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The accumulation of misfolded proteins
in the mitochondrial matrix is sensed by PINK1
to induce PARK2/Parkin-mediated mitophagy
of polarized mitochondria
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Defective mitochondria exert deleterious effects on host cells. To manage this risk, mitochondria display several lines
of quality control mechanisms: mitochondria-specific chaperones and proteases protect against misfolded proteins
at the molecular level, and fission/fusion and mitophagy segregate and eliminate damage at the organelle level. An
increase in unfolded proteins in mitochondria activates a mitochondrial unfolded protein response (UPR™) to increase
chaperone production, while the mitochondrial kinase PINK1 and the E3 ubiquitin ligase PARK2/Parkin, whose mutations
cause familial Parkinson disease, remove depolarized mitochondria through mitophagy. It is unclear, however, if there
is a connection between those different levels of quality control (QC). Here, we show that the expression of unfolded
proteins in the matrix causes the accumulation of PINK1 on energetically healthy mitochondria, resulting in mitochon-
drial translocation of PARK2, mitophagy and subsequent reduction of unfolded protein load. Also, PINK1 accumulation
is greatly enhanced by the knockdown of the LONPT protease. We suggest that the accumulation of unfolded proteins in

mitochondria is a physiological trigger of mitophagy.

Introduction

Thought to mitigate the deleterious effects of reactive oxygen
species leaking from the electron transport chain in the mito-
chondrial inner membrane, eukaryotic cells are equipped with
systems to detect and abrogate mitochondrial dysfunction at
various levels.! The first line of defense is composed of molecu-
lar chaperones and proteases dedicated to maintain the correct
folding and the number of proteins in mitochondria. For exam-
ple, owing to the complicated architecture of respiratory chain
complexes and dual sources of genetic information stemming
from mitochondrial and nuclear genomes it is crucial to main-
tain the correct stoichiometry of individual components. Newly
synthesized proteins with mitochondrial targeting signals are
guided to mitochondria by cytosolic HSP70 and HSP90 chap-
erones and imported with the help of HSPA9/mcHsp70.>* Then
the imported proteins achieve their proper conformations with

the aid of HSPA9, HSPD1/HSP60, and HSPE1/CPN10.> The
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proteins that cannot fold into the proper tertiary structures are
degraded by mitochondrial proteases such as CLPP and LONDP1.
If the level of misfolded or unfolded proteins overwhelms the
capacity of the mitochondrial chaperone systems, mitochondria
send a retrograde signal to the nucleus to increase the expres-
sion of chaperones and proteases, which is called mitochon-
drial unfolded protein response.” In mammalian systems, the
expression of a deletion mutant of ornithine carbamoyltrans-
ferase (AOTC) yields Triton X-100 insoluble protein aggre-
gates in the mitochondrial matrix triggering the expression of
DNA-damage-inducible transcript 3 (DDIT3/CHOP), a tran-
scription factor responsible for the transcriptional upregulation
of HSPDI, DNAJA3 (a mitochondrial DnaJ/Hsp40 homolog)
and CLPP7® In C. elegans, treatment with ethidium bromide,
which reduces mitochondrial DNA transcription and replica-
tion, or knockdown of the mitochondrial protease spg-7/para-
plegin or mitochondrial chaperone genes activates UPR™.? In
this process, the short peptides generated by the mitochondrial
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matrix protease CLPP-1 are exported to the cytosol through
the inner membrane ABC transporter HAF-1 to activate the
cytosolic transcription factor ATFS-1 (activating transcription
factor associated with stress), which is otherwise constitutively
imported and degraded in mitochondria.'!? Activated ATFS-1
is prevented from import into mitochondria by an unknown
mechanism diverting it from degradation, thereby allowing it to
translocate to the nucleus to activate the transcription of UPR™-
related genes.!?

Another level of quality control occurs at the organelle level.
The mitochondrial serine/threonine kinase, PINKI (PTEN-
induced putative kinase 1) and the cytosolic E3 ubiquitin ligase
PARK2/Parkin, which have been linked to autosomal recessive
forms of Parkinson disease,'' cause mitophagy of damaged
mitochondria.”?° In healthy mitochondria that maintain their
membrane potential, PINK1 levels remain very low or unde-
tectable due to constitutive import into the mitochondrial inner
membrane where PINKI is cleaved by PARL to generate an
N-terminal degron motif and subsequently eliminated by N-end
rule proteasomal targeting in the cytosol.'**"?> However, when
a mitochondrion loses membrane potential, PINKI import is
blocked and it accumulates on the outer membrane, where it
recruits PARK2 specifically to the damaged mitochondrion and
activates PARK2 E3 enzyme activity to ubiquitinate mitochon-
drial substrates and initiate mitophagic clearance.

