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Abstract

The Parkinson’s disease (PD)-related ubiquitin ligase Parkin and mitochondrial kinase PINKI1 function together in
the clearance of damaged mitochondria. Upon mitochondrial depolarization, Parkin translocates to mitochondria in a
PINK1-dependent manner to ubiquitinate outer mitochondrial membrane proteins. According to the current model, the
ubiquitin- and LC3-binding adaptor protein SQSTM1 is recruited to mitochondria, followed by their selective degradation
through autophagy (mitophagy). However, the role of the ubiquitin proteasome system (UPS), although essential for this
process, still remains largely elusive. Here, we investigated the role of the UPS and autophagy by applying the potassium
ionophore Valinomycin in PINK1-deficient human fibroblasts and isogenic neuroblastoma cell lines generated by CRISPR/
Cas9. Although identical to the commonly used CCCP/FCCP in terms of dissipating the mitochondrial membrane potential
and triggering complete removal of mitochondria, Valinomycin did not induce conversion of LC3 to its autophagy-related
form. Moreover, FCCP-induced conversion of LC3 occurred even in mitophagy-incompetent, PINK1-deficient cell lines.
While both stressors required a functional UPS, the removal of depolarized mitochondria persisted in cells depleted of LC3A
and LC3B. Our study highlights the importance of the UPS in PINKI-/Parkin-mediated mitochondrial quality control.
In contrast, activation of autophagy, monitored through conversion of LC3, is likely induced by depolarizing-agent-
induced toxicity in a PINK1-/Parkin-independent manner.

Introduction

Mutations in the E3 ubiquitin ligase Parkin and the mito-
chondrial kinase PINK1 cause autosomal recessive forms
of Parkinson’s disease (PD) [1]. PINK1 acts upstream of
Parkin in a pathway for the maintenance of mitochondrial
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function and morphology [2-4]. It has been shown that
reduction of the mitochondrial membrane potential (AWm)
leads to aggregation of PINK1 on mitochondria, which
recruits Parkin to mitochondria. Parkin polyubiquitinates
outer mitochondrial membrane (OMM) proteins [5] and
recruits the ubiquitin- and LC3-binding autophagic adaptor
protein SQSTMI1 to aggregates of damaged mitochondria
[6, 7], supposedly promoting their degradation by autop-
hagy (mitophagy) [8, 9]. This model, however, requires
further clarification because depletion of SQSTMI fails to
inhibit Parkin-mediated mitophagy [10, 11], suggesting that
another mechanism, independent of SQSTMI1, may con-
tribute to this process. Indeed, a growing body of evidence
supports the notion that the ubiquitin proteasome system
(UPS) is necessary for PINK1-/Parkin-mediated removal of
depolarized mitochondria [12, 13]. In this respect, it has
been demonstrated that Parkin polyubiquitinates numerous
OMM proteins [5], followed by their degradation via the
UPS [12-15].

In this context, is important to bear in mind that all of
the >100 published studies on PINKI-/Parkin-mediated
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mitophagy are based on an artificial experimental set-up
using overexpression of Parkin and agents inducing a
complete loss of the AWYm. Of particular note, the vast
majority of studies on PINK1-/Parkin-mediated mitophagy
have employed almost exclusively one type of respiratory
chain uncouplers, i.e., the hydrogen ionophores carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) or carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP).

Another classical respiratory chain uncoupler is the
potassium ionophore Valinomycin that has been extensively
used outside of the Parkin/PINKI field in studies requiring
dissipation of the A¥Ym [16-18]. CCCP/FCCP and Vali-
nomycin have identical effects on mitochondria in that
they both (i) induce immediate dissipation of the A¥m
[17, 19], (ii) increase the mitochondrial volume by ~65%
without effect on the surface area [16], (iii) initiate stabili-
zation of PINK1 on mitochondria and mitochondrial
translocation of Parkin [8, 20], and (iv) promote complete
removal of depolarized mitochondria [5, 6, 8]. Furthermore,
both CCCP/FCCP and Valinomycin do not specifically
act on mitochondria, but rather non-selectively bind
to lysosomal [21, 22] and plasma membranes [23, 24].
However, in contrast to Valinomycin, CCCP/FCCP alkali-
nize lysosomes and thus affect their function and autopha-
gic flux [25]. Furthermore, CCCP inhibits autophagy at both
the initiation and lysosomal degradation stages [25].

Taken together, the uncertainty about the exact
mechanism of PINKI-/Parkin-mediated mitochondrial
clearance and the fact that the current experimental
systems affect the very pathway under study, prompted
us to revisit the role of the UPS and lysosomal systems
in removing depolarized mitochondria using not only
FCCP but also Valinomycin as a type of uncoupler not
directly impacting on lysosomal function.

Results

Generation of PINK1 knockout neuroblastoma
cell lines

To knock out PINK] in neuroblastoma (SH-SYS5Y) cells we
used CRISPR/Cas9 technology (Fig. 1a). We identified one
clonal cell line carrying compound-heterozygous muta-
tions in PINKI ([c.84_142del58bp]+[c.135_136ins95bp])
(Fig. 1b) resulting in frameshift and a premature stop codon
(Fig. Ic). To confirm the absence of PINKI, control and
PINKI knockout SH-SY5Y (PINK1XO) cells were incu-
bated with Valinomycin for 6 h. As expected, we detected
the accumulation of endogenous PINKI1 in Valinomycin-
treated control but not PINK1X© cells (Fig. 1d). Further-
more, PINKI mRNA levels in PINKIX? cells were only
10 + 3% of PINKI mRNA levels in control cells, suggesting

that the vast majority of PINK/ mRNA in PINK1X© cells is
removed by nonsense-mediated decay (Fig. le).

