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Parkin maintains mitochondrial levels of the
protective Parkinson’s disease-related enzyme
17-B hydroxysteroid dehydrogenase type 10

G Bertolin*3*1% M Jacoupy'?**'°, S Traver®'?, R Ferrando-Miguel">3, T Saint Georges'?%*, K Grenier®, H Ardila-Osorio'%34,
M-P Muriel*** H Takahashi’, AJ Lees®, C Gautier®, D Guedin®, F Coge®, EA Fon®, A Brice'*** and O Corti*">34

Mutations of the PARK2 and PINK1 genes, encoding the cytosolic E3 ubiquitin-protein ligase Parkin and the mitochondrial serine/
threonine kinase PINK1, respectively, cause autosomal recessive early-onset Parkinson’s disease (PD). Parkin and PINK1
cooperate in a biochemical mitochondrial quality control pathway regulating mitochondrial morphology, dynamics and clearance.
This study identifies the multifunctional PD-related mitochondrial matrix enzyme 17-6 hydroxysteroid dehydrogenase type 10
(HSD17B10) as a new Parkin substrate. Parkin overproduction in cells increased mitochondrial HSD17B10 abundance by a
mechanism involving ubiquitin chain extension, whereas PARK2 downregulation or deficiency caused mitochondrial HSD17B10
depletion in cells and mice. HSD17B10 levels were also found to be low in the brains of PD patients with PARK2 mutations.
Confocal and Férster resonance energy transfer (FRET) microscopy revealed that HSD17B10 recruited Parkin to the translocase
of the outer membrane (TOM), close to PINK1, both in functional mitochondria and after the collapse of mitochondrial membrane
potential (AWm). PD-causing PARK2 mutations impaired interaction with HSD17B10 and the HSD17B10-dependent mitochondrial
translocation of Parkin. HSD17B10 overproduction promoted mitochondrial elongation and mitigated CCCP-induced
mitochondrial degradation independently of enzymatic activity. These effects were abolished by overproduction of the fission-
promiting dynamin-related protein 1 (Drp1). By contrast, siRNA-mediated HSD17B10 silencing enhanced mitochondrial fission and
mitophagy. These findings suggest that the maintenance of appropriate mitochondrial HSD17B10 levels is one of the mechanisms
by which Parkin preserves mitochondrial quality. The loss of this protective mechanism may contribute to mitochondrial
dysfunction and neuronal degeneration in autosomal recessive PD.
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In mammalian cells, PINK1 and Parkin cooperate in the
clearance of dysfunctional mitochondria. The disruption of

Parkinson's disease (PD) is the most common neurodegen-
erative movement disorder. It is caused by progressive loss of

the dopaminergic neurons of the substantia nigra pars
compacta. It is mostly sporadic, but about 10% of cases are
familial forms with Mendelian inheritance.” Autosomal reces-
sive forms of PD are caused by mutations of PARKZ2/parkin,
PINK1, DJ-1and ATP13A2. PARK2 mutations are responsible
for almost 40% of cases beginning before the age of 45. Parkin
is a cytosolic RING-in-between-RING ubiquitin ligase with
HECT-like enzyme activity;? it has versatile ubiquitylation
activities and various putative protein substrates with diverse
functions, involved in different cellular processes.1 Genetic
studies in Drosophila have shown Parkin and the mitochon-
drial serine/threonine kinase PINK1 to be components of a
molecular pathway maintaining mitochondrial physiology.®~”

mitochondrial membrane (MM) potential (AWm) by uncouplers
or oxidative stress leads to PINK1 accumulation on the outer
MM (OMM), the PINK1-dependent recruitment and activation
of Parkin, the ubiquitylation and proteasome-dependent
degradation of nearby substrates, and the initiation of
mitophagy."®"'2 A series of mitochondrial targets interact with
or are ubiquitylated by Parkin early in mitochondrial
clearance.®'®7'° There is considerable interest in the possible
direct role of some of these proteins in Parkin-dependent
mitochondrial degradation, particularly for Mitofusin 1/2,32°
VDACs,%> ' hexokinases 1/2'®'% and subunits of the translo-
case of the OMM (TOM).2"?2 Moreover, the constitutive
association of some Parkin with the OMM raises the question

'Inserm, U1127, 75013 Paris, France; 2CNRS, UMR 7225, 75013 Paris, France; Sorbonne Universités, UPMC Univ Paris 06, UMR S 1127, 75013 Paris, France; “Institut
du Cerveau et de la Moelle épiniére, ICM, 75013 Paris, France; °CHU Montpellier, Institute for Research in Biotherapy, Saint-Eloi Hospital, Montpellier, France; SMcGill
Parkinson Program, Department of Neurology and Neurosurgery, Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada; “Department of Pathology,
Brain Research Institute, University of Niigata, Niigata, Japan; ®Reta Lila Weston Institute for Neurological Studies, Institute of Neurology, University College London,
London, UK and ®Laboratoire Chémogénétique Servier-Diverchim, Institut du Cerveau et de la Moelle épiniére, ICM, Paris, France

*“Corresponding author: O Corti, Molecular Basis, Physiopathology and Treatment of Neurodegenerative Diseases; Institut du Cerveau et de la Moelle épiniére,
Pitié-Salpétriere Hospital, 75013 Paris, France. Tel: +33 15 72 74 651; Fax: +33 15 72 74 795. E-mail: olga.corti@upmc.fr

'®These authors contributed equally to this work.

Abbreviations: APEX, pea L-ascorbate peroxidase (K14D, W41F, E112K) variant; CCCP, carbonyl cyanide m-chlorophenylhydrazone; A¥m, mitochondrial membrane
potential; DAB, diaminobenzidine; DLST, dihydrolipoamide S-succinyl transferase; Dox, doxycycline; Drp1, Dynamin-related protein 1; FRET, Férster’s resonance energy
transfer; HSD17B10, 17-4 hydroxysteroid dehydrogenase type 10; OMM, outer mitochondrial membrane; MM, mitochondrial membrane; PINK1, PTEN-induced putative
kinase 1; PMPCB, mitochondrial processing peptidase subunit B; TOM, translocase of the outer membrane; VDAC1, voltage-dependent anion channel 1

Received 29.10.13; revised 8.10.14; accepted 25.11.14; Edited by L Scorrano; published online 16.1.15


http://dx.doi.org/10.1038/cdd.2014.224
mailto:olga.corti@upmc.fr
http://www.nature.com/cdd

Parkin regulates mitochondrial HSD17B10 levels
G Bertolin et al

1564

of a potential role of this protein in functions unrelated to
mitophagy, such as regulating the degradation or targeting of
specific mitochondrial proteins.®

