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Mitochondria are essential organelles that carry out a
number of pivotal metabolic processes and maintain cellular
homeostasis. Mitochondrial dysfunction caused by various
stresses is associated with many diseases such as type 2 dia-
betes, obesity, cancer, heart failure, neurodegenerative disor-
ders, and aging. Therefore, it is important to understand the
stimuli that induce mitochondrial stress. However, broad
analysis of mitochondrial stress has not been carried out to
date. Here, we present a set of fluorescent tools, called mito-
Pain (mitochondrial PINK1 accumulation index), which
enable the labeling of stressed mitochondria. Mito-Pain uses
PTEN-induced putative kinase 1 (PINK1) stabilization on
mitochondria and quantifies mitochondrial stress levels by
comparison with PINK1-GFP, which is stabilized under mito-
chondrial stress, and RFP-Omp25, which is constitutively
localized on mitochondria. To identify compounds that induce
mitochondrial stress, we screened a library of 3374 compounds
using mito-Pain and identified 57 compounds as mitochondrial
stress inducers. Furthermore, we classified each compound into
several categories based on mitochondrial response: depolari-
zation, mitochondrial morphology, or Parkin recruitment.
Parkin recruitment to mitochondria was often associated with
mitochondrial depolarization and aggregation, suggesting that
Parkin is recruited to heavily damaged mitochondria. In
addition, many of the compounds led to various mitochondrial
morphological changes, including fragmentation, aggregation,
elongation, and swelling, with or without Parkin recruitment or
mitochondrial depolarization. We also found that several
compounds induced an ectopic response of Parkin, leading to
the formation of cytosolic puncta dependent on PINK1. Thus,
mito-Pain enables the detection of stressed mitochondria un-
der a wide variety of conditions and provides insights into
mitochondrial quality control systems.

Mitochondria are complex organelles that play a variety of
roles in various metabolic processes, including energy pro-
duction, lipid synthesis, and protein translation, and as dy-
namic organelles, they frequently exhibit changes in shape,
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size, and distribution in response to various stimuli. These
proper functions of mitochondria are essential for cell sur-
vival (1). ATP production through the respiration chain is a
key activity in eukaryotes, but respiration in mitochondria
generates reactive oxygen species (ROS) (2, 3), which induce
oxidative stress, leading to damage of mitochondrial pro-
teins, DNA, and lipids (4–6). Misfolding of mitochondrial
proteins and defects in protein transport through mito-
chondrial translocons injure mitochondria as well (7, 8). The
effects of damaged mitochondria (e.g., generating ROS)
exacerbate DNA mutagenesis and lead to several deleterious
outcomes, such as aging and neoplastic transformation. To
prevent these negative effects, quality control systems
remove mitochondrial damaged proteins through the action
of mitochondrial proteases, which degrade mitochondrial
proteins, or by mitophagy, which degrades damaged mito-
chondria by autophagy (8–10). Therefore, defects in mito-
chondrial quality control systems increase the number of
damaged mitochondria, which results in several diseases,
such as Parkinson’s disease (11).

Mitochondrial depolarization is associated with mitochon-
drial stress. Because several fluorescent dyes, including tetra-
methylrhodamine methyl ester and MitoTracker, specifically
stain polarized mitochondria in cells, measurement of the
fluorescence intensity using these reagents enables the detec-
tion of mitochondrial depolarization (12, 13). JC-1, a ratio-
metric dye that stains polarized mitochondria red and
depolarized mitochondria green, is a sensitive indicator of
mitochondrial depolarization. However, most of them are not
suitable for use with fixation (14). Another problem is that, all
the reagents measure only mitochondrial stress accompanied
with mitochondrial depolarization. To understand mitochon-
drial stress, it is important to quantitatively detect a broad
range of mitochondrial stress types in addition to depolariza-
tion. Mitochondria are complex organelles in which most
mitochondrial proteins are encoded in the nuclear DNA, and
highly dynamic machines drive and contribute to mitochon-
drial translocases to import mitochondrial proteins (15).
However, disturbances of mitochondrial homeostasis by
mitochondrial stress cause a reduction in the protein import
activity. Hence, we hypothesized that measurement of mito-
chondrial import activity can be an indicator of mitochondrial
stress.
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Mitochondrial stress sensor
PTEN-induced putative kinase 1 (PINK1) is a mitochon-
drial protein identified as a responsible gene in Parkinson’s
disease (16, 17). PINK1 is a Ser/Thr kinase that undergoes
autophosphorylation and phosphorylates Parkin and ubiq-
uitin. PINK1–Parkin–mediated mitophagy has been well
characterized, and Parkin activated by PINK1 ubiquitinates
outer mitochondrial proteins that are targeted for mitoph-
agy, leading to the degradation of damaged mitochondria
(18–20). PINK1 is the critical factor in mitophagy because
PINK1 functions at the initial mitophagy step to distinguish
healthy and stressed mitochondria. For healthy mitochon-
dria, translated PINK1 is transported into mitochondria
through the Tom complex on the outer mitochondrial
membrane (OMM) and the Tim23 complex on the inner
mitochondrial membrane by a mitochondrial targeting
sequence (MTS). After passing through the Tim–Tom
complex, a mitochondrial protease cleaves the N-terminal
MTS of PINK1. Then, PARL, an inner mitochondrial
membrane–resident protease, further cleaves PINK1 within
the transmembrane domain (TMD). This truncated PINK1 is
retrotranslocated into the cytosol and degraded by the pro-
teasome (21–23). In stressed mitochondria (e.g., depolarized
mitochondria), the inactivated TIM23 complex does not
allow PINK1 passage; therefore, PINK1 is not cleaved by
PARL. Noncleaved PINK1 accumulates on the OMM, where
it is stabilized by autophosphorylation and multimerization,
thereby recruiting and then phosphorylating Parkin, which
subsequently ubiquitinates the mitochondrion for mitophagy
(23–25).