To further characterize this PINK1%© cellular model, we
analyzed its ability to perform two well established PINK1-
dependent activities: translocation of Parkin to depolarized
mitochondria [6, 8] and Parkin-mediated ubiquitination
of the OMM protein MITOFUSIN 2 (MEN2) [15, 26]. As
expected and consistent with previous studies, mitochon-
drial translocation of Parkin (Fig. 1f) and ubiquitination
of MFN2 (Fig. 1g) occurred only in Valinomycin-treated
controls but not in PINKI¥O cells. These data suggest
that PINK1X© cells represent a useful new model to study
PINK1 deficiency-related cellular processes.

The UPS is essential for removal of depolarized
mitochondria

While previous studies demonstrated that mitochondrial
depolarization leads to autophagy-mediated removal of
mitochondria (mitophagy) [6, 8, 9], we and others showed
that mitochondrial depolarization leads to PINKI1-depen-
dent, Parkin-mediated polyubiquitination [5] and degrada-
tion of OMM proteins that can be prevented by inhibiting
the UPS [12].

Accordingly, we sought to dissect the precise role of the
UPS in removing depolarized mitochondria. For this, we
used control and PINKI1XO cells stably overexpressing
wildtype Parkin since levels of endogenous Parkin are not
sufficient to initiate detectable mitophagy [5, 12]. To ana-
lyze mitophagy, we performed immunoblotting to monitor
steady-state levels of mitochondrial proteins localized in the
OMM, the inner mitochondrial membrane (IMM), and the
mitochondrial matrix (Fig. 2). This method to monitor
the reduction in mitochondrial mass is comparable to the
commonly used MitoTracker dye labeling [5] but has the
added advantage that we can simultaneously follow changes
in all mitochondrial compartments during mitophagy. Upon
Valinomycin treatment, we detected a reduction in the
levels of almost all analyzed mitochondrial proteins in
control cells but not in PINK1¥© cells, indicative of PINK1-
dependent mitochondrial removal (Fig. 2, second lanes).
The only exceptions were two matrix proteins, HSP60
and SOD2, which remained unaffected by Valinomycin
treatment. Inhibition of the UPS by MGI132 prevented
Valinomycin-induced removal of mitochondria (Fig. 2,
third lanes). Specifically, inhibition of the UPS prevented
the loss of IMM proteins and the matrix protein GRP75 and
preserved the ubiquitinated forms of larger OMM proteins
(e.g., MFN2, TOM?70). This result is consistent with pre-
vious reports [12, 13] showing that degradation of OMM
proteins occurs via the UPS independently of autophagy. To
further support this finding, we treated cells with both
Valinomycin and the lysosomal inhibitor Bafilomycin Al
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Fig. 1 CRISPR/Cas9-mediated knockout of PINK1 in neuroblastoma
cells. a Neuroblastoma (SH-SYS5Y) cells were transfected with epi-
somal vectors expressing Cas9 and gRNA targeting the underlined
sequence located in exon 1 of the PINK1 gene. b The PINK1 knockout
(PINK1X9) clonal cell line carries compound-heterozygous mutations
in PINK1 ([c.84_142del58bp]+[c.135_136ins95bp]). ¢ Schematic
representation of the wildtype PINK1 protein and putative truncated
forms of the PINK1 protein in PINK1¥© cells. Areas shaded in gray
represent a frame-shifted protein. d To detect endogenous PINKI1
protein, control and PINK 1K cells were treated with Valinomycin for
6 h and analyzed by western blotting using antibodies against PINK1.

(Fig. 2, fourth lanes). Similar to proteasomal inhibition,
lysosomal inhibition preserved IMM and matrix proteins, as
well as smaller OMM proteins, such as VDACI and
TOM20. However, Bafilomycin Al failed to prevent
Valinomycin-induced loss of larger OMM proteins.
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Protein levels of PINK1 were quantified and normalized to levels
of p-actin. e PINKI] mRNA expression in control and PINK1X©
SH-SYSY cells. The values represent means + SD from three inde-
pendent measurements. f Control and PINKIXO cells treated with
Valinomycin for 6 h were fixed and immunostained using antibodies
against Parkin (red) and the mitochondrial matrix protein GRP75
(green). g Immunoblot of untreated and Valinomycin-treated control
and PINK1X© cells probed with an antibody against MEN2. Levels of
ubiquitinated MFN2 (Ub-MFN2) in Valinomycin-treated cells were
normalized to levels of p-actin. *p <0.01

