to PD is still highly controversial.

In the present study, we find that the loss of UCHL1 regulates 
glucose metabolism and rescues the defects related to PD. Our met-
abolic analysis identify that specific glycolytic metabolites are de-
creased and an energy-dependent mitophagy pathway is induced by 
inhibition of UCHL1. Therefore, we propose that UCHL1 is an 
integrative regulator of glucose metabolism, mitochondrial homeo-
stasis, and PD pathogenesis.

RESULTS
Loss of UCHL1 rescues the PD phenotypes induced by PINK1 
and Parkin deficiency
Mitophagic dysfunction is one of the main causes of PD, and the 
PINK1-Parkin pathway plays a central role in controlling the mito-
phagy induced by mitochondrial damages. To identify a novel 
regulatory mechanism for the mitophagy related to PD, we con-
ducted a small-scale genetic screen using Drosophila.
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In our first screen, we genetically crossed UAS–RNA interference 
(RNAi) lines for 15 different fly genes orthologous to PD- associated 
human genes (table S1) (30) with PINK1 knockout (KO) flies (PINK1B9) 
(9) using mef2-GAL4 driver, which specifically knocked down PD genes 
in the muscle of PINK1 mutants. Through this screen, we examined 
whether the impaired mitochondrial morphology caused by PINK1 
deficiency was rescued by the RNAi lines for PD genes (Fig. 1A and 
fig. S1A). In the secondary screen, we observed the mitochondrial 
morphology in the muscle after crossing Parkin null mutants (park1) 
(31) with the RNAi lines that showed positive outcomes in the first 
screen (Fig. 1A and fig. S1B). As a result, we isolated two RNAi lines 
that completely rescued the defects in mitochondrial morphology 
of both PINK1 and Parkin null flies. The isolated lines turned out 
to be the RNAi lines for Drosophila UCH (cg4265), the orthologous 
gene for UCHL1 in humans (Fig. 1A and fig. S2A).

To firmly establish these RNAi knockdown results, we next pro-
duced a UCH null mutant fly line (UCHKO) by introducing an 
early-stop frame shift mutation using the CRISPR-Cas9 system (fig. 
S2B) (32). UCH null flies were homozygous viable and did not show 
notable PD-related phenotypes (fig. S3, A to E). However, when we 
generated PINK1B9 or park1 flies carrying the homozygous UCHKO 
mutation, we found that UCH KO completely rescued the PD-related 
phenotypes such as crushed thoraces and abnormal wing postures 
observed in the null mutant flies of PINK1 and Parkin (fig. S3, A to 
B′) (9, 31). Other phenotypes of the PINK1- or Parkin-deficient 
mutants including swollen mitochondria (Fig. 1B and fig. S3C) and 
increased apoptotic responses in the muscle (fig. S3D) impaired 
climbing ability (Fig. 1C), and reduced number of DA neurons in 
the PPM1/2 and PPL1 regions of Drosophila adult brain (Fig. 1D 
and fig. S3E) were completely rescued by UCH null mutation. These 
data demonstrate that the loss of UCHL1 rescues the PD-related 
pathogenesis in PINK1 or Parkin KO flies.

Deubiquitinase activity of UCH inversely correlates 
with the suppression of PD phenotypes
Meanwhile, several substitutional mutations in UCHL1 have been 
reported to be related to neurodegeneration, especially in PD. The 
I93M mutation of UCHL1 was linked to PD from one German fam-
ily (21), and the E7A substitution was associated with motor neuron 
dysfunctions similar to PD (24). On the contrary, several statistical 
studies proposed reduced incidence of PD by the S18Y polymor-
phism (20, 27, 33–35). Despite these findings, whether UCHL1 is 
directly related to PD is still highly controversial (26, 36). Therefore, 
we sought to find the molecular connections between UCHL1 mu-
tations and PD using Drosophila and mammalian models.

Since UCHL1 serves as a DUB, we determined whether the fly 
ortholog, UCH, also preserves its DUB activity. We analyzed in vitro 
DUB activities of UCH recombinant proteins bearing H19Y, V96M, 
E8A, and C93S (a catalytic dead form) mutations respectively iden-
tical to human mutations, S18Y, I93M, E7A, and C90S (fig. S2A). 
The DUB activities of UCH H19Y, V96M, E8A, and C93S mutant 
proteins were measured to be approximately 100, 50, 25, and 10%, 
respectively, compared to that of UCH wild type (WT) (Fig. 1E). 
Consistently, we obtained similar results from human UCHL1 mu-
tant proteins on the DUB activity (fig. S4A) (24, 37).

To study that the DUB activity of UCH is related to PD patho-
genesis, we generated UCH knock-in (KI) flies bearing E8A, H19Y, 
V96M, and C93S mutations using the CRISPR-Cas9 system (fig. 
S2C) (38, 39). We examined various phenotypes related to PD, 

including swollen mitochondrial morphology, increased apoptotic 
responses in thoraces, loss of DA neurons, and decreased climbing 
ability, in these UCH KI flies, compared to WT flies. Notably, there 
were no significant defects or differences in the phenotypes among 
the flies (fig. S4, B to D).

To further investigate the relevance of the DUB activity of UCH 
in the PD pathogenesis induced by PINK1 and Parkin mutations, 
we integrated each of these UCH KI alleles into PINK1 or Parkin 
single KO background flies and observed changes in the PD-related 
phenotypes. UCHE8A and UCHC93S KI with highly decreased DUB 
activities (Fig.  1E) markedly alleviated the swollen mitochondrial 
morphology and the elevated apoptotic signals of PINK1B9 (Fig. 1, 
F and G, and fig. S5, A and B) and park1 flies (fig. S6, A to B′). In 
addition, UCHV96M KI flies, which have ~50% DUB activity of UCH WT 
(Fig. 1E), partially rescued the phenotypes of PINK1 (Fig. 1, F and G, 
and fig. S5, A and B) and Parkin null flies (fig. S6, A to B′). However, 
UCHH19Y KI flies, which have a similar UCH DUB activity to that of 
WT flies (Fig.  1E), did not rescue the defective phenotypes of 
PINK1B9 (Fig. 1, F and G, and fig. S5, A and B) and park1 flies (fig. 
S6, A to B′). Consistent with the results shown above, the reduced 
climbing ability and the loss of DA neurons of PINK1B9 (Fig.  1, 
H and H′, and fig. S5, C and D) and park1 flies (fig. S6, C to E′) were 
rescued by UCHE8A and UCHC93S KI, but not by UCHH19Y and 
UCHV96M KI, mutations. Together, we conclude that the loss of 
UCH DUB activity protects the PD-related pathogenesis in the flies 
lacking PINK1 or Parkin.

Mitophagy is elevated in UCHL1 KO cells
Having shown that the abrogation of UCH suppresses the PD pheno-
types induced by PINK1 and Parkin deficiency, we then investi-
gated the mechanism of this in mammalian systems. In particular, 
as PINK1 and Parkin are closely linked to mitophagy (40), we gen-
erated UCHL1 KO human embryonic kidney (HEK) 293 cell lines 
using the CRISPR-Cas9 system (fig. S7, A and B) (41) and measured 
the amounts of outer [mitofusin-1 (MFN1) and translocase of outer 
mitochondrial membrane 20 (TOM20)] and inner [translocase of 
inner mitochondrial membrane 23 (TIM23) and cytochrome C ox-
idase subunit IV (COXIV)] mitochondrial membrane proteins to 
detect mitophagy (42). When we treated UCHL1 WT or KO HEK293 
cells with carbonyl cyanide m-chlorophenyl hydrazone (CCCP), 
the amount of mitochondrial proteins was more quickly and strong-
ly reduced in UCHL1 KO cells compared to WT cells (Fig. 2A). 
To visualize mitophagy, we also used a mitophagy reporter dye 
(Mtphagy Dye) (43), which generates red fluorescence when the pH 
in mitochondria decreases as they colocalize with lysosomes. When 
we induced mitophagy by treating CCCP, the number of red fluo-
rescence dots per cell in UCHL1 KO HEK293 cells doubled com-
pared to WT cells (Fig. 2B). We also observed a similarly elevated 
level of mitophagy from UCHL1 KO cells treated with another mi-
tophagy inducer, the mix of antimycin A and oligomycin (fig. S7C). 
These results showing that mitochondrial proteins were reduced 
more quickly in UCHL1 KO HEK293 cells by two different mito-
phagy inducers were also repeated in UCHL1 KO SH-SY5Y cells 
derived from DA human neuroblastoma (fig. S7, D and E).