PINK1 is a mitochondrial quality control factor in addition
to inducing Parkin-mediated mitophagy upon mitochondrial
depolarization. Besides import inhibition caused by depolari-
zation, misfolding proteins in the mitochondrial matrix or
disturbance of mitochondrial calcium density also leads to
PINK1 recruitment to mitochondria (10, 26). So, mitochon-
drial PINK1 can be used as an indicator of mitochondrial
stresses. In addition, considering that the expression of Parkin
is restricted to some tissues, such as nerves and the liver,
ubiquitous expression of PINK1 may explain that PINK1 has a
Parkin-independent role in mitochondrial quality control (27,
28). Indeed, HeLa cells express endogenous PINK1, which is
recruited to depolarized mitochondria without the expression
of Parkin (21), suggesting that PINK1 might have roles in the
mitochondrial quality control system independent of Parkin.
Therefore, a broad exploration of the PINK1-mediated mito-
chondrial quality control system will contribute to the eluci-
dation of the molecular mechanism of mitochondrial quality
control.

To address the challenge posed by measuring mitochon-
drial stress, we generated a novel ratiometric fluorescent
sensor using PINK1 that quantitively measures various
mitochondrial stresses. We screened 3374 compounds using
the new screening strategy and identified various types of
mitochondrial stress inducers, including depolarization-
independent and Parkin-independent mitochondrial stress.
This novel tool is cost-effective and fixable, and it can be
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used to measure various mitochondrial stresses in culture
cells quantitatively.
Results

Development of a novel fluorescent sensor for quantification
of mitochondrial stress

To quantify mitochondrial stress, we generated a plasmid-
based ratiometric fluorescent sensor constructed with
PINK1-GFP, which is stabilized on mitochondria in a stress-
dependent manner. PINK1-GFP was linked with the T2A
“self-cleaving” peptide sequence (29, 30) and fused with RFP
and the TMD of Omp25 (31), which is a tail-anchored pro-
tein that is inserted into the OMM in a stress-independent
manner to compensate for its expression level. The resul-
tant plasmid (full-length PINK1-GFP-T2A-RFP-
Omp25TMD) is referred to as the mitochondrial PINK1
accumulation index (containing full-length PINK1) (mito-
Pain F) (Fig. 1A). During translation, PINK1-GFP-T2A-RFP-
Omp25TMD is cleaved at the T2A sequence, and the former
region generates PINK1-GFP, which is transported to mito-
chondria by the MTS in the N terminus of PINK1. The latter
region constitutes RFP-Omp25. In healthy mitochondria,
PINK1-GFP is imported into mitochondria and then rapidly
undergoes cleavage by a mitochondrial inner-membrane
protease and is then retrotranslocated into the cytosol.
Cytosolic cleaved PINK1-GFP is immediately degraded by the
proteasome. In contrast, stressed mitochondria (e.g., depo-
larization) do not allow the translocation of PINK1-GFP
through the inner membrane complex. Therefore, PINK1-
GFP is localized and stabilized on the OMM (Fig. 1B).
However, RFP-Omp25, the internal control of expression
level, is always localized on the OMM, which enables quan-
tification by calculating the GFP-RFP signal ratio of mito-
Pain F under mitochondrial stress.