We further examined the role of the UPS and lysosomal
systems in human dermal fibroblasts. For this, we used cells
obtained from a healthy control and from a PD patient
carrying a homozygous mutation (c.509T>G; p.V170G) in
PINK1 (PINKlmut), again both engineered to stably
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Fig. 2 Inhibition of the UPS or lysosomal system prevents removal of
depolarized mitochondria in neuroblastoma cells. Control or PINK1¥°
neuroblastoma cells engineered to stably overexpress Parkin were
treated with Valinomycin alone or in combination with MG132 or
Bafilomycin Al for 16 h. In addition, cells were treated with either
MG132 or Bafilomycin Al. Cells were harvested and analyzed by

overexpress wildtype Parkin. Valinomycin-treated control
(Fig. 3a) and PINK1mut (Fig. 3b) fibroblasts were analyzed
upon inhibition of the UPS or lysosomes with epoxomicin
or Bafilomycin Al, respectively. The OMM proteins
MEFEN2, and TOM70 were exclusively degraded via the
UPS (Fig. 3a), whereas the smaller OMM proteins,
TOM40 and TOM20, were only partially ubiquitinated,
but mostly degraded through lysosomal-mediated proteo-
lysis. Valinomycin-induced degradation of the IMM
proteins, Complex II Fp subunit (Complex II), FIFOATPase
(o subunit), and MT-CO2, and of the mitochondrial matrix
proteins, GRP75 and TFAM, could be protected using
either one of the inhibitors (Fig. 3a). Again, protein levels
of two other matrix proteins, HSP60 and SOD2 were
unaffected after 16 h of Valinomycin treatment (Fig. 3a).
While HSP60 was degraded after 24 h of Valinomycin
treatment, levels of SOD2 remained unaffected also at this
time point. In PINKImut cells, as expected, neither treat-
ment affected the levels of the mitochondrial proteins
studied (Fig. 3b).

Immunocytochemistry was used to confirm and extend
the above immunoblot results. Control fibroblasts over-
expressing Parkin, were treated with Valinomycin alone
or in combination with epoxomicin or Bafilomycin Al
(Fig. 3c). In non-treated cells, Parkin (red) was diffusely
distributed in the cytosol and mitochondria were organized
in an intact network (green). Valinomycin treatment resul-
ted in the nearly complete removal of mitochondria
(detected with antibodies to GRP75 and TOM20), while

western blot using antibodies against mitochondrial proteins localized
in different mitochondrial compartments (outer mitochondrial mem-
brane (OMM), inner mitochondrial membrane (IMM), and matrix).
Protein levels in control neuroblastoma cells were quantified and
normalized to levels of f-actin. Values represent means = SD from
three independent measurements.

Parkin remained diffusely distributed in the cytosol. How-
ever, when the UPS is inhibited, Valinomycin treatment
resulted in the mitochondria becoming arrested within
perinuclear aggregates that colocalized with Parkin, and
no loss of mitochondrial was detected. Inhibition of the
lysosomal system resulted in a punctate, homogenous
distribution of GRP75 and TOM?20, with Parkin diffusely
localized throughout the cytoplasm. The area of GRP75- or
TOM20-positive mitochondria per cell was comparable to
non-treated cells, suggesting that no loss of mitochondria
was observed.

Our data indicate that mitochondrial proteins can be
degraded through two different mechanisms: the UPS or
lysosomal-mediated proteolysis. Of note, they are differ-
entially degraded, with some of them being rapidly removed
and others remaining unaffected even upon prolonged
treatment.

Valinomycin induces removal of depolarized
mitochondria without LC3 conversion

Previous studies using FCCP/CCCP demonstrated that
PINK1-/Parkin-dependent removal of depolarized mito-
chondria is mediated by autophagy [6, 9]. During this
process, Microtubule-associated protein 1A/1B-light chain
3 (LC3) is converted from its cytosolic form LC3-I into the
autophagy-related form, LC3-II. Detecting LC3 conversion
by immunoblotting or immunofluorescence is a reliable
method of monitoring autophagy and autophagy-related
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Fig. 3 Inhibition of the UPS or lysosomal system prevents removal
of depolarized mitochondria in human fibroblasts. a Control and b
PINK1™" fibroblasts stably overexpressing Parkin were treated with
Valinomycin only or in combination either with Epoxomicin or
with Bafilomycin Al for 16 h. Cells were immunoblotted using anti-
bodies against mitochondrial proteins localized in the three different
mitochondrial compartments. p-actin served as loading control.
Results with longer (24 h) Valinomycin treatment are also shown for

processes [27]. While prior studies used FCCP/CCCP to
induce mitochondrial depolarization, we sought to analyze
the process of autophagy upon Valinomycin treatment. For
this, control SH-SYSY cells stably overexpressing Parkin
were treated with FCCP or Valinomycin for 16h and
assessed by immunoblot analysis of mitochondrial proteins
at different time points (Fig. 4). We observed no difference
between these two stressors in the rate of mitochondrial
protein degradation (Fig. 4a). In contrast, the conversion of
LC3 differed markedly: While FCCP induced rapid and
pronounced conversion of LC3 (Fig. 4b), Valinomycin did
not. To exclude the possibility that the observed differences
in LC3 conversion result from differential toxicity of
Valinomycin and FCCP, we performed a trypan blue
exclusion assay (Fig. 4c). Here, we did not detect any

SPRINGER NATURE

HSP60 and SOD?2. *: non-specific band. ¢ Control fibroblasts stably
expressing Parkin were treated with Valinomycin only or in combi-
nation either with Epoxomicin or with Bafilomycin Al for 16 h.
Cells were immunostained using antibodies against Parkin (red)
together with either GRP75 (green) or TOM20 (green). Average area
of either GRP75-positive or TOM20-positive mitochondria per cell.
Values represent means + SD from three independent measurements.
§p <0.01 vs. non-treated cells

difference in cell toxicity between the two compounds.
Furthermore, no difference in cell toxicity between controls
and PINKI1XC cells using either Valinomycin or FCCP
(Fig. 4c).