We report here the identification of a new mitochondrial
Parkin substrate, the nucleus-encoded mitochondrial matrix
17-B8 hydroxysteroid dehydrogenase type 10 (HSD17B10),
also known as endoplasmic reticulum-associated amyloid-
beta-binding protein (ERAB), AB-binding alcohol dehydrogen-
ase (ABAD) and 3-hydroxyacyl-CoA dehydrogenase type |l
(HADH2).242% HSD17B10 is a ubiquitous NADH-dependent
multifunctional enzyme essential for mitochondrial mainte-
nance and cell viability.2528 It is involved primarily in isoleucine
catabolism, in which it dehydrogenates 2-methyl-3-hydroxy-
butyryl-CoA (MHB),%” but it has other substrates, including
fatty acids and steroids, in several pathways.? It is one of the
three protein components of human mitochondrial RNAse P,
which is required for the processing of mtDNA transcripts.2®
HSD17B10 mutations cause a rare X chromosome-linked
inborn error of metabolism, with classical neonatal and
infantile forms associated with rapid, progressive neurode-
generation, and atypical juvenile and asymptomatic
forms.2*2” HSD17B10 is also thought to have a role in adult-
onset neurodegenerative disorders, such as Alzheimer’s
disease, in which it may mediate amyloid B-driven mitochon-
drial toxicity,?>*°%° and PD, in which it is downregulated in the
ventral midbrain.®'

We and others have generated and characterized PARKZ2
knockout mice. These models did not show overt signs of
neurodegeneration, but they presented neurochemical, bio-
chemical and behavioral alterations reminiscent of preclinical
dysfunction.327%8 We identified HSD17B10 as one of the proteins
differentially expressed between PARK2 knockout and wild-type
mice.®” Here, we provide evidence that Parkin increases the
mitochondrial availability of HSD17B10 in a ubiquitin-dependent
manner. HSD17B10 promoted mitochondrial elongation, sparing
these organelles from degradation triggered by the protonophore
carbonyl cyanide m-chlorophenylhydrazone (CCCP). Our
results suggest that the maintenance of appropriate HSD17B10
levels may be a new mechanism by which Parkin preserves
mitochondrial homeostasis.

Results

HSD17B10, a mitochondrial enzyme displaying abun-
dance changes in Parkin-deficient mice, is a Parkin
substrate. Using fluorescence two-dimensional difference gel
electrophoresis and mass spectrometry, we previously identi-
fied HSD17B10 as a protein moderately upregulated (30%) in
total fractions from the cortex and striatum of young and aged
non-symptomatic PARK2 knockout mice (Periquet et a.*” and
data not shown). For confirmation of these findings, we carried
out western blots to compare the abundance of HSD17B10 in
pure mitochondrial fractions from the whole brains of PARK2-
deficient and wild-type mice. HSD17B10 levels in knockout
mice were half those in wild-type mice, but were slightly higher
in total brain fractions (Figure 1a), as in our previous proteomic
study, possibly reflecting an adaptive mechanism aimed at
restoring normal protein levels.®” Consistent with previous
reports in sporadic PD,3" HSD17B10 levels also tended to be
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lower in total striatal extracts from two PD patients with PARK2
mutations than in those of unaffected subjects (Figure 1b),
indicating that at this stage of overt neurodegeneration,
compensation may become inefficient.

We then investigated whether Parkin interacted directly with
HSD17B10, promoting its ubiquitylation. A recombinant GST-
tagged Parkin protein precipitated endogenous HSD17B10
from whole-cell lysates (Figure 1c). In a purely in vitro assay,
GST-Parkin promoted the generation of a HSD17B10-
immunoreactive species with an apparent molecular mass
compatible with monoubiquitylated HSD17B10 (Figure 1d).
No such effect was observed with the enzymatically inactive
C431F variant. COS7 cells coproducing HSD17B10, ubiquitin
and Parkin, also generated ubiquitylated species of sizes
consistent with mono- and polyubiquitylated HSD17B10
(Figure te).

Parkin increases the mitochondrial abundance of
HSD17B10 in a ubiquitin-dependent manner. We investi-
gated whether changes in HSD17B10 abundance reflected
direct regulation by Parkin rather than compensatory mechan-
isms in response to chronic Parkin deficiency, by studying the
effect of dynamic modulations of Parkin abundance on the
mitochondrial targeting of exogenous HSD17B10 in mamma-
lian cells. Human HSD17B10 and a mitochondrion-targeted
green fluorescent protein (mitoGFP) were overproduced in rat
PC12 cells producing human Parkin under the control of the
tet-off gene regulatory system (PC12-tet-off-Parkin).2® Quanti-
tative western blot analysis revealed a doubling of the ratio of
HSD17B10 to mitoGFP levels in mitochondrion-enriched
fractions from cells overproducing Parkin (Figure 2a, Dox —).
This difference was abolished by treating the cells with CCCP,
which dissipates the AWm required for protein import.

Parkin silencing decreased intramitochondrial HSD17B10
levels by 15% in HEK293T cells (Figure 2b; Supplementary
Figure S1a). PINK1 silencing resulted in a similar decrease
(Supplementary Figures S1b and S2d). We investigated the
role of ubiquitylation, by evaluating the impact of overprodu-
cing a lysine-less ubiquitin variant (UbiKO) inhibiting ubiquitin
chain extension, or of the proteasome inhibitor epoxomicin.
UbiKO decreased mitochondrial HSD17B10 levels to a similar
extent to PARK2 downregulation (Figure 2b). It also exacer-
bated the effect of Parkin depletion, resulting in a decrease in
HSD17B10 levels of almost 50%. Epoxomicin treatment
increased the abundance of HSD17B10 in the cytosol but
had no effect on mitochondria (Supplementary Figure S1c).

UbiKO overproduction led to the generation of an
HSD17B10 protein with a molecular mass compatible with
monoubiquitylation, consistent with impaired ubiquitin chain
extension (Figure 2c). This protein was found in the
mitochondrial fraction but not in the cytosol, and was absent
from cells treated with epoxomicin, even after long exposure
times (Figures 2c and d). It also disappeared following the
limited trypsin digestion of mitochondrial fractions to eliminate
proteins associated with the OMM (Supplementary Figure 1d).