To assess whether mito-Pain F is capable of indicating
mitochondrial stress, we generated HeLa cells stably express-
ing mito-Pain F using a lentivirus system. In the cells
expressing PINK1-GFP alone, GFP colocalized with the outer
mitochondrial protein TOM20 upon mitochondrial depolari-
zation induced by treatment with carbonyl cyanide m-chlor-
ophenyl hydrazone (CCCP), as expected (Fig. 1C). Cells
expressing mito-Pain F also showed colocalization of GFP and
RFP-OMP25 with Tom20. An immunoblot analysis showed
that mito-Pain F expressed PINK1-GFP and RFP-Omp25
separately, and T2A cleavage was efficient, with a rate higher
than 99.3%, and exogenous PINK1 was expressed several-fold
more than endogenous PINK1 (Fig. 1D). These data indicate
that the addition of the T2A peptide did not affect the local-
ization and the stability of PINK1-GFP. PINK1-GFP was very
low under basal conditions (Fig. 1, D and E). In contrast, in-
duction of mitochondrial depolarization markedly increased
GFP fluorescence intensity, and the GFP-RFP ratio under
stressed conditions was 2.2-fold higher as that under
basal conditions. We also confirmed that CCCP-induced
PINK1-GFP in cells expressing mito-Pain F colocalized with



Figure 1. Development of a novel sensor to detect mitochondrial stress. A, schematic representation of mito-Pain F. Numbers above the construct
indicate amino acid residues. B, a schematic diagram of the measurement of mitochondrial stress by mito-Pain. C, the T2A peptide sequence did not
interfere with the localization of PINK1-GFP. HeLa cells stably expressing mito-Pain F or PINK1-GFP were cultured with CCCP for 24 h before fixation. The
cells were stained with an antibody against Tom20 and observed by fluorescence microscopy. The scale bar represents 5 μm. The inset scale bar represents
1 μm. D, mito-Pain F is efficiently cleaved at the T2A site. HeLa cells and HeLa cells expressing mito-Pain F or PINK1-GFP were treated with CCCP or DMSO for
24 h and analyzed by immunoblotting using antibodies against PINK1, GFP, and RFP. Asterisks indicate nonspecific bands. E, PINK1-GFP, but not RFP-Omp25,
of mito-Pain F was significantly increased under mitochondrial depolarization. HeLa cells stably expressing mito-Pain F were cultured with CCCP or DMSO
for 24 h and then analyzed by flow cytometry. Cells for fluorescence microscopy were subjected to the same treatment and then fixed. The data represent
the mean (left bottom panel: GFP-RFP fluorescence ratio) (n = 9). The main scale bar represents 5 μm. The inset scale bar represents 1 μm. CCCP, carbonyl
cyanide m-chlorophenyl hydrazone; DMSO, dimethyl sulfoxide; mito-Pain, mitochondrial PINK1 accumulation index; mito-Pain F, mitochondrial PINK1
accumulation index (containing full-length PINK1); MTS, mitochondrial targeting sequence; OMS, outer mitochondrial membrane localization signal; PINK1,
PTEN-induced putative kinase 1; TMD, transmembrane domain.
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RFP-Omp25 (Fig. 1E, right panel). These results suggest that
mito-Pain F indicates mitochondrial stress.
Kinase domain–deleted mito-Pain T

Because PINK1 overexpression relieves mitochondrial
stress and might be not convenient to use for stress detection
(32, 33), we generated mito-Pain F with PINK1 kinase-dead
(KD) cells. However, PINK1KD-GFP (19) showed very weak
stability even after cell treatment with CCCP (data not
shown). This finding is consistent with the previous finding
that PINK1 is stabilized by self-oligomer formation via
autophosphorylation (25). Accordingly, we replaced the ki-
nase domain with the self-oligomer domain PB1 from PKCζ in
mito-Pain (34, 35). Although PINK1ΔKD-PB1 showed
improved GFP stability in cells treated CCCP, this mito-Pain
variant was more resistant to retrotranslocation into the
cytosol under basal conditions (data not shown). To facilitate
degradation under basal conditions, we added the degron
domain from Rpn4, which promotes proteasomal degradation
(36, 37). The resultant plasmid (PINK1ΔKD-PB1-GFP-
degron-T2A-RFP-Omp25TMD) is referred to as truncated
mito-Pain (mito-Pain T) (Fig. 2A). The GFP-RFP ratio of
mito-Pain T was 3.4-fold higher in CCCP-treated cells than in
nontreated cells (Fig. 2, B and C), and the GFP signal of mito-
Pain T upon CCCP treatment colocalized with RFP-Omp25
(Fig. 2B). These data suggest that mito-Pain T was more
sensitive to mitochondrial stress than mito-Pain F. Notably,
cells with high expression of mito-Pain T induced aggregation
of GFP-positive mitochondria under mitochondrial stress
conditions, possibly because of excessive multimerization
capacity conferred through PB1 domains on mitochondria
(Fig. 2D). To avoid mitochondrial aggregation, we cloned
monoclonal HeLa cells stably expressing mito-Pain T at low
levels, and these cells did not show aggregated mitochondria.
Stabilized GFP and efficient cleavage at the T2A site in the
cells stably expressing mito-Pain T were verified by immu-
noblotting (Fig. S1A). The GFP signal of mito-Pain T did not
J. Biol. Chem. (2021) 297(5) 101279 3