Taken together, we conclude that LC3 conversion,
which is indicative of autophagy, is not necessary for
Valinomycin-induced removal of mitochondria. To support
this hypothesis, we analyzed LC3 conversion in human
fibroblasts overexpressing Parkin upon either Valinomycin
or FCCP treatment (Fig. 4d). As in SH-SYSY cells, both
stressors induced rapid reduction in MFN2 protein levels
(Fig. 4d), but differed significantly with respect to LC3
conversion. While Valinomycin induced a partial conver-
sion of LC3, FCCP resulted in essentially complete con-
version (Fig. 4d).
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Fig. 4 Valinomycin-induced clearance of mitochondria does not
require activation of autophagy. Neuroblastoma cells stably over-
expressing Parkin were harvested at different time points and analyzed
by western blotting using antibodies against a proteins localized in
different mitochondrial compartments or against b the autophagy
marker LC3. Protein levels were quantified and normalized to levels of
B-actin. ¢ Trypan blue exclusion assay test in control neuroblastoma
cells overexpressing Parkin treated with various concentration of

0

exclusion assay in control and PINKIKO neuroblastoma cells over-
expressing Parkin treated with either Valinomycin or FCCP for 16 h
(lower panel). d Human dermal fibroblasts from a healthy control
overexpressing Parkin were treated with either Valinomycin or FCCP.
Cells were harvested 7.5 and 15h upon Valinomycin treatment and
immunoblotted using antibodies against MFN2 and LC3. Values
represent means = SD from three independent measurements. *p <0.01
vs. Valinomycin. Asterisk: nonspecific band

Valinomycin or FCCP for 16h (upper panel). Trypan blue
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Fig. 5 FCCP initiates LC3 conversion in mitophagy-incompetent cells.
Control and PINKI1X® neuroblastoma cells expressing endogenous
levels of Parkin were treated with either Valinomycin or FCCP for
6h and harvested at different time points. Whole cell lysates

In conclusion, our data indicate that FCCP induces LC3
conversion, which is independent of the removal of depo-
larized mitochondria. To test this hypothesis, we treated
control and PINKI1¥O cells with either Valinomycin or
FCCP (Fig. 5). As shown previously, these cells fail to

were analyzed by western blotting using antibodies against MFN2 or
LC3. Protein levels of LC3 were quantified and normalized to levels
of P-actin. Values represent means+SD from three independent
measurements

remove depolarized mitochondria most likely due to either
low levels of endogenous Parkin [5, 6, 12] or lack of
functional PINK1. While both treatments had identical
effects on MFN2, ie., rapid monoubiquitination in a
PINK1-dependent manner, a difference in LC3 conversion

SPRINGER NATURE



1434 A. Rakovic et al.
A Baf Baf+Val B Baf Baf+Val ¢ .
0.7
0 1 3 6 1 3 6 |[h 0 1 3 6 1 3 6 [h [ control
100 === 100 == 61 @ PiNK1 KO
Jomm e S D = MFN2 — — — — — — — |\|FN2 #

75—

SOmEN S e - esme emse esme s [1FOATPase

50 m—

P — —— —— — — — w— [-actin

37 w—

15 m— LC3-1

K I T = T e
—-— ——C3-I

15 m—

Control+PARKIN

Fig. 6 Autophagy flux is comparable between Valinomycin-treated
control and mitophagy-incompetent PINK1 knockout cells. a Control
and b PINKIXO neuroblastoma cells overexpressing Parkin were
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mycin for 6 h and harvested at different time points. Whole cell lysates

was observed. Valinomycin did not induce detectable
LC3 conversion in either control or PINKI1¥C cells,
whereas FCCP induced a strong time-dependent LC3 con-
version in both control and PINKIXO cells, confirming
our hypothesis.

Finally, we compared Valinomycin-induced conversion
of LC3 between control and PINK1X© cells overexpressing
Parkin in the presence of lysosomal inhibitor (Fig. 6), as
this is a more accurate way to asses autophagy [27]. To
determine basic autophagy flux, control (Fig. 6a) and
PINKIX? (Fig. 6b) cells were treated with Bafilomycin
alone. As expected, Bafilomycin induced an increase
in levels of LC3-II by preventing its degradation in the
lysosomes. When cells were treated with Bafilomycin
and Valinomycin together, we detected an increase in
the LC3 conversion in comparison to cells treated with
Bafilomycin alone (Fig. 6¢) most likely due to their com-
bined toxicity. More importantly, we did not observe
a difference in autophagic flux between controls and
PINK1X cells.

The transmission electron microscopy (TEM) is still
considered as the “gold standard” for verifying macro-
autophagy [28]. Since the formation of autophagic
vacuoles in CCCP-treated controls overexpressing Parkin
has already been demonstrated by TEM [9, 13], we sought
to compare Valinomycin- and FCCP-treated controls and
PINKIX? cells using TEM (Fig. 7). For this, cells were
treated with either Valinomycin or FCCP for 5h, as we
already observed a loss of mitochondria at this time point
(Fig. 4a). In controls, Valinomycin induced swelling and
accumulation of mitochondria in the perinuclear region,
however, we did not detect any morphological evidence of
autophagic structures around mitochondria. In contrast, in
FCCP-treated controls, mitochondrial remnants were
detected in membrane-surrounded vacuoles consistent with
mitophagy. In PINK1X© cells, Valinomycin and FCCP both
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quantified and normalized to levels of B-actin. Values represent means
+ SD from three independent measurements.

induced mitochondrial swelling but no morphological signs
of macroautophagy were detectable.