Next, we asked whether the changes in the DUB activity of 
UCHL1 mutants can affect mitophagy. We expressed UCHL1 WT, 
E7A, S18Y, C90S, and I93M in UCHL1 KO cells and observed 
mitochondrial protein levels in the transfected cells. We found that 
the expression of UCHL1 E7A or C90S in UCHL1 KO cells induced 
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mitophagy at a level similar to untransfected UCHL1 KO cells upon 
CCCP treatment (fig. S7F). However, the amount of mitochondrial 
proteins in UCHL1 KO cells expressing UCHL1 WT, S18Y, or 
I93M was not reduced as much as that of UCHL1 KO cells express-
ing UCHL1 E7A or C90S upon CCCP treatment (fig. S7F). Together 
with the aforementioned data, we conclude that the loss of UCHL1 
DUB activity facilitates mitophagy.

Loss of UCHL1 promotes mitophagy via FUN14  
domain–containing 1
We then performed another small-scale genetic screen in Drosophila 
against previously known mitophagy receptors to identify a downstream 
target of UCHL1. Mitophagy receptors orchestrate mitochondria- 
specific autophagy upon mitochondrial damages by recruiting LC3 
proteins. Among mitochondrial proteins with LC3-interacting re-
gion motif (44), four proteins [Zonda (Zda) (45, 46), Bcl-2/adenovirus 
E1B 19-kDa interacting protein 3 (Bnip3) (47), sequestosome 1 
(p62) (48), and FUN14 domain–containing 1 (FUNDC1) (49)] 
are conserved between Drosophila and human. We drove the 

expression of UAS-RNAi against these genes using heat-shock 
(hs)–GAL4 driver in PINK1 and UCH double KO flies and ob-
served mitochondrial morphology in the flight muscles. Although 
Zda, Bnip3, or p62 knockdown did not significantly change the 
mitochondrial morphology of PINK1 and UCH double null flies, 
FUNDC1 knockdown generated swollen mitochondria morpholo-
gies in the double null flies (Fig. 3A). In addition, FUNDC1 knock-
down worsened other PD-related phenotypes, including impaired 
climbing abilities, increased apoptosis, and degeneration of DA 
neurons, in PINK1 and UCH double KO flies, similar to those in 
PINK1 KO flies (Fig. 3, B and C, and fig. S8, B to C′). All of these 
results observed in PINK1B9 background flies were similarly repro-
duced in park1 background flies (Fig. 3, B and C, and fig. S8, A to C′).

We therefore examined whether UCHL1 interacts with FUNDC1 
in mammalian cells as in Drosophila. Notably, the increased mito-
phagy upon CCCP treatment in UCHL1 KO cells was blocked by 
FUNDC1 knockdown (Fig. 3D). On the basis of these results, 
we conclude that FUNDC1 mediates mitophagy downstream of  
UCHL1.

Fig. 1. Loss of UCHL1 rescues the PD-related phenotypes of PINK1 and Parkin mutants in Drosophila. (A) Genetic scheme to screen new suppressive genes for the 
swollen mitochondrial phenotypes of PINK1 (PINK1B9) and Parkin (park1) null mutants. (B) Confocal fluorescence images of the adult flight muscles. Green indicates mito-
chondria, and red indicates actin filament. Scale bar, 5 m. Percentage of the flies having swollen mitochondria was quantified in fig. S3C. (C) Measurement of the climb-
ing ability in the adult flies. n = 10. (D) Confocal immunofluorescence images and numbers of DA neurons in the PPM1/2 regions of adult fly brains. n = 10. Green indicates 
DA neuron. Scale bar, 20 m. The number in panels indicates the number of DA neurons in each image. (E) Measurement of the DUB activities of UCH mutant proteins. 
Linear graphs show relative DUB activities of the mutants normalized by the activity of UCH WT at 30 min. Bar graphs show area under the curve (AUC) of the linear graphs. 
n = 3. (F) Confocal fluorescence images of the adult flight muscles. Green denotes mitochondria, and red denotes actin filament. Scale bar, 5 m. Percentage of the flies 
having swollen mitochondria was quantified in fig. S5A. (G) Confocal fluorescence images for terminal deoxynucleotidyl transferase–mediated deoxyuridine triphos-
phate nick end labeling (TUNEL) assays of the adult flight muscles. Green denotes apoptosis, and blue denotes nucleus. Scale bar, 5 m. Percentage of the flies showing 
apoptotic responses was quantified in fig. S5B. (H) Confocal immunofluorescence images (H) and numbers (H′) of DA neurons in the PPM1/2 regions of adult fly 
brains. n = 10. Green indicates DA neuron. Scale bar, 20 m. The number in panels indicates the number of DA neurons in each image. Two-way analysis of variance 
(ANOVA) with Sidak’s multiple comparison test was used (C and D), and one-way ANOVA with Dunnett’s multiple comparison test was used (H′). Data were presented 
as means + SD.
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FUNDC1-mediated mitophagy is elevated by adenosine 
5′-monophosphate–activated protein kinase and Unc-51–
like kinase 1 in UCHL1 KO cells and Drosophila
In previous reports, activated adenosine 5′-monophosphate (AMP)– 
activated protein kinase (AMPK) phosphorylates Unc-51–like kinase 1 
(ULK1) at S555 (44, 50), which induces mitophagy via activation of 
FUNDC1 (51). To examine whether UCHL1 is involved in this 
mechanism, we determined the activation status of endogenous 
ULK1 and AMPK in UCHL1 WT and KO cells. Increased phos-
phorylation of AMPK at T172 and ULK1 at S555 was observed in 
UCHL1 KO cells compared to UCHL1 WT cells (Fig. 4A and fig. 
S9A). Upon treatment of compound C, a potent AMPK inhibitor, 
the phosphorylation of AMPK and ULK1 was suppressed in UCHL1 
KO cells comparable to that in WT cells (Fig. 4A and fig. S9A), in-
dicative of the AMPK-mediated phosphorylation of ULK1  in the 
KO cells. Therefore, to examine whether UCHL1 regulates mitophagy 
through AMPK and ULK1, we knocked down AMPK or ULK1 in 
UCHL1 KO cells using small interfering RNA (siRNA) transfec-
tion. As a result, the increased mitophagy in UCHL1 KO cells was 

blocked when siRNA of AMPK (Fig. 4B and fig. S9B) or ULK1 was 
transfected (Fig.  4C and fig. S9C), suggesting that the UCHL1- 
mediated mitophagy is induced by activation of AMPK and ULK1 in  
mammals.