Pimenta de Castro and colleagues showed that PINK1 mutant
Drosophila accumulate misfolded components of respiratory
chain complexes and increase UPR™.? Also, the accumulation
of AOTC in the mitochondrial matrix activates AMP-activated
protein kinase-dependent autophagy, resulting in a phenotype
similar to that of PINK1 and Parkin mutant flies. This suggests
a genetic interaction between the UPR™ pathway and the auto-
phagy machinery.

In this study we showed that excess loading of unfolded pro-
teins in the mitochondrial matrix can initiate PINK1/PARK2-
mediated mitophagy. We found that the overexpression of AOTC
induces PINK1 accumulation, PARK2 translocation, mitophagy
and the reduction of unfolded proteins. Notably, AOTC overex-
pression-mediated PINK1 accumulation is not accompanied by
mitochondrial depolarization, suggesting the presence of another
mechanism for PINK1 accumulation, independent of membrane
potential loss. We also found that the mitochondrial protease,
CLPP, which mediates UPR™ in C. elegans, does not mitigate
the unfolded protein-induced PINK1 accumulation, but the
matrix protease LONP1 does. Based on the presented results, we
propose that the overwhelming QC demands at the protein level
can induce QC at the organelle level.

Results

Expression of unfolded proteins in the mitochondrial matrix
induces the accumulation of full-length PINK1 on mitochon-
dria that maintain membrane potential

We hypothesized that mitochondria overloaded by unfolded
proteins beyond the chaperone capacity might be removed
by mitophagy. To test this hypothesis we overexpressed the
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deletion mutant of OTC (AOTC) that is known to accumu-
late in the mitochondrial matrix and induce UPR™ in mam-
malian cells and in Drosophila,”* and measured the level of
PINKI, which accumulates on mitochondria lacking membrane
potential and initiates PARK2-mediated mitophagy. Transient
expression of AOTC greatly increased the level of PINKI on
mitochondria and the level of the UPR™ marker, DDIT3, in
the nucleus (Fig. 1A). To confirm this result, we established
HeLa-TetOn stable cells lines expressing wild-type (wt) OTC
or AOTC in a doxycycline (Dox)-inducible manner. The
expression of AOTC was detected after 24 h of Dox treatment,
whereas PINK1 levels gradually increased up to 72 h of Dox
treatment (Fig. S1A). The subcellular localization of AOTC in
the matrix was confirmed by the subcellular fractionation and
proteinase K protection assay (Fig. S1B and S1C). To examine
if the accumulation of PINKI was specific for the accumula-
tion of unfolded OTC, we treated vector, wtOTC or AOTC-
expressing stable HeLa-TetOn cell lines with Dox for 72 h
(Fig. 1B). When cells were extracted with 0.5% Triton-X100
(TX-100), wtOTC was detected in the soluble fraction and
AOTC in the insoluble fraction as shown previously,” indicat-
ing that AOTC is misfolded in detergent-insoluble aggregates.
Notably, PINK1 accumulation was detected only in AOTC-
expressing cells. A likely explanation for these results is that the
expression of AOTC causes depolarization of mitochondria, the
only known mechanism to accumulate endogenous PINK1 on
mitochondria.’® To assess this possibility, we measured mito-
chondrial membrane potential by quantifying tetramethyl-
rhodamine, ethyl ester (TMRE) intensity in cells treated with
or without Dox using FACS (Fig. 1C). Surprisingly, AOTC
expression did not lower mitochondrial membrane potential,
suggesting that AOTC-expressing cells accumulate PINK1 by
a mechanism distinct from that of uncouplers such as CCCP.
We therefore examined OPA1 isoform proteolysis for indepen-
dent evidence of mitochondrial membrane potential mainte-
nance in AOTC-expressing cells (Fig. 1D). OPAI expresses five
different isoforms by alternative splicing and proteolytic cleav-
age. The longer forms are constitutively cleaved by YMEILI
and inducibly cleaved by the activated mitochondrial protease
OMAL1 in depolarized mitochondria.?*?* While CCCP-treated
cells displayed a complete loss of long OPAL1 isoforms, AOTC-
expressing cells maintained all isoforms intact confirming the
TMRE measurements that the mitochondria are not depolar-
ized. We confirmed the western blot analyses by confocal imag-
ing of PINKI following transfection of PINKI1-YPF into cells
expressing AOTC (Fig. 1E). In the absence of Dox or CCCP,
we could not detect the YFP signal due to the rapid degradation
after import as previously shown.?! In Dox- or CCCP-treated
cells, however, there was a clear increase in YFP signal local-
ized with mitochondria, confirming that these two treatments
induce PINKI1 accumulation. Furthermore, while mitochon-
dria in CCCP-treated cells became fragmented as an established
consequence of OPA1 degradation by OMA1,% the mitochon-
dria in Dox-treated cells displayed an elongated network, again
corroborating that mitochondria are not depolarized in AOTC-
expressing cells.
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PINK1 accumulation by the expression of unfolded protein
is fully functional for PARK2-mediated mitophagy to reduce
unfolded proteins