Figure 2. Improvement of mito-Pain by removing the PINK1 kinase domain. A, schematic representation of mito-Pain T (PINK1 truncated). Numbers
above the construct indicate amino acid residues of each protein (the PB1 domain from PKCζ and the degron domain from Rpn4.) B, mito-Pain T showed a
much higher signal ratio than mito-Pain F. Polyclonal HeLa cells stably expressing mito-Pain T were cultured with CCCP or DMSO for 24 h and then analyzed
by flow cytometry. Cells for fluorescence microscopy were subjected to the same treatment and then fixed. The data represent the mean (right panel:
GFP-RFP fluorescence ratio) (n = 7). The scale bar represents 5 μm. The inset scale bar represents 1 μm. C, graph showing the results of quantification of
GFP-RFP fluorescence ratios (n = 9 for mito-Pain F and n = 7 for mito-Pain T). The data represent the mean ± SD. D, high expression of mito-Pain T–induced
mitochondrial aggregation. HeLa cells highly expressing mito-Pain T were cultured with CCCP for 24 h before fixation. The scale bar represents 5 μm. The
inset scale bar represents 1 μm. E, the GFP signal of mito-Pain T mainly localized to mitochondria under mitochondrial depolarization. HeLa cells expressing
mito-Pain T were cultured with CCCP for 24 h before fixation. The cells were stained with antibodies against Tom20, Trapα, GM130, Lamp1, or Pex14 and
observed by fluorescence microscopy. The scale bar represents 5 μm. The inset scale bar represents 1 μm. F, detection of several mitochondrial stresses
using mito-Pain T. HeLa cells expressing mito-Pain T were cultured with the indicated reagent for 24 h and then analyzed by flow cytometry. The value
obtained by dividing the GFP/RFP of the compound treatment by GFP/RFP of the DMSO treatment is called PNIK1 stability. The data represent the mean ±
SD (n = 3). *p < 0.05 and **p < 0.01. G, mito-Pain can distinguish cytoplasmic and mitochondrial accumulated PINK1-GFP. HeLa cells expressing mito-Pain
T were cultured with MG-132 or DMSO for 6 h before fixation. The scale bar represents 5 μm. CCCP, carbonyl cyanide m-chlorophenyl hydrazone; DMSO,
dimethyl sulfoxide; mito-Pain, mitochondrial PINK1 accumulation index; mito-Pain F, mitochondrial PINK1 accumulation index (containing full-length
PINK1); mito-Pain T, truncated mito-Pain; MTS, mitochondrial targeting sequence; PINK1, PTEN-induced putative kinase 1; TMD, transmembrane domain.
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colocalize with the endoplasmic reticulum (ER), Golgi appa-
ratus, or lysosomes and partially colocalized with peroxi-
somes, which is in a similar manner to other overexpressed
membrane proteins mislocalized to incorrect organelles
(Fig. 2E) (38).

To investigate the sensitivity of mito-Pain, we next quanti-
fied mitochondrial stress by known cell stress–inducing
compounds using mito-Pain T. As expected, treatment with
CCCP, oligomycin and antimycin (mitochondrial respiration
inhibitors), and valinomycin (an ionophore) markedly elevated
the GFP-RFP ratio to be more than 3.8-fold the level induced
by dimethyl sulfoxide treatment (Fig. 2F).