HSD17B10 recruits Parkin to the mitochondrion in a
PINK1-dependent manner, without promoting mitophagy.
We then analyzed the subcellular distribution of HSD17B10
and Parkin in COS7 cells. When overproduced alone,
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Figure 1

Parkin modulates the levels of its substrate HSD17B10 in the brain. (a, b) Abundance of HSD17B10 or of respiratory chain complex subunits (Complex V subunit «,

C-V-a; Complex Il subunit Core 2, C-lll-Core 2; Complex Il subunit 30 KDa, C-I-30) in (a) pure brain mitochondria (M) or total brain extracts (T) from PARK2 knockout (KO) and
wild-type (WT) mice (n=11-15) or (b) extracts from the striatum of PD patients with PARK2 mutations (n=2) and controls (n=6). Loading controls were cytochrome ¢ and/or
actin. The results in (a) are expressed as means + S.E.M. ***P<0.001. (¢) GST pulldown assay illustrating the specific interaction between Parkin and HSD17B10 in lysates from
COS7 cells. No interaction was observed between Parkin and VDAC1 or the subunit Vib of mitochondrial complex V. (d) Purely in vitro ubiquitylation assay, showing the
appearance of a HSD17B10 species compatible with monoubiquitylation in the presence of Parkin, but not in the presence of the enzymatically inactive C431F variant. This
species is not observed in the absence of the ubiquitin-activating enzyme E1. *Anti-ubiquitin western blot showing autoubiquitylated Parkin. (e) Ubiquitylation of HSD17B10 by
Parkin in COS7 cells overproducing the protein alone or with Parkin and/or HA-tagged ubiquitin. Ubiquitin-positive bands appear in affinity-purified HSD17B10 fractions only in the
presence of Parkin (arrows). Asterisks indicate light and heavy IgG chains. IP, immunoprecipitation; WB, western blot

HSD17B10 was associated with the mitochondrial reporter
MitoTracker DeepRed, whereas exogenous Parkin was
predominantly cytosolic (Supplementary Figure S2a). When
coproduced with HSD17B10, but not with the Krebs cycle
enzyme dihydrolipoamide S-succinyl transferase (DLST) or
with mitoGFP, Parkin was recruited to the mitochondria in a
large proportion of cells, resulting in the perinuclear
aggregation and ubiquitylation of the organelles (Figures 3a
and b; Supplementary Figures S2b and c). PD-causing
PARK2 mutations prevented these events, possibly due to
weakened interaction between HSD17B10 and Parkin, or

lack of ubiquitylation (Figure 3c). Recruitment of Parkin by
HSD17B10 was also abolished in cells depleted for PINK1
(Figure 3d; Supplementary Figure S2d). Moreover, ubiquitin
overproduction mitigated mitochondrial aggregation, whereas
UbiKO enhanced this process, suggesting that this aggrega-
tion was due to the impairment of downstream mechanisms
(Figure 3e).

The mitochondrial recruitment of Parkin and organelle
clustering resemble the events observed after AWm
collapse.® However, in cells overproducing HSD17B10, Parkin
was translocated to mitochondria in which AYm was
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Figure 2 Mitochondrial HSD17B10 levels are regulated by Parkin and ubiquitin. (a) Effect of Parkin on the mitochondrial abundance (M/T; means + S.E.M.) of newly
synthesized HSD17B10 relative to mitoGFP (n=4 independent experiments), or of endogenous subunits of respiratory chain complex | or V relative to actin in PC12-tet-off-
Parkin cells (n=7 independent experiments). M, mitochondrion-enriched fractions; T, total cell fractions; Dox, doxycycline. (b) Effect of the siRNA-mediated downregulation of
PARK2 or the overexpression of UbiKO on the abundance of HSD17B10 relative to mitoGFP in mitochondrion-enriched fractions from HEK293T cells subjected to trypsin
digestion. The mitochondrial matrix protease PMPCB was used as a loading control. n=4 independent experiments. Results are expressed as means + S.E.M.. *P<0.05,
*P<0.01; °P<0.01 versus PARK2 siRNA and HA-UbiKO. (c, d) Western blot analysis showing the appearance of a HSD17B10 species compatible with monoubiquitylation
specifically in mitochondrion-enriched fractions (1 min exposure) and not in cytosol (2 h exposure) from HEK293T cells overproducing UbiKO but not in cells treated with
epoxomicin. *Signal corresponding to unmodified HSD17B10 on the V5 blot (¢, d), or residual signal corresponding to a-tubulin on the HA blot in (d)

preserved, as shown by MitoTracker CMX-ROS or TMRM
staining (Figure 3a; Supplementary Figure S2e). Parkin is
recruited to mitochondria with preserved AYm by PINK1,
particularly when mitochondrial import is blocked.22:3940
PINK1 accumulated on mitochondria in cells overproducing
HSD17B10, indicating that mitochondrial import mechanisms
were overwhelmed (Supplementary Figure S2f). However,
LC3-positive autophagic vesicles and immunoreactivity to the
autophagic adaptor SQSTM1/p62 were rarely associated with
mitochondrial clusters in cells coproducing HSD17B10 and
Parkin, indicating an absence of mitophagy in these cells
(Supplementary Figure S3). CCCP-induced mitochondrial
aggregation is dependent on active transport along the
microtubule network toward the perinuclear region, facilitating
mitochondrial degradation by autophagy.'® By contrast, in
cells producing Parkin and HSD17B10, mitochondrial aggre-
gation was not affected by cytoskeleton disruption, suggesting
a passive process driven by protein—protein interactions at the
OMM, as previously described for the mitochondrial shaping
protein Mitofusin 2 (Supplementary Figure S4).*' Moreover,
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ultrastructural analysis revealed morphologically normal
mitochondria in these cells (Figure 3f). Parkin is not imported
into mitochondria and HSD17B10 is synthesized in the
cytosol.?® These proteins may therefore interact at the OMM,
before HSD17B10 import. Both these proteins were detected
at the OMM in mitochondrial aggregates, at the interface
between adjacent organelles (Figure 3g). By contrast, outside
mitochondrial aggregates, HSD17B10 was found in the
mitochondrial matrix, associated with the inner MM in some
cases, consistent with the expected final destination of this
protein (Figure 3h).2>3

Our observations suggest that HSD17B10 overproduction
overwhelms mitochondrial protein import mechanisms, lead-
ing to PINK1 accumulation at the OMM. Parkin recruitment
and ubiquitylation may, in turn, facilitate HSD17B10 import.

HSD17B10 interacts with Parkin and PINK1 at the TOM
machinery and mitigates the Parkin-dependent mito-
phagy triggered by CCCP. HSD17B10 is imported into
mitochondria via the TOM complex, which is dedicated to the
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Figure 3 Parkin is recruited to the mitochondria by HSD17B10, in a PINK1-dependent manner. (a) Representative immunocytochemical staining showing the recruitment of
exogenous Parkin to depolarized mitochondria in COS7 cells treated with CCCP for 6 h (upper panels; arrows), or to mitochondria with an intact membrane potential in cells
overproducing HSD17B10 (lower panels). The treatments and transfection conditions are indicated in italics. Mitochondria were visualized with the potentiometric mitochondrial
dye MitoTracker CMX-ROS and anti-VDAC1 or anti-HSD17B10 staining. Scale bar: 10 zm. (b) Mitochondrial translocation of Parkin, quantified as the proportion of cells with
Parkin-positive mitochondria. COS7 cells were transfected to overproduce Parkin alone or together with HSD17B10, DLST or mitoGFP. (c, d) Effect of PD-causing PARK2
mutations (c) or PINK1 silencing (d) on the mitochondrial recruitment of Parkin by exogenous HSD17B10 in COS7 cells, quantified as in (b). (e) Effect of exogenous ubiquitin or
UbiKO on mitochondrial aggregation in COS7 cells overproducing Parkin and HSD17B10. Results are expressed as means + S.E.M. for one experiment representative of six
(b, ) or three (d, e) carried out, with n=60-100 cells per condition. ***P<0.001 versus ‘+ Parkin’ in (b); ‘Parkin’ in (c); ‘Empty vector in (e). (f, g) Micrograph showing the
ultrastructure of mitochondria () the localization of Parkin and HSD17B10 on the outer surface of aggregated mitochondria, as revealed by immunogold staining (g), and
the localization of HSD17B10-APEX in isolated mitochondria, as revealed by incubation with the peroxidase substrate diaminobenzidine (DAB)®® (h) in COS7 cells. The arrow in
the higher magnification of the framed region in (h) indicates the association of the staining with the inner MM. N, nucleus. Scale bar: 200 nm