We tested if PINKI1 accumulation induced by AOTC
expression is functional for downstream PARK2 recruitment
and mitophagy. The topology of the accumulated PINK1 was
assessed by a protease protection assay as described in Materials
and Methods (Fig. 2A). Endogenous PINKI that accumu-
lated upon AOTC expression and control outer mitochondrial
membrane protein TOMM20/TOM20 were degraded after
exposure to very low concentrations of proteinase K. However,
cytochrome C (CYCS) in the intermembrane space (IMS) and
HSPA9 and AOTC in the matrix were stable up to 100 pg/
ml of proteinase K, indicating that the PINKI that accumu-
lated on mitochondria by AOTC expression is exposed to the
cytosol. We also determined whether AOTC expression would
induce PARK2 recruitment to mitochondria (Fig. 2B). HeLa
cells stably expressing YFP-PARK2 were transiently transfected
with vector, wtOTC or AOTC. After 48 h of transfection,
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A 0*" <O B Figure 1. The expression of AOTC in the mito-
9O «kpa Mock ~ wtOTC ~ AOTC chondrial matrix induces the accumulation of
72 Dox - + - - 4+ kDa full-length PINK1 without loss of membrane
PINKT | s 72 potential. (A) HeLa cells were transiently trans-
— 55 PINK1 - @ fected with vector or AOTC constructs for 48
AOTC - — 26 E ig h and then fractionated. Mitochondrial and
,g sl ore — ey nuclear fractions were directly solubilized in 1x
L sample buffer and used for western blotting with
ATP5AT | qum | - 26 the indicated antibodies. ATP5A1 (ATP synthase,
[ 72 H* transporting, mitochondrial F1 complex, a
TOMM20 | s — 17 17T Y P ——— subunit 1, cardiac muscle), TOMM20, and LMNB1
. —— 34 served as loading controls for each fraction. (B)
(2] DDIT3 | s - 43 HelLa-TetOn cells stably transduced by retrovirus
2 2 Sol - L 34 expressing wtOTC or AOTC were treated with
2| LMNB1 | s e [ 72 8 o 55 doxycycline (Dox; 1 pg/ml) for 72 h. One half of
; each sample was solubilized in 1x sample buffer
n = - 43 and the other half was fractionated into 0.5%
C % S :s ingdl 34 Triton X-100 soluble and insoluble fractions. Each
%i 0‘8 -l 26 fraction was analyzed for expression of PINKI1
% i 0:6 and/or OTC. TUBA served as a loading control. (C)
§2 04 AOTC/HeLa-TetOn cells were incubated for 72 h
gg 02 with or without Dox (1 wg/ml). After 72 h, cells
Y E PINK1-YFP DsRed Merged were detached, stained with TMRE, and analyzed
Vel Dox  CCCP for the intensity of TMRE using FACS. As a nega-
cotp i B tive control, untreated cells were stained with
D — —— e S TMRE and treated with CCCP (2 M) before FACS
analysis. FACS results were represented as mean
OPAT | 888 e o 8- % + SEM from three independent experiments. (D)
PINK' | g = o 72 . AOTC/HeLa-TetOn cells were treated with CCCP
- . 55 ” (10 M) for 2 h or Dox (1 wg/ml) for 72 h, and then
AOTC ' — 26 a analyzed by western blotting with the indicated
ACTB - - . . antibodies. ACTB, TOMM20, HTRA2, and HSPA9
17 served as loading controls for total, OMM, IMS,
TOMM20 | s s e . and matrix proteins, respectively. (E) AOTC/
N — - g Hela-TetOn cells were transiently transfected
o with a PINK1-YFP/IRES (internal ribosome entry
HSPAY | e ——( 72 . site)/DsRed construct for 24 h and then treated
as in (D). The accumulation of PINK1-YFP and
mitochondrial morphology in cells expressing
DsRed were analyzed by confocal microscopy.
Scale bars: 20 wm. White boxes in the left panels