Our LC3 conversion and TEM data suggest that FCCP-
induced removal of mitochondria is paralleled by strong
activation of autophagy, whereas Valinomycin-initiated
mitochondrial degradation induces no or very mild autop-
hagy. Furthermore, our data indicate that conversion of
LC3 might not be an ideal indicator of PINKI1-/Parkin-
mediated removal of depolarized mitochondria, as no dif-
ference in LC3 lipidation was observed between control
and PINK1¥C cells. Rather, the observed increase in
LC3-1II levels occurs most likely as a result of cell injury.

Knockdown of LC3A or LC3B fails to prevent PINK1-/
Parkin-mediated removal of depolarized
mitochondria

It has been reported previously that degradation of
OMM proteins occurs via the proteasome system and is
independent of autophagy [12]. Since the removal of
depolarized mitochondria does not seem to require
LC3 conversion, we sought to test whether LC3 is dis-
pensable for PINKI-/Parkin-dependent mitochondrial
clearance. Previous findings in cancer cells showed that
the isoforms LC3A and LC3B are mainly located in the
perinuclear region and equally distributed throughout
the cytoplasm, whereas LC3C is mainly present in the
nuclei [29] and therefore most likely less relevant for
autophagy. Here, we knocked down both the A and B
isoforms of LC3 in control SH-SYSY cells overexpressing
Parkin (LC3XP), using lentiviral particles expressing a
small hairpin RNAs (shRNA) against both LC3A and
LC3B mRNAs. To test the ability of LC3XP cells to
remove depolarized mitochondria, we treated them
with Valinomycin for 15h and examined various mito-
chondrial proteins by immunoblotting in order to
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Fig. 7 Valinomycin does not A

Control

induce the formation of
autophagic structures. a Control
and b PINK1X© neuroblastoma
cells stably overexpressing
Parkin were treated with either
Valinomycin or FCCP for 5h
and compared to non-treated
cells. Cells were fixed and
prepared for electron
microscopy. Treatment with
Valinomycin induced
mitochondrial swelling and
accumulation in the perinuclear
region in both controls and
PINK1¥© cells. Importantly, no
isolation membranes or any
other autophagic structures were

observed. In contrast, upon
FCCP treatment, some NT
mitochondria were surrounded
by autophagosome-like
structures (inset) only in control
but not in PINK1¥© cells. Val
Valinomycin, NT non-treated;
scale bar: 2 um

simultaneously detect changes in the OMM and IMM
(Fig. 8a). LC3XP cells proved to be as efficient as con-
trol cells in the removal of all tested mitochondrial
proteins. Knockdown efficiency was more than 90%
(Fig. 8b) and no LC3 protein was detectable by western
blot (Fig. 8c).

A previous study has shown that the autophagy
adaptor proteins GABARAP and GABARAPL2/GATE-16
are recruited to damaged mitochondria and promote their
elimination [30, 31]. Therefore, we generated GABARAP
(GABARAPXP) and GABARAPL2/GATE-16 (GABAR-
APL2XP) knockdown SH-SY5Y cells overexpressing Par-
kin using lentiviral particles expressing shRNAs against
either GABARAP mRNA or GABARAPL2/GATE-16 mRNA
(Fig. 8d). These cells were treated with Valinomycin
for 15h and levels of mitochondrial proteins were
measured at different time points. Here, we observed a
comparable reduction in levels of mitochondrial proteins
between control and either GABARAP*P or GABAR-
APL2XD  cells, suggesting that these two autophagy
adaptors are not involved in Valinomycin-induced mito-
chondrial clearance. Our data are consistent with recently
published data showing that GABARAP proteins do not
translocate to damaged mitochondria during mitophagy

Val 5h FCCP 5h

[32] and do not play an important role in PINK1-mediated
mitochondrial removal.

Knockout of ATG7 fails to prevent PINK1-/Parkin-
mediated removal of outer mitochondrial proteins

To investigate whether inactivation of autophagy upstream
of LC3 affects Valinomycin-induced mitochondrial
removal, we generated ATG7 knockout neuroblastoma
cells (ATG7%9) using CRISPR/Cas9 technology (Fig. 9).
We identified one clone carrying a homozygous deletion
in ATG7 (c.dell57_158, p.N53fsX1) resulting in
frameshift and a premature stop codon. In ATG7X? cells,
the ATG7 mRNA levels were only 15+2% of ATG7
mRNA levels in control cells (Fig. 9a) and no ATG7 protein
could be detected (Fig. 9b). Since ATG7 acts as an El-
like activating enzyme facilitating both lipidation of
LC3-phosphatidylethanolamine and conjugation of ATG12
[33], we investigated autophagy flux in control and
ATG7XO cells. For this, cells were treated with Bafilomycin
Al for 12h and conversion of LC3 was analyzed using
western blotting. As expected, we detected LC3 conversion
only in control cells (Fig. 9c), which is indicative of
impaired autophagy in ATG7%° cells.