import of most nucleus-encoded mitochondrial proteins,*2 between these proteins and PINK1 at the TOM machinery
and Parkin and PINK1 associate with this complex.2'?> We  (Figures 4a and b). UbiKO overproduction compromised
investigated whether these proteins interacted close to the FRET between these molecular partners, demonstrating the
TOM machinery. We used Forster resonance energy transfer need for ubiquitin chain extension (Figure 4c).

(FRET) microscopy, involving the detection of changes in The association of Parkin and PINK1 at the TOM machinery
donor fluorescence intensities after photobleaching of the after mitochondrial import blockade is a key step initiating the
acceptor, with donor/acceptor protein pairs labeled with clearance of dysfunctional mitochondria after CCCP treatment.?
appropriate secondary antibodies,?**® to check for physical ~ We therefore investigated whether HSD17B10 was also
proximity (<10 nm). In tests of representative donor/acceptor recruited to this complex in these conditions. Representative
pairs in cells coproducing Parkin and HSD17B10, we interactions between Parkin, HSD17B10, PINK1 and the TOM
detected FRET compatible with the formation of a complex machinery were detected after CCCP treatment. These
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Figure 4 Parkin interacts with HSD17B10 and PINK1 at the TOM machinery. (a) Representative FRET images for the indicated donor (green)-acceptor (red) pairs in COS7
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representative of three (b) or two (c) carried out. (d, e) Representative FRET images (d) and quantitative FRET analysis for the indicated donor/acceptor pairs (e) in
HEK293T cells treated with CCCP for 6 h. n=10-20 cells from one experiment representative of three carried out. E: Mean FRET efficiency within the region of interest (yellow,
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interactions concerned exclusively endogenous proteins in
HEK293T cells, or exogenous Parkin and endogenous proteins
in PC12-tet-off-Parkin cells differentiated into neurons (Figures
4d and e; Supplementary Figure S5a).2® Several PD-causing
PARK2 mutations abolished or reduced FRET between endo-
genous HSD17B10 and Parkin, consistent with weakened
protein—protein interactions or altered protein configurations
within the complex (Supplementary Figure S5b).

We then investigated the role of HSD17B10 in the
degradation of dysfunctional mitochondria by Parkin. Parkin
was recruited to mitochondria in cells lacking HSD17B10, so
HSD17B10 was not required for this step (Figure 5a). More-
over, Parkin-dependent mitophagy occurred and was even
enhanced following HSD17B10 depletion, resulting in a larger
proportion of cells lacking the OMM marker VDAC1 soon after
CCCP treatment, or lacking the matrix marker PMPCB at later
time points than in control cells (Figures 5b and c). Conversely,
HSD17B10 overproduction decreased mitochondrial clear-
ance, as illustrated by the significantly smaller proportion of
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cells lacking mitochondrial markers after CCCP treatment
(Figure 5d). Consistent with the lack of recruitment of
autophagy markers (Supplementary Figure S3), no mitochon-
drial clearance was observed in cells overproducing Parkin
and HSD17B10 in the absence of CCCP.

HSD17B10 promotes mitochondrial elongation, protecting
against mitochondrial damage following AWm collapse.
HSD17B10 overproduction was associated with a major
change in mitochondrial morphology, with mitochondria
appearing as long filaments extending across the cytoplasm
(Figure 6a). We analyzed the morphology of the mitochondrial
network by measuring two parameters widely used for this
purpose: aspect ratio, providing an indication of mitochondrial
length, and form factor, a combined evaluation of the length
and degree of branching of the network.** HSD17B10
overproduction led to a large increase in aspect ratio and a
moderate decrease in form factor (Figure 6b). Conversely,
HSD17B10 silencing resulted in mitochondrial fragmentation,
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Figure5 HSD17B10 mitigates Parkin-dependent mitophagy. (a) Representative immunocytochemical staining illustrating the mitochondrial recruitment of Parkin triggered by
CCCP (6 h) in COS7 cells with and without HSD17B10 silencing. Mitochondria were visualized by staining with MitoTracker DeepRed and for HSD17B10. (b) Representative
immunofluorescence showing that mitochondrial loss triggered by CCCP (36 h) occurs in COS7 cells overproducing Parkin with and without the silencing of HSD17B10.
Mitochondria were stained with anti-PMPCB antibodies. Scale bar: 10 um. (¢, d) Percentage of cells devoid of the OMM marker VDAC1 or the matrix marker PMPCB at various
time points after the addition of CCCP to the culture medium, in the indicated transfection conditions. Results are expressed as means + S.E.M. n=3 independent experiments,
with 180 cells scored per condition in each experiment (c) or n= 3 independent wells from one experiment representative of five carried out, with 90 cells scored from each well
(d). *P<0.05, *P<0.01, ***P<0.001 versus the ‘Control siRNA’ (c) or versus the ‘Parkin only’ condition (d) at each time point

as indicated by a significant decrease in both parameters
(Figures 6a and b).

Mitochondrial morphology is regulated by fusion and
fission processes mediated by conserved dynamin-related
GTPases:*® optic atrophy 1 (Opa1) and mitofusins (Mfn1/2),
involved in fusion of the inner and outer MMs; and dynamin-
related protein 1 (Drp1), which promotes mitochondrial fission.
Defective mitochondria are isolated from the healthy network
by the recruitment of Drp1 from the cytosol, triggering
mitochondrial fragmentation and efficient clearance.'4®
Using FRET microscopy, we showed that Drp1 was recruited
to the proximity of PINK1 following mitochondrial
depolarization.*” The changes in mitochondrial morphology
observed when HSD17B10 levels were modulated were not
associated with changes to steady-state levels of Opatl, Mfn2
and Drp1 (Figures 6¢ and d). However, lower levels of FRET
between PINK1 and Drp1 were observed in cells over-
producing HSD17B10, indicating interference with Drp1

recruitment to or assembly on depolarized mitochondria
(Figure 6e; Supplementary Figure S6).