are magnified on the right.

cells were stained with TMRE to visualize the mitochondrial
membrane potential. While PARK2 remained in the cytosol in
vector- or wtOTC-expressing cells, CCCP-treated or AOTC-
expressing cells showed translocation of PARK2 to mito-
chondria. Notably, AOTC-expressing cells showed PARK2
translocation to mitochondria that displayed normal TMRE
staining compared with the complete loss of TMRE staining
in mitochondria localized with PARK2 in CCCP-treated cells
(Fig. 2B). To test whether the observed PARK2 translocation
is dependent on PINKI1 accumulated by AOTC as in CCCP-
treated cells, we examined the effect of PINKI knockdown
and found that the AOTC-induced PARK2 translocation
was completely abolished by PINKI knockdown, indicating
it was completely dependent on PINK1 (Fig. SIF and S1G).
Moreover, when HeLa cells stably expressing YFP-PARK2 and
mito-DsRed were transiently transfected with vector or AOTC,
we could detect some cells completely lacking mitochondria,
confirming that PARK2 was able to initiate mitophagy upon
unfolded protein stress (Fig. 2C). PARK2 translocation and

Volume 9 Issue 11

Do not distribute.

I0Science.

©2013 Landes B



A Proteinase K (mg/ml)

0o 1 2 5 10 20 50 100 kDa
[ & | B ) =72
PINK1 "...‘OO.‘»... ~
[ — 55 8
=
TOMM20 — 0 e e e — 17
CYCS --.....—17
10 'C_)
HSPAY | e ey enp emp oI ob - - | 75 g
AOTC | e . cnmmn. wnn. cn. s w— w— — 206

YFP-PARK2 Mito-DsRed

Merged

B

YFP-PARK2 TMRE

Merged

Mock

wtOTC Mock+CCCP

AOTC

D 72h

YFP-PARK2 - - ¥ 4 4
Dox -+ -+ -
BAF =~ « = = @
95
PARK2 - - @& - 72
AOTC - - — 26
HSPAQ | m s s s s 72
e s ———— ]
P = - —— — =%
GAPDH | e o o—
34

YFP-PARK2 - - + +
Dox - + - +

95
43
34

Figure 2. PINK1 accumulated by the expression of AOTC is exposed to the cytosol, recruits PARK2 and induces mitophagy. (A) AOTC/HeLa-TetOn cells
were treated with Dox (1 wg/ml) for 72 h. Mitochondria were fractionated and subjected to a proteinase protection assay with proteinase K at the indi-
cated concentrations as described in Materials and Methods. Protected protein levels were measured by western blotting with the indicated antibod-
ies. (B) HeLa cells stably expressing YFP-PARK2 were transiently transfected with vector, wtOTC or AOTC. After 48 h of transfection, cells were stained
with TMRE and imaged by confocal microscopy. One replicate transfected with vector was treated with CCCP (10 M) for 2 h prior to TMRE staining as a
control. Scale bars: 20 wm. (C) Hela cells stably expressing YFP-PARK2 and mito-DsRed were transiently transfected with vector or AOTC for 72 h then
analyzed for mitophagy by confocal microscopy. *Cells not showing mito-DsRed signal. Scale bars: 20 um. (D and E) AOTC/HelLa-TetOn cells with or
without the stable expression of YFP-PARK2 were treated with Dox (1 pg/ml) for 72 h (D) or 120 h (E) in the presence or absence of autophagy inhibitor,
bafilomycin A, (BAF), for the last 24 h (D). Whole cell lysates were analyzed by western blotting with the indicated antibodies. HSPA9 and GAPDH served

as loading controls for mitochondrial and total proteins, respectively.