To confirm these observations in Drosophila, we knocked down 
AMPK or ULK1 in the double KO flies lacking PINK1 and UCH or 
Parkin and UCH. Because of developmental lethality caused by 
hs-GAL4 and mef2-GAL4 drivers, we used tyrosine hydroxylase 
(th)–GAL4 driver to knock down AMPK or ULK1 in the DA neu-
rons of PINK1 and UCH or Parkin and UCH double KO flies. The 
number of DA neurons in the PPM1/2 and PPL1 regions was sig-
nificantly reduced in PINK1 and Parkin null flies, and this DA neu-
ron phenotype was almost completely rescued by UCH KO (Fig. 4D 
and fig. S9, D and E). However, the concurrent knockdown of 
AMPK or ULK1 blocked this rescuing effect of UCH KO (Fig. 4D 
and fig. S9, D and E), supporting the evolutionarily conserved roles 
of AMPK and ULK1 downstream of UCHL1 in Drosophila.

Furthermore, we confirmed the interaction between AMPK and 
FUNDC1 in PINK1 or Parkin null flies. Similar to previous studies, 

Fig. 2. Loss of UCHL1 enhances mitophagy. (A) Left: Immunoblot analysis of mitochondrial outer membrane (OM; MFN1 and TOM20) and inner membrane (IM; TIM23 
and COXIV) proteins upon 20 M CCCP treatment. Right: Relative quantification of the immunoblot band intensity of indicated mitochondrial proteins. n = 3. (B) Left: 
Confocal fluorescence images of Mtphagy Dye in HEK293 UCHL1 WT and KO cells upon 20 M CCCP treatment. Green indicates lysosome, and red indicates mitophagy. 
Right: Number of Mtphagy Dye red dots per cell in HEK293 UCHL1 WT and KO cells upon 20 M CCCP treatment. UCHL1 WT (n = 17) and KO (n = 12) without CCCP treat-
ment (−). UCHL1 WT (n = 13) and KO (n = 13) with 20 M CCCP treatment. Scale bar, 20 m. Two-way ANOVA with Sidak’s multiple comparison test was used (B). All data 
were presented as means + SD.
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we identified that swollen mitochondria and increased apoptosis in 
the thoraces of PINK1B9 or park1 flies were mitigated by overexpres-
sion of constitutively active AMPK (AMPKCA) (52, 53) or FUNDC1 
under hs-GAL4 driver (fig. S10, A to B′). In addition, the decreased 
climbing abilities and the loss of DA neurons of PINK1 or Parkin 
null mutants were rescued by AMPKCA or FUNDC1 overexpres-
sion (Fig. 4, E and F, and fig. S10, C and C′). The rescued pheno-
types of PINK1B9 or park1 flies by expressing AMPKCA were reversed 
by concurrently expressing FUNDC1 RNAi (Fig. 4, E and F, and fig. 
S10, A to C′), suggesting that AMPK rescues the PD-related pheno-
types via FUNDC1 in Drosophila.

UCHL1 stabilizes pyruvate kinase leading to regulation 
of the energy-dependent mitophagy
AMPK is a master regulator of cellular energy homeostasis re-
sponding to AMP/adenosine 5′-triphosphate (ATP) levels. This led 
us to hypothesize that the loss of UCHL1 could have affected energy 
levels in the cell to enhance mitophagy. To address this possibility, 
we measured the endogenous ATP levels in UCHL1 KO cells in 
comparison to WT cells and found lower ATP levels in UCHL1 KO 
cells (Fig. 5A). We hence supposed that UCHL1 is related to ATP 

production processes such as glycolysis, oxidative phosphorylation 
(OXPHOS), and citric acid cycle. To examine which of the three 
processes is related to UCHL1, we measured ATP levels from 
UCHL1 WT and KO cells treated with 2-deoxy-d-glucose (2-DG), 
rotenone, or oligomycin. Rotenone and oligomycin are inhibitors 
of ETC in the OXPHOS system (54), and 2-DG inhibits glycolysis as 
a glucose analog (55). We found that ATP levels were halved in 
UCHL1 KO cells compared to UCHL1 WT cells, and their ATP 
levels were proportionally further reduced when treated with rotenone 
or oligomycin (Fig.  5A). However, upon 2-DG treatment, we 
unexpectedly could not observe differences in ATP levels between 
UCHL1 WT and KO cells (Fig. 5A). Furthermore, we validated rel-
ative ATP levels in fruit flies treated with these drugs or expressing 
RNAi affecting glycolysis and OXPHOS system. Similar to the cell 
data, UCH KO flies displayed decreased ATP levels compared to 
control flies, and their ATP levels remained lower than WT flies 
when rotenone or oligomycin was fed. However, UCH KO flies 
showed similar levels of ATP compared to control flies when 2-DG 
was fed (fig. S11A). Consistent with these pharmacologic data, the 
ATP levels of UCH KO flies with glucose transporter 1 (GLUT1) 
knockdown were comparable to those of the GLUT1 knockdown 

Fig. 3. Mitophagy induced by UCHL1 deficiency is mediated by FUNDC1. (A) Left: Confocal fluorescence images of the adult flight muscles. Right: Percentage of the 
flies having swollen mitochondria. n = 10. Green denotes mitochondria, and red denotes actin filament. Scale bar, 5 m. (B) Measurement of the climbing ability in the 
adult flies. n = 10. (C) Confocal immunofluorescence images and numbers of DA neurons in the PPM1/2 regions of adult fly brains. n = 10. Green denotes DA neuron. Scale 
bar, 20 m. The number in panels indicates the number of DA neurons in each image. (D) Left: Immunoblot analysis of mitochondrial outer (MFN1 and TOM20) and inner 
(TIM23 and COXIV) membrane proteins upon 20 M CCCP and FUNDC1 small interfering RNA (siRNA) treatment. Right: Relative quantification of the immunoblot band 
intensity of indicated mitochondrial proteins. n = 3. Two-way ANOVA with Tukey’s multiple comparison test was used (B and C). All data were presented as means + SD.



Ham et al., Sci. Adv. 2021; 7 : eabg4574     9 July 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 14

flies in WT background. However, flies with knockdown of NADH 
(reduced form of nicotinamide adenine dinucleotide) dehydrogenase 
ubiquinone iron-sulfur protein 3 (NDUFS3) and ATP synthase 
subunit  (ATPsyn), which are the components of the first and the 
last OXPHOS complexes, respectively, showed further reduced 
ATP levels in UCH KO background (fig. S11B). These pharmaco-
logic and genetic data from mammalian cells and fruit flies consist-
ently support that UCHL1 targets glycolysis.

To pinpoint the target of UCHL1, we traced intermediate me-
tabolites from each glycolytic step by culturing cells with 13C-labeled 
glucose and compared the amount of glycolytic metabolites in 
UCHL1 WT and KO cells. Notably, most of the metabolites before 
the pyruvate conversion step were increased, whereas the amount 
of pyruvate was highly decreased in UCHL1 KO cells compared to 
UCHL1 WT cells (Fig.  5B). Since pyruvate is converted from 
phosphoenolpyruvate (PEP) by pyruvate kinase (PKM) (Fig.  5C) 
(56), we suspected that PKM could be regulated by UCHL1. There-
fore, we performed an experiment measuring the ubiquitination 
status of PKM in HEK293 cells while overexpressing UCHL1 WT, 
C90S (a catalytic dead form), or R178Q (a hyperactive form) (57) 
under the treatment with MG132 to inhibit proteasomal degrada-
tion (58). We observed that the expression of UCHL1 WT or R178Q 
decreased the ubiquitination of PKM proteins, whereas the 