Mitochondrial elongation is an adaptive prosurvival mechan-
ism associated with a better bioenergetic response to
stress.*®®° In starved cells, it spares mitochondria from
degradation by autophagy.*®®° Analysis of the mean TMRM
fluorescence intensity of mitochondria revealed consistently
higher signals in cells overproducing HSD17B10 and a later,
less severe decrease following CCCP treatment, consistent
with better AWm preservation (Figure 7a; Supplementary Figure
S2e). HSD17B10 may, therefore, protect mitochondria by
preserving a hyperfused network, resulting in lower levels of
mitophagy, an indirect indicator of mitochondrial health. We
explored this possibility by studying the effect of Drp1 on
HSD17B10-mediated hyperfusion and sparing from mitophagy.
We overproduced Drp1 or two Drp1 variants carrying
amino-acid substitutions affecting serine 637, which is involved
in regulating the subcellular distribution of the protein:>'
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Figure 6 HSD17B10 promotes mitochondrial elongation. (a) Representative immunocytochemical staining illustrating mitochondrial networks in COS7 cells transfected with
siRNAs targeting the HSD17B10 gene or overproducing the protein. Mitochondria were visualized with anti-PMPCB and anti- HSD17B10 antibodies. Scale bar: 10 um. (b)
Quantitative confocal analysis of aspect ratio (length) and form factor (length and branching) of mitochondria in COS7 cells transfected as indicated. n=230 cells from three
independent experiments. (¢, d) Western blot analysis (c) and corresponding quantification (d) illustrating the effect of HSD17B10 downregulation or overproduction on the
abundance of mitochondrial shaping proteins in COS7 cells. n= 3 independent experiments. () Quantitative FRETanalysis illustrating the effect of HSD17B10 overproduction on
the molecular proximity between PINK1 and Drp1. n=15-20 cells from one experiment representative of three carried out. Results are expressed as means + S.E.M.
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Drp1 S637A, which mimics the calcineurin-dependent depho-
sphorylation of this residue, leading to association of the protein
with mitochondria; and Drp1 S637D, which mimics phosphor-
ylation of the residue by protein kinase A, sequestering the
protein in the Cytosol.51 Drp1 S637A and, to a lesser extent,
Drp1, significantly reduced mitochondrial hyperfusion and
decreased the ability of HSD17B10 to mitigate Parkin-
dependent mitophagy in cells treated with CCCP, whereas
Drp1 S637D had no effect (Figures 7b—e).

The mitochondrion-protecting function of HSD17B10
requires mitochondrial elongation and not the enzymatic
activity of the protein. The clinical symptoms of patients
with HSD17B10 mutations are not correlated with the activity
of the encoded enzyme.?*2® Moreover, the HSD17B10-
dependent preservation of mitochondrial structural and
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functional integrity is independent of this activity, suggesting
that another, non-enzymatic function of HSD17B10 is
required.?®® We explored the mechanisms by which
HSD17B10 preserves mitochondrial function, by investigating
the effects of three amino-acid substitutions in HSD17B10
with different impacts on catalytic activity (D86G, Q165H,
R130C).2° The three protein variants were, as expected,
located in the mitochondria, as indicated by the correspond-
ing Mander’s coefficients (Figures 8a and c); like the normal
protein, they were found in the mitochondrial matrix, some-
times associated with the inner MM (Figure 8d). However, the
Q165H and R130C variants, which had no enzymatic activity
and a residual activity of 60%, respectively, were unable to
promote mitochondrial elongation and to mitigate Parkin-
dependent mitochondrial clearance. By contrast, the D86G
variant (residual activity of 30%) behaved like the normal
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Figure7 HSD17B10-mediated mitochondrial hyperfusion protects mitochondria against CCCP, sparing them from Parkin-dependent clearance. (a) Analysis of the relative TMRM
fluorescence of mitochondria in COS7 cells transfected with a control plasmid or a plasmid encoding HSD17B10, illustrating the HSD17B10-mediated attenuation of the decrease in
AWm triggered by CCCP. n=20-30 cells from one experiment representative of three carried out. (b—d) Representative immunofluorescence staining of COS7 cells, illustrating the
effect of Drp1 variants on the ability of HSD17B10 to promote mitochondrial elongation (b), and quantification of these effects by evaluations of the proportion of cells with elongated
mitochondria (n=200-300 cells from three independent experiments) (c) and the aspect ratio of mitochondria (n= 20 cells from one experiment representative of three carried out)
(d). Scale bar: 10 um. (e) Quantification of Parkin-dependent mitophagy by analysis of the loss of the matrix marker PMPCB triggered by CCCP, in the indicated transfection
conditions. n=100-200 cells from two independent experiments carried out. Results are expressed as means + S.E.M. **P<0.01, ***P<0.001 versus ‘ — Drp1’ in (c, d)

protein (Figures 8a and c). These results suggest that the
mitochondrion-protecting function of HSD17B10 is directly
correlated with the ability of this protein to promote
mitochondrial elongation, and independent of its catalytic
activity.

Discussion

We identified the multifunctional mitochondrial matrix enzyme
HSD17B10 as a new Parkin substrate. Using affinity
purification-mass spectrometry to identify the repertoire of
Parkin substrates in response to mitochondrial depolarization,
Sarraf et al.'® also identified HSD17B10 as a protein directly
interacting with Parkin. Contrary to reports for other mitochon-
drial proteins, this interaction was not amplified by CCCP
treatment, suggesting that its occurrence is not related to the
initiation of mitophagy. Instead, Parkin seems to maintain
appropriate levels of HSD17B10 in the mitochondria by
promoting the mitochondrial import of this protein: (i) the

abundance of endogenous HSD17B10 was halved in
mitochondrion-enriched fractions from Parkin-deficient mice;
(i) the mitochondrial targeting of an exogenous HSD17B10
protein was significantly reduced by PARK2 or PINK1 down-
regulation, whereas it was enhanced by Parkin overproduction
in various cell models; (iii) Parkin and HSD17B10 associated
with the TOM machinery, close to PINK1, on functional
organelles that did not undergo mitophagy; (iv) interaction
with the TOM complex was detected under conditions
associated with PINK1 accumulation on the OMM
(HSD17B10 overproduction or CCCP treatment), consistent
with unmasking due to the mitochondrial import mechanism
being overwhelmed. Whether other conditions of relevance for
neurodegeneration in PD would also unmask this quality
control function of Parkin — e.g. mitochondrial complex |
inhibition, which has also been shown to trigger Parkin
recruitment to mitochondria,>® — remains to be investigated.
The precise mechanisms by which Parkin facilitates the
intramitochondrial translocation of HSD17B10 remain unclear,
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but our results suggest that the protein is ubiquitylated at the
OMM before import. The cytosolic degradation, by the
ubiquitin-proteasome system, of proteins targeted to the
mitochondrial intermembrane space regulates the biogenesis
of these proteins.>® Our data are not consistent with a role for
the ubiquitin-proteasome system in regulating HSD17B10
levels in mitochondria, instead suggesting that modification by
ubiquitin chains that are not recognized by the proteasome on
the OMM upregulates HSD17B10 biogenesis. It remains
unclear whether HS17B10 is imported in a ubiquitylated state
by the TOM complex.