PARK2-induced mitophagy by AOTC expression was con-
firmed in the stable AOTC/HeLa-TetOn cell line (Fig. 3B and
C; Fig. S1D, S1E, and S1G).

Finally, we tested whether the induced mitophagy can ame-
liorate the mitochondrial burden of unfolded protein. AOTC/
HeLa-TetOn cell lines with or without the stable expression of
YFP-PARK?2 were treated with Dox for 72 h in the presence or
absence of the autophagy inhibitor, bafilomycin A, (BAF) for
the last 24 h. Interestingly, the level of accumulated AOTC was
reduced in the cells expressing YFP-PARK2 and this was blocked
by exposure to BAF, indicating that AOTC was selectively
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degraded by PARK2-mediated autophagy (Fig. 2D). When
the cells were incubated for a longer period (120 h), the reduc-
tion of AOTC level was more obvious (Fig. 2E). Furthermore,
when YFP-PARK2 was expressed in AOTC-expressing cells,
mitochondria became fragmented (Fig. 2B), in contrast to cells
lacking PARK2 expression (Fig. 1E). PARK2 may induce frag-
mentation by MFN1 and MFN2 elimination by the UPR™ to
facilitate autophagosome engulfment.

UPR™-induced PINKI1 accumulation and PARK2 trans-
location is mitigated by the mitochondrial matrix protease

LONP1

1753

Do not distribute.

I0Science.

©2013 Landes B



A B g Figure 3. Endogenous LONP1 mitigates AOTC and
g(: ‘%“ PINK1 accumulation. (A-D) AOTC/HelLa-TetOn (A
Qs and D) or AOTC/YFP-PARK2/HelLa-TetOn (B and
. £5 C) stable cell lines were transfected with non-
siRNA CTRL CLPP  LONP1 B . .
kDa = targeting control (CTRL), CLPP or LONPT siRNAs.
Dox - + - + - + o 8¢ After 24 h, cells were treated with Dox (1 pg/ml)
PINK1 - - ."’.. X for 72 h. (A) The level of PINK1 and AOTC and the
} ~ 55 efficiency of knockdown were analyzed by west-
g ps: B - ern blotting with the indicated antibodies. TUBA,
a0TC % C 23 100 M Partial TOMM20, HTRA2, and HSPA9 served as loading
- 34 S _‘F:_ 80 L] Comaiete controls for total, OMM, IMS, and matrix proteins,
CLPP | s T—— 5 £2 60 P respectively. (B and C) The numbers of cells with
1-130 s E 40 YFP-PARK2 on mitochondria (B) or with the indi-
LONPT | s e o s e 22 cated amount of mitochondria (C) were counted
R R o s Py R i in each experimental setting. ***P < 0.001; n.s., not
TUBA | e s e at o a5 S 01— i . E . significant. Counting results were represented as
mean = SEM from three independent experiments.
TOMM20 | c s o . . e~ 17 D E T 14 (D) TMRE intensity of each group was measured as
= i 1.2 T in Figure 1E using FACS analysis. FACS results were
HTRAZ | o e o s . | E 3 1.0 e T represented as mean + SEM from three indepen-
@ il dent iments.
HSPAY | s --—‘-l— 72 % g gg et experiments
S 2 064
G >
o [ |
£ £ 0.0
Dox. - *+ - + - #
siRNA: CTRL CLPP LONP1