SPRINGER NATURE
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Fig. 8 LC3, GABARAP, or GABARAPLI are not required for
Valinomycin-induced removal of mitochondria. Neuroblastoma cells
(SH-SYS5Y) stably overexpressing Parkin were transduced with lenti-
viral particles expressing scrambled shRNA (Control) or shRNAs
against both LC3A and LC3B (LC3XP). a Control and LC3XP cells
were treated with Valinomycin for 15 h and harvested at different time
points. Whole cell lysates were analyzed by western blotting using
antibodies against different mitochondrial proteins. Protein levels of
mitochondrial proteins were quantified and normalized to levels of p-
actin. The knockdown efficiency of LC3 was confirmed b by real-time

Finally, we assessed Valinomycin-induced removal of
proteins localized in different mitochondrial compartments
(Fig. 9d). In control cells, we detected loss of all mito-
chondrial proteins. However, in ATG7¥C cells, loss of
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determined by real-time PCR. e Control, GABARAPXP, or
GABARAPLI¥® cells were treated with Valinomycin for 15h and
harvested at different time points. Whole cell lysates were analyzed by
western blotting using antibodies against mitochondrial proteins
GRP75 and a subunit of FIFOATPase. Protein levels of mitochondrial
proteins were quantified and normalized to levels of f-actin. Values
represent means = SD from three independent measurements. *p <0.01
vs. control. Val Valinomycin, n.s. not significant

autophagy could not prevent removal of the OMM protein
MFN?2, suggesting that a process other than autophagy is
responsible for the initiation of removal of damaged
mitochondria.
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Fig. 9 Autophagy is not B

involved in the removal of outer
mitochondrial membrane
proteins. a ATG7 mRNA
expression in control and ATG7
knockout neuroblastoma cells
(ATG7KO). b Protein levels of
ATG7 in control and ATG7X?
levels. ¢ Lack of the
Bafilomycin A-induced
conversion of non-autophagic
LC3-I to autophagic LC3-II
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expressing Parkin were treated
with Valinomycin for 15 h.
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the inner mitochondrial

Baf — + -+

25 w—m
20—

Control

37 = w— w—— w— GAPDH

15 [ ——

ATG7 KO

Control

LC3-I
LC3-lI

membrane proteins o subunit of
F1FOATPase (ComV) and
MTCO?2. Protein levels of
mitochondrial proteins were
quantified and normalized to
levels of GAPDH. Values
represent means + SD from three
independent measurements.

#p <0.01 vs. control. Val
Valinomycin

Val
100 m—

-+

75 w—

50 m—

37—

25 w——

20 —

Discussion

In this study, we demonstrated that PINK1-/Parkin-medi-
ated removal of depolarized mitochondria can occur inde-
pendently of macroautophagy and that both the UPS and
lysosomal system play an essential role in this process. In
contrast to previous studies using only one kind of
respiratory chain uncoupler, i.e., CCCP or FCCP to induce
loss of the mitochondrial membrane potential (A¥Ym), we
here compared the effects of the commonly used, hydrogen-
specific uncoupler FCCP with those of the potassium
ionophore Valinomycin.

Conversion of LC3 from its cytosolic form LC3-I into its
autophagy-related form LC3-II [26] or colocalization of
exogenously expressed GFP-/RFP-tagged LC3 with mito-
chondria and Parkin [9, 34] have been proposed as reliable
indicators of mitophagy. Consistent with previous studies
[26], we showed that FCCP-induced removal of mito-
chondria was accompanied by strong LC3 conversion.
However, we observed comparable conversion of LC3
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between control cells and PINK1X© cells, which were not

able to remove damaged mitochondria, suggesting that
FCCP itself strongly activates the autophagy independently
of removal of damaged mitochondria. On the other hand,
Valinomycin was equally potent to dissipate the A¥m, to
initiate mitochondrial translocation of Parkin [20], and to
induce complete removal of mitochondria in a PINKI-
dependent manner [5]. However, in comparison to FCCP,
Valinomycin did not induce LC3-related autophagy since
no (or only minimal) conversion of LC3 was observed.
Moreover, our experiments demonstrated that lack of the
isoforms LC3A and LC3B does not impair removal of
depolarized mitochondria, however, although unlikely, we
cannot exclude the possibility that the isoform LC3C cannot
compensate for this loss. We further corroborated our
findings by electron microscopy showing that Valinomycin-
induced removal of mitochondria is not paralleled by the
formation of autophagic structures. Our data are thus con-
sistent with previous findings showing that knocking down
of all isoforms of LC3 severely inhibited macroautophagy,
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Fig. 10 Putative model of PINKI-/Parkin-dependent removal of
depolarized mitochondria. a Valinomycin (or CCCP/FCCP)-mediated
mitochondrial depolarization initiates mitochondrial accumulation of
PINK1 and mitochondrial translocation of Parkin. In parallel, both
Valinomycin and CCCP/FCCP increase intramitochondrial pressure. b
Parkin-mediated ubiquitination of outer mitochondrial membrane
(OMM) proteins and UPS-mediated degradation of (large) OMM

however only marginally starvation-based
mitochondrial clearance [35].