Ubiquitin-dependent regulation of the TOM-dependent
import of HSD17B10 by Parkin, possibly in cooperation with
PINK1, may ensure the correct maintenance of HSD17B10
homeostasis in conditions of low mitochondrial import effi-
ciency. The impairment of this regulatory loop may have
detrimental consequences, as HSD17B10 is essential for
mitochondrial physiology: the in vivo depletion of HSD17B10
in Xenopus and mice leads to ultrastructural and functional
abnormalities of the mitochondria, and constitutive knockout
of the gene results in early embryonic lethality in mice.?®
Conversely, mice transgenic for human HSD17B10 are
protected against MPTP-mediated dopaminergic neurode-
generation.> HSD17B10 levels are low in post-mortem ventral
midbrain samples from patients with sporadic PD,®' and we
show here that they also tend to be low in caudate and putamen
samples from PD patients with PARK2 mutations.

HSD17B10 transcripts are abundant in various nuclei of the
basal ganglia and in regions of the human brain enriched in
dopaminergic neurons.®* These transcripts are more abun-
dant in the substantia nigra than in the less vulnerable ventral
tegmental area (Supplementary Figure S7). HSD17B10
expression levels are particularly high in the locus coeruleus
and in the dorsal motor nucleus of the vagus nerve, which are
also affected by neurodegeneration in PD. HSD17B10
depletion beyond a certain threshold may therefore contribute
to neuronal vulnerability in PD. Consistent with this possibility,
Tieu et al.®! showed that the period after MPTP intoxication in
mice during which the apoptotic response was strongest was
accompanied by a significant, but reversible decrease in
HSD17B10 abundance.

Of note, HSD17B10 levels are increased in the brains of
individuals with Alzheimers disease, indicating that mainte-
nance of HSD17B10 homeostasis is crucial to cell
physiology.2>2° The mechanisms by which HSD17B10 con-
tributes to amyloid B-mediated neurotoxicity are poorly under-
stood. However, it is not surprising that modest alterations of the
levels or activity of this multifunctional enzyme can contribute to
neurodegeneration in different pathological contexts.?®

What molecular mechanisms underlie the mitochondrion-
protecting function of HSD17B10? We provide strong

Parkin regulates mitochondrial HSD17B10 levels
G Bertolin et al

evidence for a key role of mitochondrial elongation.
HSD17B10 may promote this process, possibly by interfering
with Drp1 recruitment to mitochondria. This morphological
change has been shown to optimize ATP production under
critical circumstances, but the underlying mechanisms remain
unclear.*®° Tieu et al.®' reported higher levels of mitochon-
drial respiration and ATP production in brain mitochondria from
HSD17B10-transgenic mice than in those from wild-type mice,
following the partial inhibition of mitochondrial complex I. This
effect was not associated with changes to the enzymatic
activities of the respiratory chain complexes, but was
accompanied by a redistribution of HSD17B10 from the
mitochondrial matrix to the inner MM. The authors suggested
that HSD17B10 might associate with mitochondrial complex |
under such conditions. The submitochondrial localization of
the protein reported here is consistent with HSD17B10 having
functions both in the mitochondrial matrix and in association
with the inner MM. HSD17B10 may also participate in the
activation of ATP synthase, which is also present in the inner
MM and has been reported to be activated in elongated
mitochondria resistant to autophagic degradation.*® Finally,
HSD17B10 may protect mitochondria through its role as a
component of the mitochondrial RNAse P complex, which
promotes the processing of mitochondrial tRNAs through
mechanisms independent of the catalytic activity of
HSD17B10 and NADH binding.28*® The link between these
functions and the mitochondrial elongation promoted by
HSD17B10 remains unclear. Interestingly, a recent study
reported identification of a new mitophagy-independent path-
way linking Parkin function to linear ubiquitylation of the NF-kB
modulator NEMO, upregulation of Opal and protection
against stress.®® Although modulation of HSD17B10 expres-
sion did not modify Opaf levels in our study, it will be important
to evaluate whether HSD17B10 has a role in this pathway.

In summary, this work suggests that the maintenance of
appropriate HSD17B10 levels in the mitochondria may be a
novel mitochondrial quality control mechanism regulated by
Parkin. The loss of this protective function may, together with
the impaired degradation of dysfunctional mitochondria, con-
tribute to neuronal dysfunction in autosomal recessive PD.
Further studies are required to dissect the precise mechanisms
by which Parkin preserves mitochondrial HSD17B10 levels,
and to determine the extent to which they involve functional
cooperation with PINK1 and the direct regulation of mitochon-
drial import through the TOM machinery.

Materials and Methods

Mammalian expression vectors, cell culture and transfection.
The human HSD17B10 ¢cDNA (UniProt Q99714) was inserted into pcDNA3; the
HSD17B10 variants D86G, R130C and Q165H, kindly provided by J Zschocke,
were inserted into pSMART. The other vectors used were pcDNA3 (Invitrogen,