CLPP is required to generate short peptides as a signal from
the mitochondrial matrix to the cytosol to induce the UPR™ in
C. elegans.® To test if CLPP is required for unfolded protein-
induced PINK1 accumulation, we downregulated CLPP expres-
sion using siRNA (Fig. 3A). In contrast to the UPR™ in C.
elegans, knockdown of CLPP did not prevent PINKI accumula-
tion induced by AOTC expression (lane 2 vs. 4), indicating that
PINKI1 accumulation is not mediated by CLPP-generated pep-
tides in mammalian cells. We also tried knockdown of LONP]I,
which degrades denatured or oxidatively damaged proteins
(Fig. 3A).%”*® On the one hand, knockdown of LONPI strongly
increased the amount of AOTC and PINKI1 accumulated by
mitochondria (lane 2 vs. 6). This suggests that LONPI degrades
excess unfolded or misfolded proteins and normally mitigates
PINKI1 accumulation that is dependent on the residual unfolded
or misfolded proteins. On the other hand, the knockdown of
either CLPP or LONPI without the expression of AOTC did
not induce the accumulation of a significant amount of PINK1
in mitochondria (Fig. 3A, lanes 1, 3, and 5) or DDIT3 in the
nucleus (Fig. S2). To confirm the accumulation of PINKI1 by
LONPI knockdown in AOTC-expressing cells, we quantified
PARK?2 translocation and mitophagy in cells transfected with
nontargeting control, CLPP or LONPI siRNA (Fig. 3B and
C). Consistent with the PINKI accumulation results, PARK2
translocation and mitophagy were not affected by knockdown
of CLPP but were greatly increased by knockdown of LONPI.
Also, mitochondrial fragmentation was observed upon induction
of AOTC expression only in the presence of PARK2, suggesting
the fragmentation is dependent on the PARK2-mediated degra-
dation of MFN1 and MFN2 regardless of the level of CLPP or
LONPI (Fig. S3).
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As LONP1 plays important roles in the mitochondrial
matrix, it is possible that knockdown of LONPI causes mito-
chondrial depolarization. However, FACS analysis of cells trans-
fected with the indicated siRNAs revealed TMRE intensities not
significantly different from those of cells lacking Dox treatment
(Fig. 3D), indicating that the accumulation of PINKI in cells
expressing less LONPI is not due to the loss of mitochondrial
membrane potential.

Discussion

Mitochondrial QC is elaborately organized at the molecular
level with chaperones and proteases, at the transcriptional level
through the UPR™, and at the organelle level by mitophagy.
It seems reasonable that the failure of QC at one level would
initiate QC at the next level. Our results indicate that such a
hierarchical link between QC levels indeed exists. We have pre-
viously shown that PINK1 imported through the translocase of
outer mitochondrial membrane (TOMM) complex is not fur-
ther imported through the translocase of inner mitochondrial
membrane (TIMM) complex if mitochondria are depolarized,
but instead accumulates on the outer mitochondrial membrane
(OMM) associated with the TOMM complex.'®?"#*3 This
appears to stem from the absence of a membrane potential driv-
ing force for TIMM complex import. Interestingly, the expres-
sion of misfolded protein causes the accumulation of PINKI on
the OMM, despite maintenance of mitochondrial membrane
potential. This result suggests that the accumulated unfolded
proteins in the matrix inhibits the TIMM complex by an alter-
native mechanism or facilitates the lateral release of PINKI to
the OMM before the start of import through TIMM complex.
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PINKI accumulation by the knockdown of PMPC/MPP encod-
ing peptidase (mitochondrial processing) in the absence of mem-
brane potential loss may be due to the misfolding of the matrix
proteins containing the N-terminal targeting signal which
should be removed by PMPC in normal mitochondria.?!

Regardless of the PINKI1 accumulation mechanism, the
accumulated PINKI recruits PARK2 to mitochondria and
induces mitophagy. In this situation, a critical point is whether
this mitophagy can alleviate the proteinaceous stress in the
matrix. As shown in Figure 2D and E, the level of accumulated
unfolded AOTC is mitigated in an autophagy-dependent man-
ner, supporting our hypothesis for the hierarchical interrela-
tion between the QC at the molecular level and the organellar
level. Consistent with this model, a recent paper by Rana et al.
reported that overexpressed Parkin reduces proteotoxicity and
extends life span in Drosophila.>

When C. elegans are given a proteinaceous stress, peptide
fragments generated by ClpP are exported to the cytosol to acti-
vate the UPR™-responsive transcription factor, ATFS-1."%" This
unique transcription factor has both a mitochondrial target-
ing signal and a nuclear localization signal. Following stress, a
reduced efficiency of mitochondrial import allows the nuclear
localization of ATFS-1."2 This general strategy is reminiscent of
the mitochondrial import-dependent regulation of PINK1 sta-
bility and localization.? As PINK1 accumulates upon misfolded
protein accumulation in mammalian cells, the modulation of
import machinery by the unfolded proteins may be a general
mode to respond to a proteinaceous stress.