expression of UCHL1 C90S mutant did not (Fig. 5D). To further 
examine whether UCHL1 deficiency would decrease PKM stability, 
we compared the amount of endogenous PKM proteins between 
UCHL1 WT and KO cells. Notably, the amount of endogenous 
PKM proteins was highly decreased in UCHL1 KO cells (Fig. 5E) 
compared to WT HEK293 cells, suggesting that UCHL1 stabilizes 
PKM through its DUB activity to regulate cellular ATP levels. In 
addition, we examined whether the expression level of PKM could 
regulate the UCHL1-dependent mitophagy. As UCHL1 stabilized 
PKM through its DUB activity, we used MG132 for blocking prote-
asomal degradation of the ubiquitinated PKM. The elevated mitoph-
agy in UCHL1 KO cells was blocked by MG132 treatment (Fig. 5F, 
right, and fig. S11C, right). However, mitophagy was induced again 
when treating MG132 and PKM siRNA together to UCHL1 KO 
cells (Fig.  5F, right, and fig. S11C, right), confirming that the 
amount of PKM protein is critical to induce UCHL1-dependent 
mitophagy. In UCHL1 WT cells, the level of mitophagy was not 
altered by MG132 treatment alone since UCHL1 deubiquitinated 
PKM (Fig. 5F, left, and fig. S11C, left). However, similar to UCHL1 
KO cells, mitophagy was elevated by cotreatment of MG132 and 
PKM siRNA in UCHL1 WT cells (Fig. 5F, left, and fig. S11C, left).

Furthermore, we examined the phosphorylation of AMPK and 
ULK1 in UCHL1 WT and KO cells expressing PKM. The elevated 

Fig. 4. FUNDC1-mediated mitophagy in UCHL1 KO cells and flies is induced by AMPK and ULK1. (A) Immunoblot analysis of AMPK and ULK1 phosphorylation in 
HEK293 UCHL1 WT and KO cells without (−) or with (+) 10 M compound C treatment. The band intensity of AMPK and ULK1 phosphorylation was quantified in fig. S9A. 
(B) Immunoblot analysis of mitochondrial outer (MFN1 and TOM20) and inner (TIM23 and COXIV) membrane proteins upon 20 M CCCP and AMPK siRNA treatment. 
The band intensity of the four mitochondrial proteins (MFN1, TOM20, TIM23, and COXIV) was quantified in fig. S9B. (C) Immunoblot analysis of mitochondrial outer (MFN1 
and TOM20) and inner (TIM23 and COXIV) membrane proteins upon 20 M CCCP and ULK1 siRNA treatment. The band intensity of the four mitochondrial proteins (MFN1, 
TOM20, TIM23, and COXIV) was quantified in fig. S9C. (D) Confocal immunofluorescence images (left) and numbers (right) of DA neurons in the PPM1/2 regions of adult 
fly brains. n = 10. Green indicates DA neuron. Scale bar, 20 m. The number in panels indicates the number of DA neurons in each image. (E) Measurement of the climbing 
ability in the adult flies. n = 10. (F) Confocal immunofluorescence images (left) and numbers (right) of DA neurons in the PPM1/2 regions of adult fly brains. n = 10. Green 
indicates DA neuron. Scale bar, 20 m. The number in panels indicates the number of DA neurons in each image. Two-way ANOVA with Sidak’s multiple comparison test 
was used (D to F). All data were presented as means + SD.
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phosphorylation of AMPK and ULK1 in UCHL1 KO cells decreased 
with PKM overexpression to the phosphorylation levels, compara-
ble with those in UCHL1 WT cells overexpressing PKM (fig. S11D). 
In addition, we found that the increased mitophagy in UCHL1 KO 
cells was blocked by overexpressing PKM proteins (fig. S11E). All of 
these results indicate that UCHL1 targets PKM proteins to regulate 
mitophagy via AMPK and ULK1 signaling.

Tripartite motif–containing 63 ubiquitinates PKM proteins 
and plays an antagonistic role of UCHL1
To identify an E3 ligase playing an antagonistic role of UCHL1, we 
used databases from the Biological General Repository for Interac-
tion Datasets (BioGRID) (59). According to BioGRID results, PKM 
interacts with 311 proteins. Among them, seven E3 ligases [Parkin; 
mouse double minute 2 homolog; tripartite motif–containing 63 
(TRIM63); HECT and RLD domain–containing E3 ubiquitin ligase 
family member 1; HECT, UBA, and WWE domain–containing E3 
ubiquitin protein ligase 1; ligand of numb-protein X 1; and STIP1 

homology and U-box–containing protein 1] are linked to PKM.  
Therefore, we examined which of the seven E3 ligases could ubiq-
uitinate PKM. We identified that the exogenous expression of 
TRIM63 elevated the ubiquitin levels of PKM proteins (Fig. 6A). As 
PKM was ubiquitinated by TRIM63 and stabilized by UCHL1 in a 
protein ubiquitination–dependent manner, we tested whether the 
TRIM63-mediated ubiquitination of PKM proteins could be re-
duced by UCHL1. As a result, the ubiquitination of PKM proteins 
by TRIM63 was decreased by expressing UCHL1 WT, but not by 
expressing UCHL1 C90S (Fig. 6B). In addition, the amount of PKM 
proteins was elevated by TRIM63 knockdown in both UCHL1 WT 
and UCHL1 KO cell lines (Fig. 6C). However, the decreased PKM 
proteins in UCHL1 KO cells were recovered as much as those in 
UCHL1 WT cells under TRIM63 siRNA treatment (Fig. 6C). We 
also found that the enhanced mitophagy in UCHL1 KO cells was 
normalized by treating TRIM63 siRNA (Fig.  6D). These results 
demonstrate that TRIM63 and UCHL1 function antagonistically to 
control PKM ubiquitination and protein stability.

Fig. 5. PKM is a direct target of UCHL1 to control mitophagy. (A) Measurement of ATP levels in HEK293 UCHL1 WT or KO cells treated with 25 mM 2-DG, 1 M rotenone, 
or 10 M oligomycin. n = 4. (B) Measurement of glycolytic metabolites in HEK293 UCHL1 WT and KO cells after feeding 13C-glucose. The data were shown as a heatmap 
based on liquid chromatography–mass spectrometry metabolomics results. The row displays metabolites, and the column represents samples. Metabolites decreased are 
displayed in blue, while metabolites increased are displayed in green. The brightness of each color corresponds to the magnitude of the difference when compared with 
average value. n = 3. (C) Scheme of the glycolysis pathway. PKM converts phosphoenolpyruvate (PEP) to pyruvate. (D) Left: Immunoblot analysis of PKM ubiquitination in 
HEK293 cells coexpressing UCHL1 WT, C90S (CS), or R178Q (RQ). The cells were cotransfected with the plasmids carrying Myc-tagged PKM, hemagglutinin (HA)–tagged 
ubiquitin (Ub), and Flag-tagged UCHL1 WT, C90S, or R178Q and then treated with 20 M MG132 for 4 hours before cell lysis. IP, immunoprecipitation; WCL, whole-cell 
lysate. Right: Relative quantification of the anti-HA immunoblot band intensity of the immunoprecipitated proteins by Myc antibody. n = 3. (E) Left: Immunoblot analysis 
of endogenous PKM in UCHL1 WT and KO HEK293 cells. Right: Relative quantification of the immunoblot band intensity of PKM. n = 3. (F) Immunoblot analysis of mito-
chondrial outer (VDAC1 and TOM20) and inner (COXIV, and TIM23) membrane proteins upon 20 M CCCP, 20 M MG132, and PKM siRNA treatment in UCHL1 WT or KO 
HEK293 cells. The band intensity of the four mitochondrial proteins (VDAC1, TOM20, TIM23, and COXIV) was quantified in fig. S11C. Two-way ANOVA with Sidak’s multiple 
comparison test was used (A). All data were presented as means + SD.
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Loss of UCHL1 rescues PD phenotypes through 
stabilizing PKM
To further study the interaction between UCHL1 and PKM or 
TRIM63 in vivo, we knocked down Drosophila PKM (encoded by 
cg7070), the ortholog of human PKM, by expressing PKM RNAi or 
Drosophila TRIM63 (TRIM9, encoded by cg31721) in PINK1 or 
Parkin null flies under the hs-GAL4 driver. Consistent with the 
mammalian data, PKM knockdown or TRIM9 overexpression ame-
liorated the PD-related phenotypes of PINK1B9 and park1 flies, in-
cluding decreased climbing abilities, loss of DA neurons, swollen 
mitochondria, and increased apoptosis (Fig.  7,  A  and  B, and fig. 
S12, A to C), similar to the results of UCH KO. We further con-
firmed their genetic interaction using transgenic flies overexpressing 
PKM and knocking down TRIM9 by hs-GAL4 driver in PINK1 and 
UCH or Parkin and UCH double null mutants. The rescued PD- 
related phenotypes of PINK1B9 or park1 by UCH KO were reversed 
by the concurrent overexpression of PKM or TRIM9 knockdown 
[climbing ability (Fig. 7C and fig. S14E), mitochondrial morphology 
(figs. S13A and S14, A and A′), apoptosis in the muscles (figs. S13B 
and S14, B and B′), and loss of DA neurons (Fig. 7D and figs. S13C 
and S14, C and D′)]. Collectively, these data confirm that the loss of 