<

Figure 8 Mitochondrial elongation rather than catalytic activity determines the ability of HSD17B10 to spare mitochondria from the degradation triggered by CCCP. (a—c)
Representative immunofluorescence staining of COS7 cells, illustrating the degree to which HSD17B10 variants with various levels of residual activity can promote mitochondrial
elongation (a), and protect against CCCP-induced mitochondrial dysfunction (b), as illustrated by the qualitative and quantitative estimates provided in the table (¢). Mitochondria
were visualized with HSD17B10 and PMPCB. Mander’s coefficients indicate the colocalization of HSD17B10 and PMPCB staining (n=30 cells from three independent
experiments). The percentages of COS7 cells coproducing Parkin and the indicated HSD17B10 variants displaying a loss of PMPCB 36 h after the addition of CCCP to the culture
medium are represented as means + S.E.M. (n= 3 independent experiments, with 60 cells scored per condition in each experiment). (d) Representative electron micrographs
showing the submitochondrial localization of the HSD17B10 variants. Contrast was generated by treatment with diaminobenzidine. The arrow in the higher magnification of the
framed region shows the association of HSD17B10 with the inner MM. Scale bar: 10 zm in (a, b) and 200 nm in (d)
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Life Technologies, Saint-Aubin, France) encoding human HA- or FLAG-tagged
Parkin, Parkin variants, p38/JTV-1/AIMP®” HA-, Myc- or V5-agged HSD17B10, or
FLAG-tagged DLST (provided by Z Ronai); pTrc-His (Invitrogen) encoding
HSD17B10; pET (Clontech, Takara Bio Europe, Saint-Germain en-Laye, France)
encoding HA-tagged ubiquitin; pDsRed-LC3 (provided by G Kroemer); pCB6-HA-
mitoGFP (COX VIIl MTS) and pCB6-Myc-Drp1 (provided by M Rojo); pCB6-Myc-Drp1
S637D/S637A, produced by site-directed mutagenesis from pCB6-Myc-Drp1; pCl
(Promega, Charbonniéres, France) encoding C-terminally APEX (pea L-ascorbate
peroxidase K14D, WAIF, E112K mutant)*-tagged HSD17B10 and HSD17B10
variants D86G, Q165H and R130C; pEF-HA-UbiKO/Ubi (provided by Y Yarden). The
resulting cDNAs were then inserted into the pCl expression vector (Promega) via the
Nhel and Nof restriction sites. The sequences of three plasmid constructs were
checked with an ABI3730 XL. The siRNAs used were validated HSD17B10-specific
siRNAs and AllStars negative control siRNA (Qiagen, Courtaboeuf, France; 20 nM),
PINK1- and PARK2- specific stealth siRNAs (Invitrogen, 20 nM). PC12-tet-off-Parkin,
HEK293T and COS7 cells were grown as previously described?2?® Cells were
transfected in the presence of DMRIE-C (Invitrogen; COS7, PC12) or in the presence
of Lipofectamine 2000 (Invitrogen; COS7, HEK293T) for siRNA. Cells were incubated
with 10 «M CCCP (Sigma-Aldrich, Saint Quentin Fallavier, France) for the indicated
time points; 15 pg/ml nocodazole (Calbiochem, Millipore, Guyancourt, France) or
400 nM cytochalasin D (Sigma-Aldrich) for 16 h; 1 M epoxomicin (Sigma-Aldrich) for
16 h; 50 nM doxycycline (Dox; Sigma-Aldrich); 5 ug/ml oligomycin (Sigma-Aldrich).

Quantitative real-time RT-PCR. We checked the efficacy of the siRNA-
mediated silencing of endogenous PARK2 in HEK293T cells, by isolating total RNA
from cells transfected with control or PARK2 siRNA, using the RNeasy plus Mini Kit
(Qiagen). RNA from each sample (1 xg) was reverse-transcribed to generate cDNA.
Real-time PCR was performed with the LightCycler 480 System (Roche Applied
Science, Penzberg, Germany) and the LightCycler 480 DNA SYBR Green | Master
kit (Roche Life Science, Meylan, France). Results were analyzed with LightCycler
480 sw 1.5 quantification software. We used the actin gene for normalization. The
primers used for PARK2 were as follows: forward 1, 5’-acaccaagcatcttccagctca-3';
reverse 1, 5'-tttctccacggtetctgcac-3'; forward 2, 5’-cgcaacaaatagtcggaac-3'; reverse
2, 5'-gagggtcgtgaacaaactg-3'.

GST pulldown, subcellular fractionation and western blot
analyses. GST pulldown assays were carried out as previously described.®”
Cells were lysed in 20 mM Hepes, 225 mM mannitol, 75 mM sucrose, 1 mM EGTA,
05mM DTT, with phosphatase (0.2mM NagVO,, 1mg/ml NaF 5.4 mg/ml
B-glycerophosphate) and protease inhibitors (Complete Cocktail, Roche), pH 7.0
and the lysate was passed through a 22G needle to obtain total protein extract
(COS7, Hela cells). For ubiquitylation assays, COS7 cells were lysed 48 h after
transfection, in a co-IP buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, 5% glycerol,
0.5% NP40, 0.2 mM NagVO,, 4 mg/ml NaF, Complete protease inhibitor cocktail;
Roche). Lysates were centrifuged at 4 °C for 30 min at 13000 x g. Supernatants
were precleared by incubation with protein G Sepharose (Amersham, Dominique
Dutscher, Brumath, France) for 1 h at 4 °C, and incubated with 2 g of monoclonal
anti-myc antibodies conjugated to protein G-Sepharose beads for 2 h at 4 °C, with
gentle shaking. Immunoprecipitated proteins were washed four times in the co-IP
buffer and once in PBS and analyzed by western blotting with monoclonal anti-HA
antibodies. Lysates were subjected to western blotting with an anti-myc or a
monoclonal anti-Parkin antibody. In vitro ubiquitylation assays were performed as
previously described.>® Mitochondrion-enriched fractions were obtained by
differential centrifugation, from cells homogenized with a Dounce homogenizer
(80 manual strokes) as previously described,?? or with a mitochondrion isolation kit
used according to the manufacturer's instructions (MACS, Miltenyi Biotec, Mercoeur,
France; Pierce Mitochondria Isolation kit, Pierce, Thermo Fisher Scientific, Villebon-
sur-Yvette, France). Cytosolic fractions were obtained by ultracentrifugation of the
supernatants obtained after isolation of the mitochondrion-enriched fractions at
186000 g for 1.5h at 4°C. Pure mitochondrial fractions were obtained from
mouse brains that had been ground, washed and homogenized with a Potter
homogenizer, in 6 ml of isolation buffer (225 mM mannitol, 75 mM sucrose, 1 mM
EGTA, 5mM Hepes, 1 mg/ml BSA; pH 7.2), and centrifuged at 1700 x g for 10 min
at 4 °C. The supernatant was layered on top of a Ficoll gradient (5 ml of 10% Ficoll
and 5ml of 7.5% Ficoll) in sucrose buffer (0.3 M sucrose, 25 mM EGTA, 5mM
Hepes) and centrifuged at 80 000 x g for 30 min at 4 °C. Mitochondrial pellets were
resuspended in isolation buffer. Human brain protein extracts from PD patients and
controls were obtained from lyophilized tissue® resuspended in 50 mM HEPES pH
7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 100 mM MgCl,, 0.1 M Na,VOs,,
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10mM Na4P,0; x10 H,O, 100mM NaF, 1 mM EGTA, with protease inhibitors,
homogenized in a Piston Pellet Eppendorf, and centrifuged at 4 °C for 5 min at
9000 x g and for 45 min at 100 000 x g. The mitochondrial abundance of exogenous
HSD17B10 was calculated as the ratio of HSD17B10 to mitoGFP in mitochondrion-
enriched fractions, divided by that in total cell fractions (([HSD17B10/mitoGFP]y/
[HSD17B10/mitoGFP]y), and the mitochondrial abundance of subunits (S) of
respiratory chain complexes was calculated as [S/actin]y/[S/actin}y. The mean
values for the Dox — /CCCP - conditions were arbitrarily set at approximately 1.
Mitochondrion-enriched fractions, obtained by differential centrifugation, were
digested with 1 g of trypsin (Sigma-Aldrich) per mg of protein for 20 min at 37 °C.
The antibodies used for western blotting are indicated in Supplementary Table 1.
Proteins were visualized with fluorescent antibodies or by enhanced chemilumines-
cence (Pierce). Chemiluminescence/fluorescence signals were detected on a film
(ECL, Amersham Hyperfilm) or captured with a KODAK Image Station 4000 MM
(KODAK, Rochester, NY, USA) or Odyssey Imaging (Li-COR Biosciences, Lincoln,
NE, USA) system, and quantified with KODAK MI Software 4.0, ImageJ software
(NIH, Bethesda, MD, USA) or Li-COR Image Studio.