Our data imply that both the UPS and the lysosomal
system jointly play an essential role in mitochondrial
clearance. Indeed, this notion is in keeping with data
showing that Parkin ubiquitinates OMM proteins, followed
by their degradation by the UPS [12-14]. However, in
contrast to larger OMM proteins, which are degraded
exclusively by the UPS, smaller OMM proteins are degra-
ded by both the UPS and the lysosomal system. This
observation can be explained by a previously proposed
model in which degradation of some (larger) OMM proteins
destabilizes the OMM, eventually resulting in its fragmen-
tation [13]. This mechanism is further supported by the fact
that (i) uncouplers-induced mitochondrial depolarization is
associated with a considerable increase in mitochondrial
volume (by 65-140%) without change in surface area of
the membranes [16] and (ii) the surface of the IMM is
approximately 5-fold larger than that of the OMM, which
additionally increases pressure and tension on the already
destabilized OMM. In the next step, those OMM fragments
that carry partially ubiquitinated proteins, are further
degraded by the lysosomes. In contrast, IMM proteins and
those of the mitochondrial matrix are almost exclusively
degraded through the lysosomes. However, their degrada-
tion still depends on a functional UPS system.

Interestingly, the kinetics of Valinomycin-induced
degradation of HSP60 and SOD2 differed from those of
all other mitochondrial proteins analyzed in that their levels
remained unchanged after even up to 24 h of treatment. This
is consistent with a previous study showing that not only
HSP60 and SOD2 but also another mitochondrial matrix
protein, i.e., ATP synthase Fl-beta-subunit (F1f), is not
affected by mitochondrial depolarization [12]. In case of
autophagy (mitophagy), the degradation rate of all IMM and
mitochondrial matrix proteins would be expected to be
more or less comparable since the content of the autopha-
gosomes is non-selectively degraded via acidic lysosomal

suppressed
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proteins. ¢ UPS-mediated proteolysis of large OMM, increased intra-
mitochondrial pressure and intrinsic pressure of IMM on the OMM
leads to its destabilization and rupture. d Prolonged Valinomycin- or
CCCP/FCCP-induced increase of the intramitochondrial pressure and
lack of OMM destabilize the IMM and lead to its rupture. Mito-
chondrial debris is removed by lysosome-mediated proteolysis and
lipolysis

hydrolases [28]. On the other hand, this does not necessarily
negate a role of autophagy in this process, as it has been
shown before that some proteins, including SOD2, are
partially resistant to lysosomal proteases [36].

Finally, the experiments using autophagy-incompetent
cells, i.e., ATG7XC cells showed that removal of damaged
mitochondria starts independently of autophagy. Most
likely, autophagy serves only to remove debris of mito-
chondria that are previously identified by PINK1 and par-
tially lysed by the UPS. Therefore, future studies should be
focused on identifying and targeting a mechanism that can
complement the impaired PINKI1/Parkin/UPS machinery
rather than boosting autophagy.

Our data collectively suggest that PINK1-/Parkin-depen-
dent removal of damaged mitochondria can be partially
accomplished via a mechanism other than macroautophagy.
This mechanism, however, requires both a functional pro-
teasome and lysosomal system. It is tempting to speculate
that the uncoupler-initiated, UPS-mediated destabilization of
mitochondrial membranes leads to their disruption, followed
by the lysosomal-mediated removal of mitochondrial debris
(Fig. 10). Taking the above-mentioned into account, “UPS-
initiated, lysosome-executed mitolysis” would be a
mechanism that takes place in parallel with autophagy. A
recent study suggested that an alternative, MAPKI- and
MAPK14-mediated form of autophagy induced by starva-
tion or hypoxia is involved in mitophagy [35]. However, as
the authors pointed out in their study, starvation or hypoxia
did not decrease the levels of several mitochondrial proteins
studied, indicating that only a small fraction of the mito-
chondrial pool was degraded. In contrast, treatment with
CCCP/FCCP or Valinomycin results in efficient, complete
loss of mitochondria. Furthermore, their study relied mainly
on one mitochondrial marker, i.e., mt-Keima. Here, we
demonstrate that a comprehensive investigation of mito-
chondrial clearance requires the simultaneous analysis of
several mitochondrial proteins localized in all three mito-
chondrial compartments, as they are differentially degraded
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through UPS- and lysosome-mediated proteolysis. Finally,
although initially suggested as a suitable alternative to
CCCP, Antimycin A and Oligomycin were able to depoly-
merize mitochondria without activation of macroautophagy
[25]. However, unlike Valinomycin, they failed to induce
mitochondrial clearance [35].

Our findings thus warrant further studies using Valino-
mycin as a mitochondrial stressor to (i) investigate the exact
role of the UPS in mitophagy, (ii) further dissect and elu-
cidate the important mechanism of (impaired) removal of
dysfunctional mitochondria in the pathophysiology of PD,
and (iii) to conclusively clarify the present controversy
regarding mitochondrial clearance in the context of PINK1-
and Parkin-based models.

Materials and methods
Cell culture

SH-SYS5Y cells and human dermal fibroblasts from a
healthy control and a PD patient harboring a homozygous
PINK] missense mutation (c.509T>G; p.V170G) were
grown at 37 °C under a 5% CO, humidified atmosphere in
Dulbecco’s modified Eagle medium (DMEM, PAA) sup-
plemented with 10% FBS (PAA) and 1% penicillin/strep-
tomycin (PAA). Cells used in the present studies were
between passages 4 and 12.