UCHL1 destabilizes PKM and subsequently activates mitophagy, 
which alleviates the PD-related pathogenesis induced by PINK1 or 
Parkin mutations in Drosophila.

Last, we examined the interaction between PKM and the AMPK-
ULK1-FUNDC1 signaling axis in fruit flies. We found that the 
swollen mitochondria in the muscle of PINK1 or Parkin mutant 
flies were rescued by PKM knockdown. However, the rescuing 
effect of PKM knockdown was blocked by the additional knockdown 
of FUNDC1 (fig. S15A). In addition, we observed that the DA neu-
ronal death of PINK1 or Parkin KO flies in the PPM1/2 and PPL1 
regions of the fly brain was rescued by PKM RNAi expression, and 
the concurrent expression of FUNDC1 RNAi blocked this rescuing 
effect of PKM knockdown (fig. S15, B and C). We then examined 
the genetic interaction between AMPK/ULK1 and PKM in the DA 
neurons in PINK1 and Parkin mutants. Expectedly, the anti–cell 
death effects of PKM knockdown in the DA neurons of PINK1B9 
and park1 mutants were blocked by the concurrent expression of 
AMPK or ULK1 RNAi (fig. S16, A to B′). Furthermore, we identi-
fied the interaction between PKM and TRIM9 in Drosophila. TRIM9 
overexpression rescued the swollen mitochondria phenotype of 
PINK1 and Parkin mutants, and these rescuing effects of TRIM9 

Fig. 6. TRIM63 E3 ligase and UCHL1 antagonistically regulates PKM ubiquitination and protein stability. (A) Left: Immunoblot analysis of PKM ubiquitination in 
HEK293 cells coexpressing TRIM63. The cells were cotransfected with the plasmids carrying Myc-tagged PKM, HA-tagged ubiquitin, and Flag-tagged TRIM63. Right: Rela-
tive quantification of the anti-HA immunoblot band intensity of the immunoprecipitated proteins by Myc antibody. n = 3. (B) Left: Immunoblot analysis of PKM ubiquiti-
nation in HEK293 cells coexpressing both TRIM63 and UCHL1 WT or C90S. The cells were cotransfected with the plasmids carrying Myc-tagged PKM, HA-tagged ubiquitin, 
Flag-tagged TRIM63, and Flag-tagged UCHL1 WT or C90S. Right: Relative quantification of the anti-HA immunoblot band intensity of the immunoprecipitated proteins 
by Myc antibody. n = 2. (C) Left: Immunoblot analysis of endogenous PKM and AMPK phosphorylation in UCHL1 WT and KO HEK293 cells with TRIM63 siRNA expression. 
Right: The band intensity of PKM and AMPK phosphorylation. n = 3. (D) Left: Immunoblot analysis of mitochondrial outer (MFN1 and TOM20) and inner (TIM23 and COXIV) 
membrane proteins upon 20 M CCCP and TRIM63 siRNA treatment. Right: Relative quantification of the immunoblot band intensity of indicated mitochondrial proteins. n = 3.
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overexpression were almost completely blocked by the concurrent 
expression of PKM (fig. S16C). Together, we conclude that PKM is 
antagonistically regulated by UCHL1 and TRIM63, and its glycolytic 
activity controls AMPK, ULK1, FUNDC1, and mitophagy in both 
mammalian cells and fruit flies.

DISCUSSION
In this study, we have identified a critical role of UCHL1 in regulat-
ing both glycolysis and energy-dependent mitophagy pathway. 
UCHL1 mutations have been known to induce PD, which defines 
UCHL1 as a PD-susceptible gene. However, our study revealed 
that UCHL1 mutations with loss of function rather alleviated PD 
pathogenesis by promoting mitophagy via sequential activation of 
AMPK, ULK1, and FUNDC1. In addition, the loss of UCHL1 inhibited 
the last step of glycolysis by reducing the protein stability of PKM 
and consequently rescued the defects related to PD. Furthermore, these 
rescuing effects are regulated by TRIM63, a previously unknown E3 
ligase for PKM. These findings led us to propose an integrative mecha-
nism of UCHL1 in between glycolysis and PD pathogenesis.

There were previous reports that PKM or pyruvate is associated 
with PD pathogenesis. In glioblastoma cell lines, the interaction 

between PKM and Parkin increases under glucose starvation, and 
Parkin ubiquitinates PKM to decrease its activity (60). These and 
our results suggest that PKM might be one of the key factors for 
controlling PD pathogenesis. However, we here found that the 
PD-related phenotypes in Parkin KO were completely alleviated by 
the loss of UCHL1, although the ubiquitination of PKM by Parkin 
was absent. That is, the deubiquitination site of PKM by UCHL1 is 
distinct from the ubiquitination site of PKM by Parkin, implying 
that a novel E3 ligase, not Parkin, plays an antagonistic role of UCHL1. 
Accordingly, we found TRIM63 as the E3 ligase and proved that 
controlling TRIM63 could regulate PD pathologies. Furthermore, 
in the blood of some patients with PD, increased pyruvate concen-
tration and decreased pyruvate dehydrogenase E1 subunit  expres-
sion were observed (61). The mitochondrial pyruvate carrier (MPC) 
is involved in transport of pyruvate across the inner membrane of 
mitochondria. Pharmacological inhibition of MPC was recently 
found to be neuroprotective in multiple neurotoxin-based and 
genetic models of neurodegeneration, which are relevant to 
PD. Specifically, chemical inhibition of MPC in MPTP-treated mice 
and cultured human midbrain dopamine neurons increases survival 
of DA neurons in substantia nigra and augments striatal dopamine 
production (62). Together, elevating PKM activity or increasing 

Fig. 7. Loss of UCHL1 blocks PD-related phenotypes in a PKM-dependent manner. (A) Measurement of the climbing ability in the adult flies. n = 10. (B) Confocal 
immunofluorescence images (left) and numbers (right) of DA neurons in the PPM1/2 regions of adult fly brains. n = 10. Green denotes DA neuron. Scale bar, 20 m. The 
number in panels indicates the number of DA neurons in each image. (C) Measurement of the climbing ability in the adult flies. n = 10. (D) Confocal immunofluorescence 
images (left) and numbers (right) of DA neurons in the PPM1/2 regions of adult fly brains. n = 10. Green denotes DA neuron. Scale bar, 20 m. The number in panels indicates 
the number of DA neurons in each image. Two-way ANOVA with Sidak’s multiple comparison test was used (A to D). All data were presented as means + SD.