However, in mammalian systems that we used in this report,
downregulation of CLPP did not inhibit PINK1 accumula-
tion induced by overexpression of unfolded protein or affect
the level of AOTC itself, indicating that CLPP is not trigger-
ing PINK1 accumulation through peptide generation or AOTC
degradation. However, the knockdown of another mitochondrial
protease, LONPI, robustly increased AOTC and PINKI1 accu-
mulation, suggesting that AOTC is degraded to some extent by
LONPI and that the level of accumulated unfolded protein is
important for PINK1 accumulation rather than peptide frag-
ments generated by the protease. This result corresponds to the
suggested hypothetical hierarchy of mitochondrial QC. Namely,
once the presence of unfolded proteins is detected beyond the
capacity of steady-state mitochondrial chaperones and pro-
teases to manage, a retrograde signal is sent to the nucleus to
increase mitochondrial chaperone expression. If the capacity
of QC through the induction of UPR™ fails to maintain pro-
tein homeostasis upon proteinaceous stress, mitophagy is initi-
ated stemming from the accumulation of PINKI. Thus, UPR™
appears to occur upstream of PINKI accumulation through a
mechanism of induction independent of membrane potential.

In conclusion, our results indicate that the accumulation
of misfolded proteins in the mitochondrial matrix can initiate
mitophagy mediated by PINK1 and PARK2 by a mechanism
independent of mitochondrial depolarization. Considering the
interrelation between neurodegenerative diseases and aggregate-
prone peptides, this situation might have more pathophysi-
ological relevance to disease than complete depolarization of
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mitochondria that has previously been established to induce
mitophagy.

Materials and Methods

cDNAs, siRNAs, and transfection

Wild-type and deletion mutant (A30-114) OTCs in
pCAGGS were a gift from NJ Hoogenraad (La Trobe University,
Melbourne, Australia). The inserts were amplified by PCR
and cloned into pRetroX-TRE3G (Clontech, 631188). YFPD-
PARK2 and PINKI-YFP were cloned in pBMN-LacZ (Allele
Biotechnology, ABP-PVL-10011; LacZ was removed) and
pRetroX-IRES-DsRedExpress  (Clontech, 632521), respec-
tively. For transient expression of OTC constructs, cells were
plated in borosilicate chamber slides for imaging, 6-well plates
for preparation of whole cell lysates, and 150-mm culture dish
for subcellular fractionation. One day after plating, cells were
transfected with the indicated constructs using Fugene HD
(Promega, E2312) according to the manufacturer’s guidelines.
Negative control siRNA and smartpool siRNAs for LONPI
and PINKI were purchased form Thermo Fisher Scientific
(D-001210-02, L-003979-00, and M-004030-02). siRNA for
CLPP (5-GCUCAAGAAG CAGCUCUAUU U-3") was gener-
ated from Qiagen. RNAiI MAX (Invitrogen, 56531) was used to
transfect the cells with siRNA according to the manufacturer’s
guidelines.

Production of retrovirus and generation of stable cell line

To produce retrovirus, 1.5 pg of pRetroX-TRE3G/wtOTC
or AOTC or pPBMN/YFP-PARK2 was tranfected in HEK293T
cells together with the plasmids encoding Gag-Pol (1.0 pg) and
VSV-G (0.5 pg) using Lipofectamine 2000 (Invitrogen, 52758).
Media was replaced at 24 h after transfection, and then, con-
ditioned media containing retroviral particles was collected
for another 24 h. Then, the collected media was directly used
to infect HeLa-TetOn cells to make a stable cell line express-
ing wtOTC or AOTC in a doxycycline-inducible manner.
Transduction mixtures were replaced with fresh medium after
6 h. After 48 h incubation in normal growth media, cells were
treated with puromycin (2 pug/ml) to select the transduced cells.
The established AOTC/HeLa-TetOn cell line was transduced
again with YFP-PARK2 retrovirus to make the AOTC/YFP-
PARK2/HeLa-TetOn cell line.

Cell culture and chemicals

All cell lines were maintained in Dulbecco’s modified Eagle’s
medium (31053) containing 10% fetal calf serum (BenchMark,
100-106), 20 mM L-glutamine (25030), 1 mM sodium pyruvate
(11360), 1x MEM nonessential amino acids (11140) at 37 °C
under an atmosphere of 5% CO,. All chemicals for cell culture
except for serum were purchased from Invitrogen.