CRISPR/Cas9-mediated generation of PINK1 and
ATG7 knockout cells

PINKI and ATG7 knockout SH-SYSY cells were generated
using an RNA-guided CRISPR/Cas9 endonuclease. For
this, SH-SYSY cells were transiently transfected with epi-
somal vectors expressing both a human codon-optimized
Cas9 and a guide RNA (gRNA) containing a 19-base long
sequence that matches the human PINK] target sequence
5’-TGTCCGCGGGGAGCGTCC-3". To knockout ATG7, a
gRNAs containing a 19-base long sequence that matches
the human ATG7 target sequence 5'-GGGTTATTACTA-
CAATGGT-3" was used. Upon transfection, cells were
resuspended in growth medium, counted and plated onto
Petri dishes at a density of 1 cell/cm?. Cells were grown
until they formed distinct, monoclonal colonies. The colo-
nies were scraped off, transferred into different wells of a 6-
well plate, and propagated to obtain enough material for the
DNA extraction.

Antibodies

Proteins were separated by SDS polyacrylamide gel elec-
trophoresis (SDS PAGE) and detected by western blot

analysis using the following antibodies: anti-p-actin
(Sigma), anti-ATGS5 (Cell Signaling), anti-ATG7 (Cell
Signaling), anti-Complex II Fp subunit (Mitosciences),
F1FOATPase (« subunit) (Mitosciences), anti-GAPDH (Cell
Signaling), anti-GRP75 (Abcam), anti-HSP60 (Abcam),
anti-MT-CO2 (Mitosciences), anti-LC3 (Cell Signaling),
anti-MITOFUSIN 2 (Abcam), anti-Parkin (Cell Signaling),
anti-PINK1 (Cell Signaling), anti-SOD2 (Santa Cruz), anti-
Transcription factor A, mitochondrial (TFAM) (Abcam),
anti-TOM20 (Santa Cruz), anti-TOM40 (Santa Cruz), anti-
TOM70 (Abcam), and anti-VDAC1 (Abcam).

To quantify band intensities of immunoblots, the Total-
Lab TL100 v2006 1D-gel analysis software (Nonlinear
Dynamics) was used.

Immunofluorescence

Fibroblasts and differentiated neurons stably expressing
Parkin or/and MitoDsRed were grown on glass coverslips,
fixed in 4% formaldehyde for 15 min, permeabilized with
0.1% Triton X-100 and blocked in 4% normal goat serum in
PBS for 1 h. Immunofluorescence staining was performed
using primary antibodies against Parkin (1:200; Cell Sig-
nalling), TOM20 (1:400; Santa Cruz Biotechnology), and
GRP75 (1:400; Abcam). Appropriate secondary antibodies
were obtained from Santa Cruz.

Cell viability analysis

Cell viability was evaluated with the trypan blue exclusion
assay. For this, cells were treated with various concentra-
tions of either Valinomycin or FCCP for 16h. Both
detached and adherent cells were collected by accutase
(Thermo Fisher Scientific) and centrifuged at 300g for 5
min. Resulting cell pellets were resuspended in 1x PBS and
mixed with 0.4% trypan. The ratio between dead and live
cells was measured using an automated cell counter
(Countess, Thermo Fisher Scientific).

Lentiviral particles expressing wildtype Parkin or
small hairpin RNA against LC3s, GABARAP, or
GABARAPL2 mRNA

A lentiviral plasmid overexpressing Parkin (pER4-Parkin)
has been described previously [37]. Lentiviral particles
expressing a small hairpin RNA against LC3 mRNAs were
generated using pLKO.l puro vector (a gift from Bob
Weinberg (Addgene plasmid # 8453)) [38]. The following
sequences in LC3A and LC3B mRNAs were targeted: in
LC3A 5'-GCGAGUUGGUCAAGAUCAUCC-3', in LC3B
5'-GCUUACAGCUCAAUGCUAAUC-3'. To knock down
GABARAP and GABARAPL2, the following sequences were
targeted using lentiviral particles expressing shRNAs: in
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GABARAP 5'-GCCUACAGUGACGAAAGUGUC-3', in
GABARAPL2 5'-GCGAAGAUUCGAGCGAAAUAU-3'.

Transmission electron microscopy

After treatment, cells were scraped off, washed in 1x PBS,
centrifuged at 300g, and the supernatant was removed. Cells
were resuspended in Monti’s fixative (2% glutardialdehyde,
0.6% paraformaldehyde, and 0.03% CaCl, in 0.06 M
cacodylate buffer, pH 7.35) for 1h, centrifuged and kept
in fixative for at least 24 h. The pellet was washed in
0.1 M cacodylate buffer pH 7.35 and subsequently treated
for 2 h with 2% osmium tetroxide in water. After washing
in cacodylate buffer, the pellet was dehydrated with
increasing concentrations of ethanol, transferred to propy-
lene oxide followed by mixtures of propylene oxide and
araldite (2+1 and 142), embedded in araldite and poly-
merized at 60°C for 48h. Thin sections were cut
(approximately 70nm thick) using an ultramicrotome
(Ultracut E, Leica, Bensheim, Germany) and transferred
to 200 mesh nickel grids (Plano, Wetzlar, Germany). Sec-
tions were stained with 0.5% uranyl acetate followed by 3%
lead citrate using an automated grid stainer (Ultrastainer,
Leica). Sections were evaluated using a Jeol 1011 trans-
mission electron microscope (Jeol, Freising, Germany)
and documented with a Morada TEM Camera (Olympus,
Hamburg, Germany).
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