Ham et al., Sci. Adv. 2021; 7 : eabg4574     9 July 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 14

pyruvate level correlates PD pathologies. Therefore, controlling the 
cellular PKM activity or pyruvate concentration could be a poten-
tial target to treat PD pathogenesis.

On the basis of our data that inhibition of UCHL1 rescues the 
symptoms related to PD, pharmacological inhibition of UCHL1 
DUB activity would be a potential therapeutic strategy for manag-
ing PD. 5-Chloro-1-[(2,5-dichlorophenyl) methyl]-1H-indole-2,3-
dione (LDN-57444) has been reported to be a potent UCHL1 
inhibitor (63), and we have examined its inhibitory effect through 
our DUB assays. As a result, LDN-57444 could inhibit the activity of 
both human UCHL1 and Drosophila UCH (fig. S17A). We observed 
that the LDN-57444 treatment induced mitophagy in PINK1 or 
Parkin KO mouse embryonic fibroblast (MEF) cell lines (fig. S17B). 
Moreover, the drug treatment activated AMPK signaling in HEK293 
or SH-SY5Y cell lines (fig. S17C). Therefore, we sought to examine 
whether the administration of LDN-57444 ameliorates any PD-re-
lated phenotypes in our Drosophila models. However, as LDN-
57444 was very unstable under experimental conditions and the 
toxicity of dimethyl sulfoxide that dissolves LDN-57444 was fatal to 
fruit flies, the immediate usage of the drug was inappropriate for 
further experiments. We are currently screening specific inhibi-
tors for UCHL1 with better physicochemical properties and less 
toxicity in both flies and mammalian cells.

The PINK1-Parkin pathway checks mitochondrial damages and 
distinguishes damaged mitochondria by labeling them with ubiqui-
tins for initiating mitophagy. However, we here found that the 
UCHL1-controlled mitophagy is triggered by suppression of PKM 
and consequent inhibition of glycolysis. These results implicate that 
mitophagy can be commenced by nonmitochondrial factors and 
the UCHL1-controlled mitophagy may not distinguish between 
damaged and undamaged mitochondria. Therefore, we suggest that 
the mitophagy induced by UCHL1 deficiency plays a house-keep-
ing role in mitochondrial homeostasis depending on cytosolic ener-
gy status.

In conclusion, we have identified that UCHL1 plays a critical 
role in regulating mitophagy independent of the PINK1-Parkin 
pathway and PKM is the responsible target of UCHL1 in controlling 
mitophagy and PD pathogenesis. On the basis of these data, we pro-
pose that UCHL1 is a possible target for the treatment of PD and 
that metabolic activities and nutritional factors are critical measures 
in regulating PD pathogenesis, in addition to previously known 
genetic and environmental factors.

MATERIALS AND METHODS
Plasmid constructs and chemical reagents
WT UCHL1 (NM_004181) was cloned into pcDNA3.1 zeo (+) 
C-terminal Myc-tagged vector or pCMV 14 C-terminal Flag-tagged 
vector. UCHL1 mutants (E7A, S18Y, C90S, I93M, and R178Q) were 
generated using a site-directed point mutagenesis method. N-terminal 
hemagglutinin (HA)–tagged human ubiquitin was cloned into 
pRK5 vector. The C-terminal Myc-tagged human PKM (PKM1, 
NM_002654.5; PKM2, AB528306.1) was cloned into pcDNA3.1 zeo (+) 
vector. The N-terminal Flag-tagged human TRIM63 (NM_032588.3) 
was cloned into pCMV10 vector. Cells were treated with CCCP 
(Calbiochem), rotenone (Sigma-Aldrich), oligomycin (Sigma- 
Aldrich), 2-DG (Sigma-Aldrich), antimycin A (Sigma-Aldrich), 
compound C (Sigma- Aldrich), or carbobenzoxy-Leu-Leu-leucinal 
(MG132, Calbiochem).

Cell culture and transfection
HEK293, HEK293T, and SH-SY5Y cells were used. HEK293 and 
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Welgene, Korea) supplemented with 10% fetal bovine se-
rum (Invitrogen) at 37°C in a humidified atmosphere composed of 
5% CO2. SH-SY5Y cells were cultured in DMEM (Welgene, Korea) 
supplemented with 20% fetal bovine serum (Gibco) at 37°C in a 
humidified atmosphere composed of 5% CO2. HEK293T cells were 
transfected using polyethylenimine reagent (Sigma-Aldrich). 
HEK293 cells were transfected using Lipofectamine 3000 (Invitro-
gen) as instructed by the manufacturer. For siRNA transfection, we 
used RNAiMAX (Invitrogen).

Generation of UCHL1 KO HEK293 and SH-SY5Y cell lines
The CRISPR genome editing technique was used for the generation 
of UCHL1 KO cells. To generate UCHL1 KO HEK293 cells, the 
guide RNA sequence (GTGGCGCTTCGTGGACGTGC) was cloned 
into the PX459 vector (#62988, Addgene). We generated UCHL1 
KO cells using the previously reported method (41). The plasmid 
was transfected into HEK293 cells. Forty-eight hours after transfec-
tion, transfected cells were selected by puromycin (5 g/ml) for 
3 days, and then single colonies were transferred onto 96-well plates 
with one colony in each well. The UCHL1 KO clones were screened 
by immunoblot analysis with rabbit anti-UCHL1 antibody (Cell 
Signaling Technology).

To generate UCHL1 KO SH-SY5Y cells, the guide RNA se-
quence (TCCGCAGGTGCTGTCCCGGC) was cloned into pLenti- 
CRISPRv2 vector. SH-SY5Y cells were seeded with about 70% cell 
density at 100-mm plate. After 24 hours, cells were transfected with 
pLenti-CRISPRv2, pmDC-gag/pol, pRSV-rev, and pmDK-VSVg 
using Lipofectamine LTX (Invitrogen). After 3 days, cell media 
were filtered using 0.22-m filter (Satorius Stedim Biotech) for 
collecting lentiviral particles and stored at −80°C. SH-SY5Y cells 
were cultured at six-well plate and were added with 500 l of filtered 
lentiviral particles for transduction. Seventy-two hours after trans-
duction, cells were selected by puromycin (5 g/ml) for 3 days, and 
then single colonies were transferred onto 96-well plates with one 
colony in each well.

Antibodies
For immunoblot analysis, the following antibodies were used: 
mouse anti-MFN1 (Abcam), rabbit anti-TOM20 (Cell Signaling 
Technology), mouse anti-TIM23 (BD Biosciences), rabbit anti-COXIV 
(Cell Signaling Technology), rabbit anti-UCHL1 (Cell Signaling 
Technology), mouse anti-tubulin (Developmental Studies Hybridoma 
Bank), rabbit anti–phospho-AMPK (T172, Cell Signaling Tech-
nology), rabbit anti–phoshpo-ULK1 (S555, Cell Signaling Technology), 
mouse anti-AMPK (Abcam), rabbit anti-ULK1 (Cell Signaling 
Technology), rabbit anti-FUNDC1 (Novus Biologicals), mouse 
anti-VDAC1 (Abcam), mouse anti-NDUFS3 (Abcam), rabbit 
anti-Flag (Cell Signaling Technology), rabbit anti-HA (Cell Signaling 
Technology), mouse anti-Myc (MBL, Japan), mouse anti-TRIM63 
(Santa Cruz Biotechnology), and rabbit anti-PKM antibody (Cell 
Signaling Technology). Peroxidase-conjugated secondary antibodies 
were purchased from the Jackson laboratory.