Immunocytochemistry, epifluorescence, confocal and electron
microscopy. Cells were fixed and stained by standard procedures. The
antibodies used are indicated in Supplementary Table 2. MitoTracker (DeepRed/
CMX-ROS; final concentration 500 nM) and TMRM (final concentration 10 nM) were
purchased from Invitrogen and used according to the manufacturer’s instructions.
Mitochondrial aggregates, the translocation of p62, LC3-DsRed or Parkin, and
mitophagy were quantified with a Zeiss Axioplan 2 imaging epifluorescence
microscope equipped with ExploraNova FluoUp Imaging software (4.2.2, Explora
Nova, La Rochelle, France) and a x100 oil immersion objective (NA 1.40).
Mitophagy and mitochondrial aggregation were assessed as the percentages of
Parkin-positive or -negative cells devoid of VDAC1 and PMPCB staining
(clearance), and cells with aggregates immunoreactive for Parkin and mitoGFP,
DLST, p62, LC3-DsRed or HSD17B10 (aggregation). MitoTracker intensities were
quantified on images of 10 cells per condition, in each of three independent
experiments, with ImageJ analysis software (NIH). TMRM intensities were acquired
with an inverted Zeiss Axiovert 200 videomicroscope (Zeiss, Jena, Germany) and a
%20 oil immersion objective (Supplementary Figure S2e), or an inverted Nikon
Elipse Ti microscope with a x 20 objective (Figure 7a). We evaluated the effect of
HSD17B10 overproduction on the response of A¥m to CCCP (2 M) after addition
of the complex V inhibitor oligomycin (5 xg/ml) by acquiring images at 10 s intervals
over a 12-min period. The mean mitochondrial TMRM fluorescence intensity per cell
was estimated with the ImageJ software, by selecting the entire mitochondrial
network of each cell. Colocalization images were generated with a Leica SP2 or an
Olympus FV-1000 confocal microscope (x60 oil immersion objective, NA 1.35). For
FRET, images of donor and acceptor fluorescence were acquired with a Leica SP2
or an Olympus FV-1000 confocal microscope (x60 oil immersion objective, NA
1.35). A region of interest was drawn with Leica Confocal Software (Leica) or with
Olympus FV-1000 software (Olympus, Tokyo, Japan), on randomly chosen areas of
acceptor fluorescence. This region of interest was then photobleached with a
543 nm helium neon laser. Donor (D) fluorescence (F) intensities (1) were quantified
with ImageJ, and FRET efficiencies were determined as follows: % FRET = (Ip
postbleach — I prebleach)/lp postbleach =Fp postbleach>Fp prebleach. The
morphology of the mitochondrial network was analyzed quantitatively with the
ImageJ software, as previously described,***” after the acquisition of images with
the Zeiss Axioplan 2 imaging epifluorescence microscope (x63 oil immersion
objective; Figure 6) or the Olympus FV-1000 confocal microscope (x60 oil
immersion objective; Figure 7). Quantitative analysis of the morphology of the
mitochondrial network, visualized by PMPCB or HSD17B10 staining, was performed
on 20-30 pictures of cells overproducing the proteins of interest, with the ImageJ
software (NIH), as previously described.***” Standard and immunoelectron
microscopy were carried out as previously described, with a JEOL 1200 EX2
electron microscope (Peabody, Peabody, MA, USA) at 80 kV (Figures 3f and g and
Figure 8d).2*° For the localization of HSD17B10-APEX proteins, the cells were
kept at room temperature for all steps from fixation to resin infiltration, and
processed as previously described.?® They were then analyzed with a Hitachi
120 kV HT 7700 transmission electron microscope (Hitachi, Tokyo, Japan) at 70 kV.

Statistical analyses. Two-way ANOVA and the Holm-Sidak method were
used to analyze the effects of Parkin and CCCP treatment or UbiKO overproduction
on HSD17B10 abundance (Figures 2a and b); the modulation of HSD17B10 levels
on the clearance of mitochondrial markers (Figure 5) or mitochondrial TMRM



fluorescence over time after CCCP treatment (Figure 7a). One-way ANOVA and the
Holm-Sidak method were used to analyze the effects of HSD17B10, DLST or
mitoGFP on the mitochondrial translocation of Parkin (Figure 3b); PARK2 variants
on the mitochondrial translocation of Parkin triggered by HSD17B10 (Figure 3c);
ubiquitin and UbiKO on mitochondrial aggregation (Figure 3e); donors on FRET
efficiencies for a given acceptor (Figures 4 and 6e; Supplementary Figure S5a);
PARK2 mutations on FRET efficiencies (Supplementary Figure S5b); CCCP or the
modulation of HSD17B10 levels on TMRM intensities (Supplementary Figure S2e);
modulation of HSD17B10 levels on PINK1 levels (Supplementary Figure S2f) or
relative abundance of Opat, Mfn2 or Drp1 (Figure 6d); Drp1 or Drp1 variants on
mitochondrial morphology (Figures 7c and d); HSD17B10 on Parkin-dependent
mitophagy, or Drp1 or Drp1 variants on the mitophagy-mitigating effect of
HSD17B10 (Figure 7e). ANOVA on ranks and Dunn’s method were used to
compare the effects of transfection condition or CCCP treatment on the
mitochondrial recruitment of p62 or LC3-DsRed (Supplementary Figure S3);
PARK2 silencing or UbiKO on HSD17B10 abundance (Figure 2d); modulation of
HSD17B10 levels on mitochondrial network complexity (Figure 6b). Student’s ¢ test
was used to analyze the effects of drugs on mitochondrial aggregation
(Supplementary Figure S4); PINK1 silencing on the mitochondrial translocation of
Parkin (Figure 3d); Parkin deficiency on HSD17B10 abundance (Figure 1a); PARK2
siRNA on PARK2 mRNA levels (Supplementary Figure S1a); PARK2 or PINK1
silencing on HSD17B10 abundance (Supplementary Figure S1b); epoxomicin on
HSD17B10 abundance in the cytosol or mitochondria (Supplementary Figure S1c).
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