Western blotting

Cells were washed twice with cold-PBS and then directly
lysed with 1x sample buffer for whole cell lysates or lysed with
PBS containing 0.5% Triton X-100 and centrifuged at 12,000
x g, 4 °C for 10 min. The supernatant fraction was used as the
Triton X-100 soluble fraction and the pellet fraction as the insol-
uble fraction. For subcellular fractionation, cells were treated as
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described previously?® and below, and then the pellets were lysed
with 1x sample buffer. Twenty g of proteins were separated by
4-20% Tris-glycine or Bis-Tris SDS-PAGE. The following anti-
bodies were used: anti-PINK1, anti-LONP1 (Novus Biologicals,
BC100-494 and NBP1-81734,), anti-OTC, anti-TOMM20/
TOM20 (Santa Cruz Biotechnology, Inc., sc-11415), anti-
CLPP (Abcam, ab124822), anti-HTRA2/OMI (R&D Systems,
AF1458) and anti-GAPDH (Sigma-Aldrich, G-9545) rabbit
polyclonal antibodies; anti-LMNBI (Santa Cruz Biotechnology,
Inc., sc-6217) goat polyclonal antibody; anti-tubulin, a (TUBA)
(Invitrogen, 32-2500), anti-B-actin (ACTB) (Sigma-Aldrich,
A-3853), anti-cytochrome C (CYCS), anti-OPA1 (BD, 556433
and 612607), anti-mitochondrial ATP synthase o subunit
(ATP5A1) (Abcam, abl4748), anti-DDIT3 and anti-HSPA9
(Thermo Fisher Scientific, Inc., MA1-250 and MA3-028)
mouse monoclonal antibodies.

Subcellular fractionation and proteinase K treatment

For mitochondrial isolation, cells were homogenized using a
Teflon pestle (Thomas Scientific, 3431E20) in 20 mM HEPES
(pH 7.6), 220 mM mannitol, 70 mM sucrose, 1 mM EDTA,
0.5 mM phenylmethylsulfonyl fluoride and 2 mg/ml BSA. Cell
homogenates were centrifuged at 800 x g at 4 °C for 10 min to
obtain nuclear pellets and then post-nuclear supernatants were
centrifuged at 10,000 x g at 4 °C for 20 min to obtain mito-
chondrial pellets. Both nuclear and mitochondrial fractions were
washed with homogenization buffer and solubilized with sample
buffer for western blotting.

For proteinase K digestion assays, freshly isolated mitochon-
dria were resuspended in 20 mM HEPES-KOH pH 7.4, 250
mM sucrose, 80 mM KAc, 5 mM MgAc and incubated with
various concentrations of proteinase K (Sigma, P6556) for 30
min on ice. A fraction of equally aliquoted mitochondria was
sonicated and then incubated with proteinase K as above for the
AOTC degradation experiment. Digestion was stopped by boil-
ing in sample buffer followed by separation by SDS-PAGE and

western blotting.

Live cell imaging and immunocytochemistry

For live cell imaging, cells were pulsed with 600 nM TMRE
for 5 min, washed with 150 nM TMRE in normal growth media
and imaged using an inverted confocal microscope (LSM510
Meta; Carl Zeiss, Inc.) with 63x/1.4 oil DIC Plan Apo objective.
In case of immunocytochemistry, cultured cells were fixed with
4% paraformaldehyde in PBS (USB, 19943) and permeabilized
with 0.5% Triton X-100 in PBS. After 30 min blocking with 10%
BSA in 0.5% Triton X-100 in PBS, cells were stained with anti-
PDHAL (pyruvate dehydrogenase [lipoamide] a 1) monoclonal
antibody (Abcam, ab110334) and then with the goat anti-mouse
IgG antibody conjugated with Alexa Fluor 594. Image contrast
and brightness were adjusted with Volocity (PerkinElmer).

FACS analysis

For flow analysis, cells were detached and counted. One x 10°
cells were aliquoted and washed with modified Ringer’s buffer
(127 mM NaCl, 5.5 mM KCI, 2 mM MgSO,, 2 mM CaClz,
0.5 mM KH,PO,, 20 mM HEPES, 10 mM glucose, 1% FBS,
pH 7.4). The cells were stained with 75 nM TMRE for 20 min
at 37 °C and washed with 7.5 nM TMRE in modified Ringer’s
buffer for equilibration. For a negative control, 2 wM CCCP
was added to duplicate samples. Samples were immediately ana-
lyzed at absorbance/emission = 549/573 nm on Moflo Astrios
(Beckman Coulter).
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