Immunoprecipitation and immunoblotting
For immunoprecipitation, cells were lysed using a lysis buffer A 
[20 mM tris (pH 7.5), 100 mM NaCl, 1 mM EDTA, 2 mM EGTA, 
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50 mM -glycerophosphate, 50 mM NaF, 1 mM sodium vanadate, 
2 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride 
(PMSF), leupeptin (10 g/ml), pepstatin A (1 g/ml), and 1% Triton 
X-100] and were subjected to immunoprecipitation and immuno-
blotting according to standard procedures. Cell lysates were centri-
fuged at 13,000 rpm for 20 min at 4°C and were incubated overnight 
after the addition of primary antibodies. Lysates were then incubated 
with protein A/G agarose beads for 2 hours at 4°C, washed four 
times in detergent-free lysis buffer A, and eluted with 2× Laemmli 
buffer at 95°C. Immunoblot analysis on mitochondrial proteins was 
performed using radioimmunoprecipitation assay buffer [50 mM tris 
(pH 8.0), 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% 
SDS, 2 mM DTT, 1 mM PMSF, leupeptin (10 g/ml), and pepstatin 
A (1 g/ml)]. Total protein was quantified using the BCA Protein 
Assay Kit (Pierce). Lysates were subjected to SDS–polyacrylamide 
gel electrophoresis analysis, followed by immunoblotting according 
to standard procedures. The blots were developed and viewed 
under LAS-4000 (Fujifilm).

Fly stocks
The Drosophila lines used in the experiments were mef2-GAL4 
(27390, Bloomington Drosophila Stock Center), hs-GAL4 (2077, 
Bloomington Drosophila Stock Center), th-GAL4 (8848, Bloomington 
Drosophila Stock Center), PINK1B9 (34749, Bloomington Drosophila 
Stock Center), park1 (34747, Bloomington Drosophila Stock 
Center), UAS-Zda RNAi (5482R-2, Japanese National Institute of 
Genetics), UAS-Bnip3 RNAi (5059R-1, Japanese National Institute 
of Genetics), UAS-p62 RNAi (10360R-1, Japanese National Institute 
of Genetics), UAS-FUNDC1 RNAi (5676R-1, Japanese National 
Institute of Genetics), UAS-AMPK RNAi (3051R-1, Japanese National 
Institute of Genetics), UAS-ULK1 RNAi (10967R-1, Japanese Na-
tional Institute of Genetics), UAS-AMPKCA (previously described) 
(52), UAS-FUNDC1 (F004027, FlyORF), UAS-PKM RNAi (7070R-2, 
Japanese National Institute of Genetics), UAS-TRIM9 RNAi (31721R-2, 
Japanese National Institute of Genetics), UAS-TRIM9 (received 
from B. Ye) (64), UAS-GLUT1 RNAi (28645, Bloomington Dro-
sophila Stock Center), UAS-NDUFS3 RNAi (12079R-1, Japanese 
National Institute of Genetics), and UAS-ATPsyn (8189R-1, Japanese 
National Institute of Genetics). Drosophiila PKM cDNA (UFO11109) 
was obtained from Drosophila Genomics Resource Center (Indiana 
University), and UAS-PKM-HA was generated by microinjecting 
pUAST-PKM-HA into w1118 embryos. The UAS-PD gene RNAi 
lines used in Fig. 1A were described in table S1. All flies were grown 
in standard cornmeal-yeast-agar medium at 25°C.

Generation of UCH KO and KI flies
For generation of UCH KO flies, we used CAS-0001 fly from Japanese 
National Institute of Genetics. After selecting a Cas9 target site 
as far forward as possible in the UCH first exon, we made single- 
guide RNA (sgRNA) using in vitro transcription as previously de-
scribed (32). As both UCH gene and nos-Cas9 are on the second 
chromosome, we crossed CAS-0001 with w1118 and collected 
embryos. After injecting sgRNA into the embryos, the adult male 
flies were crossed with bc/cyo. To exclude the case that DNA break 
had occurred on the nos-Cas9 chromosome, we sorted out the flies 
that did not carry nos-Cas9 by polymerase chain reaction (PCR). We 
then amplified the target loci by PCR and analyzed the sequence.

For generation of UCH KI flies, we injected three different kinds 
of plasmids into fly embryos: Cas9 expression vector (pHsp70-Cas9; 

#45945, Addgene), sgRNA expression vectors, and donor plasmids 
for homologous recombination (38). To construct sgRNA expres-
sion vectors, 24–base pair (bp) oligonucleotides with 20-bp sgRNA 
sequence and 4-bp Bbs1 restriction enzyme site were synthesized 
and inserted into pU6-Bbs1-chiRNA vector (#45946, Addgene). 
For preparing donor plasmids, we extracted fly genomic DNA and 
amplified the homology arms that have a length of about 2 kb and a 
protospacer adjacent motif (PAM) sequence at the center by 
PCR. After cloning the homology arms into pBS vector, we made 
each point mutation by site-directed mutagenesis. In addition, as 
the homology arms need the sequences that sgRNA could recognize, 
sgRNA sequences in the homology arms were modified by a site- 
directed mutagenesis to avoid changing the UCH protein sequence. 
Last, all the three completed vectors were injected into fly embryos 
to generate various UCH KI flies. The KI flies were identified by 
PCR and subsequent DNA sequencing.

Measurement of ATP levels
We used the ATP Bioluminescence Assay Kit HS II (Roche) and 
analyzed ATP levels according to the manufacturer’s instruction. 
To measure ATP levels in cells, HEK293 WT or KO cells were 
cultured in 96 wells for 24 hours, and we treated rotenone (Sigma- 
Aldrich), oligomycin (Sigma-Aldrich), and 2-DG (Sigma-Aldrich) 
for 12 hours before measuring ATP levels. Samples were incubated 
with cell lysis reagents for 5 min at room temperature and were 
added with luciferase reagents. The luminescence was measured by 
Tecan Plate Reader Infinite 200. Three independent experiments 
were performed for data quantification. To measure ATP levels in 
flies, five third instar larvae were collected and ground in lysis 
reagents. After lysis, luciferase reagents were added to the superna-
tants, and the luminescence was measured by Tecan Plate Reader 
Infinite 200. Feeding flies with 2-DG (65), rotenone (66), and oligo-
mycin (67) was performed as previously described.

Detecting mitophagy in cells
Mitophagy was measured using a mitophagy detection kit (Dojindo 
Molecular Technologies, Korea) according to the manufacturer’s 
instruction. HEK293 UCHL1 WT or KO cells were seeded on 
10-mm cover slips in 12-well plates and cultured at 37°C overnight. 
HEK293 cells were treated with 20 M CCCP for 12 hours and mea-
sured mitophagy as suggested by the manufacturer’s instruction 
(43). The cells were observed by LSM 710 confocal microscope. 
Three independent experiments were performed for quantification, 
and the red fluorescence dots per cell were counted using ImageJ.

Glucose isotope tracing for metabolomics
For metabolite extraction from cells, 200 l of ice-cold mixture of 
methanol, acetonitrile, and distilled water (5:3:2) were mixed with 
cell pellet (cell number = 5 × 106), and 400 l of ice-cold mixture of 
methanol and acetonitrile (5:3:2) was added to the 100 l of culture 
media. This mixture was vortexed for 20 s and frozen in liquid ni-
trogen for 2.5 min. It was then thawed at 25°C for 1.5 min. This 
freeze-and-thaw cycle was repeated twice, and the cell homogenate 
was centrifuged at 15,000g for 20 min at 4°C. The supernatant was 
concentrated by vacuum evaporation in VS-802 Speed-Vac (VISION 
SCIENTIFIC, Korea). The dried samples were reconstituted in 25 l 
of chilled mixture of acetonitrile/water (1:1) for mass spectrometry 
analysis. 13C-labeled metabolites derived from the U-13C glucose 
tracer were measured by Q Exactive focus mass spectrometer (Thermo 
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Fisher Scientific, Germany). The liquid chromatography separation 
was performed with a ZIC-pHILIC column (150 × 2.1 mm, 5 m; 
Merck KGaA, Germany) on ACQUITY UPLC system (Waters). 
The column temperature was set at 35 °C with a flow rate of 0.2 ml/min, 
and the analytes were eluted with a linear gradient [mobile phase A: 
acetonitrile; mobile phase B: 10 mM ammonium carbonate in water 
(pH 9.0)] as follows: 80% A in 0 to 4.5 min, 80 to 5% in 4.5 to 
13.5 min, 5% in 13.5 to 19.5 min, 5 to 80% 19.5 to 22.5 min, and 
80% 22.5 to 26.5 min. Before injection, samples were kept at 4°C in 
an autosampler, and the injection volume was 5 l. For the mass 
detection, Thermo Orbitrap was operated in full scan of negative 
ion mode with mass range from 64 to 830 mass/charge ratio (m/z), 
and the instrument parameters were as follows: 4.2 kV of spray volt-
age; capillary temperature at 270°C; and sheath gas, auxiliary gas, 
and sweep gas at flow rates of 46, 12, and 6 arbitrary units, re-
spectively. Metabolites were identified by accurate mass mea-
surement (accuracy of <6 parts per million) and confirmed by 
comparing the m/z and retention time with those of the stan-
dard compounds (table S2). The peak area of metabolites and 
those isotopologues was measured using Xcalibur software (Thermo 
Fisher Scientific).

For sample preparation, UCHL1 WT and KO HEK293 cells 
were cultured in 60-mm plate with DMEM media (Gibco) for 
48 hours. Cells were washed twice with Dulbecco’s phosphate- 
buffered saline (DPBS; Gibco), and media were changed with 25 mM 
U-13C-glucose (Cambridge Isotope Laboratories) in DMEM with-
out glucose (Gibco) supplemented with 10% dialyzed fetal bovine 
serum (Gibco). Cells were harvested after 12-hour incubation in 
U-13C-glucose media. Cells were trypsinized and centrifuged at 
5000  rpm for 3  min at 4°C. Cell pellets were washed twice with 
DPBS, were frozen in liquid nitrogen, and stored at −80°C before 
metabolite extraction.

Quantification of wing and thorax abnormality in Drosophila
To quantify the abnormality of wing and thorax, the percentage of 
3-day-old male flies showing crushed thorax and downturned or 
upturned wing of 10 flies was measured. Ten independent experi-
ments were performed for quantification (68).

Mitochondria staining and terminal deoxynucleotidyl 
transferase–mediated deoxyuridine triphosphate nick end 
labeling assay in Drosophila
Three-day-old male flies were fixed with 4% paraformaldehyde. 
After fixation, the thoraces of flies were collected and stained. For 
mitochondria staining, streptavidin was used to observe mito-
chondria (1:200; Alexa Fluor 488 streptavidin, Invitrogen), and 
phalloidin was used to observe actin filament (1:200; phalloidin- 
tetramethylrhodamine B isothiocyanate, Merck). For terminal de-
oxynucleotidyl transferase–mediated deoxyuridine triphosphate nick 
end labeling (TUNEL) assay, an in situ cell death detection kit 
(Roche) was used to visualize apoptosis, and Hoechst was used to 
stain nucleus (1:200; Hoechst 33258, Invitrogen).

To quantify the percentage of flies having mitochondrial abnor-
malities, a fly with a mitochondrion having a length more than 5 m 
and the width more than 3 m was defined as the fly having abnor-
mal mitochondria. To quantify the percentage of flies showing 
apoptosis, a fly having more than 10 TUNEL dots in any of six dorsal 
longitudinal muscles of the indirect flight muscles was defined as 
the fly showing apoptosis (68). Ten 3-day-old male flies were counted 

to quantify these percentages. Ten independent experiments were 
performed for data quantification.

Climbing assay in Drosophila
Three-day-old male flies were transferred in groups of 10- to 18-cm-
long vials and were incubated for 5 min at room temperature for 
recovery period. All the flies were moved to the bottom of the vial 
by gently tapping, the percentage of flies arriving over 15 cm within 
12 s was measured. The assay was repeated 10 times per one group 
of the flies, and 10 groups of each genotype were performed for data 
quantification.

DA neuron staining in Drosophila
Thirty-day-old male flies were fixed with 4% paraformaldehyde, and 
the brains were dissected. DA neurons were stained with anti-TH 
mouse antibody (1:200; ImmunoStar). For counting the number of 
DA neurons, the brains were observed by LSM 710 confocal micro-
scope (Carl Zeiss) via Z-stack analysis. DA neurons from 10 flies of 
each genotype were measured for data quantification.

Generation of recombinant UCHL1 proteins
Escherichia coli BL21 (DE3) strain was used for transformation, 
cloning, and protein production. Human UCHL1, Drosophila UCH, 
and their mutants (E7A, S18Y, C90S, and I93M in human UCHL1/ 
E8A, H19Y, C93S, and V96M in Drosophila UCH) were cloned into 
pGEX 4T-1 vector. Twenty milliliters of overnight precultures were 
used to inoculate 500 ml of LB supplemented with ampicillin. Cul-
tures were incubated at 37°C with 180 rpm shaking. When the opti-
cal density at 600 nm reached 0.6, protein expression was induced 
by adding 0.1 mM isopropyl--d-thiogalactopyranoside for about 
1 to 2 hours. Cells were harvested by centrifugation at 12,000 rpm 
for 30 min at 4°C. Cell pellets were resuspended in a lysis buffer 
[25 mM tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM EDTA] sup-
plemented with protease inhibitors [1 mM PMSF, leupeptin (10 g/ml), 
and pepstatin A (1 g/ml)] and 0.5% Triton X-100. Cells were dis-
rupted by sonication, and the lysate was clarified by centrifugation 
at 10,000 rpm for 10 min at 4°C. Glutathione S-transferase (GST)–
tagged proteins in supernatant were purified by binding to GST 
beads (GE Healthcare) for 2 hours at 4°C. GST beads were washed 
three to four times with a lysis buffer without Triton X-100. GST-
tagged proteins were eluted with an elution buffer [10 mM reduced 
glutathione, 50 mM tris-HCl, and 5% glycerol (pH 8.0)].

DUB activity assay
The DUB activity of each UCHL1 or UCH mutant protein was 
measured using a DUB activity assay kit (K485, BioVision). UCHL1 
or UCH protein (1 mg/ml) was used, and DUB substrate [ubiquitin- 
7-amido-4-methylcoumarin (UB-AMC)] was diluted into DUB assay 
buffer (1:44). To initiate reaction, 5 l of UCHL1 or UCH protein 
and 5 l of DUB substrate were mixed. Using the Tecan Plate Reader 
Infinite 200, the fluorescence emitted from DUB reaction and the 
AMC standard were measured every 3 min for 30 min (24).

Statistical analysis
A blind manner was used in all experiments and analysis. Image 
areas were selected randomly during observing samples. For com-
puting P values, one-way analysis of variance (ANOVA; Dunnett’s 
multiple comparison test and Tukey’s multiple comparison test), 
two-way ANOVA (Sidak’s multiple comparison test and Tukey’s 
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multiple comparison test), and multiple t tests were used. All the 
tests were examined via GraphPad Prism v.8 for the statistics.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabg4574/DC1

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