Treatment with MG-132, a proteasome inhibitor, led to the
greatest increase in the GFP-RFP ratio, which is 38.5-fold
(Fig. 2F). MG-132 has been shown to induce caspase-
mediated apoptosis with mitochondrial depolarization (39).
However, considering proteasomal degradation of retro-
translocated PINK1 in the cytosol, the increase in the ratio
induced by MG-132 was mainly due to a secondary effect.
Fluorescence microscopy can be used to distinguish the
accumulation of PINK1-GFP upon inhibition of proteasomal
degradation or stabilization on mitochondria. Indeed, GFP
accumulation both on mitochondria and in the cytosol after
cell treatment with MG-132 was observed by fluorescence
microscopy (Fig. 2G). Although PINK1 stability under thap-
sigargin treatment exhibited a marginal difference of �1.53
(Fig. 2F), fluorescence microscopic observation elucidated that
PINK1-GFP localized to mitochondria (Fig. S1B). Taken
together, the combination of flow cytometry and microscopy is
a more reliable approach for analyzing mitochondrial stress
using mito-Pain.
Compound screening using mito-Pain T

To identify novel mitochondrial stress inducers, we
screened a Validated Compound Library (Drug Discovery
Figure 3. Screening of mitochondrial stress–inducing compounds using m
compound obtained from a Validated Compound Library (3374 compounds
measured using flow cytometry. For the second screening, the localization
induced cell death for 24 h were separately screened with a 5-h treatment,
mitochondrial PINK1 accumulation index; mito-Pain T, truncated mito-Pain; PI
Initiative) containing 3374 known compounds with mito-Pain
T using flow cytometry and microscopy (Fig. 3). For the first
screening, monoclonal HeLa cells expressing mito-Pain T were
treated with each compound (10 μM) for 24 h, and then, the
GFP-RFP ratio was measured by flow cytometry. From the first
screening, 352 compounds showed elevated >1.2 PINK1 sta-
bility. For the second screening, we treated cells with each of
the 352 compounds, and using fluorescence microscopy, we
evaluated whether GFP localized to mitochondria or other
compartments. Finally, we obtained 57 hit compounds
considered to be mitochondrial stress inducers (Table S1).

To further characterize each phenotype, we selected one-
half of the compounds on the basis of their functional prop-
erties. For example, among the hit compounds, compounds
with higher PINK1 stability and a common function were
selected, and in contrast, compounds that are difficult to
purchase were not chosen. We purchased the selected
25 compounds separately from the compound library and
confirmed reproducibility using mito-Pain T. The results
showed that cell treatment with each of the selected com-
pounds increased PINK1-GFP stability and induced PINK1-
GFP localization on mitochondria, suggesting that these
25 compounds induce mitochondrial stress (Table 1). This
new screening strategy is referred to as a mito-Pain assay.
Twenty-one of 25 hit compounds affected mitochondrial
morphology

As stressed mitochondria often affect mitochondrial fusion,
fission, and membrane structure (40), mitochondrial
morphological changes are among the indicators of mito-
chondrial stress. RFP-Omp25 in mito-Pain can be simulta-
neously applied for analysis of mitochondrial morphology. We
observed cells expressing mito-Pain T treated with the hit
compounds by fluorescence microscopy. A variety of abnormal
mitochondrial morphologies, including fragmented, elongated,
ito-Pain T. HeLa cells stably expressing mito-Pain T were treated with each
) for 24 h before analysis. For the first screening, the GFP-RFP ratio was
of GFP was observed by fluorescence microscopy. Toxic compounds that
and these compounds are indicated by an asterisk in Table S1. mito-Pain,
NK1, PTEN-induced putative kinase 1.
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Table 1
Summary of mitochondrial stress by identified compounds

Ranking Compound Function
Mitochondrial
morphology Dep. Parkin Reference

1 MG-115 20S and 26S proteasome inhibitor Aggregation Cytosol (51)
2 Apicidin HDAC inhibitor Cytosol (52, 53)
3 Hellebrin Na+/K+-ATPase inhibitor Aggregation Cytosol (54, 55)
4 Mocetinostat HDAC1 inhibitor Aggregation Cytosol (56)
5 β-Rubromycin TERT Fragmentation Ua Cytosol -
6 Auranofin TrxR inhibitor Aggregation Cytosol (57, 58)
7 Azaguanine-8 Purine analog competing with guanine Fragmentation Cytosol (59)
8 Rottlerin PKC and CaM kinase III inhibitor Aggregation Ub Mt (60, 61)
9 Linifanib Receptor tyrosine kinase inhibitor Aggregation Cytosol -
10 Hexachlorophene KCNQ1/KCNE1 potassium channel activator Aggregation Ua Mt (62)
11 Gossypol Bcl-XL, Bcl-2, and Mcl-1 inhibitors Swelling Ub Dotsd (63, 64)
12 Hyperforin SIRT1 inhibitor Aggregation Ub Mt (65, 66)
13 Niclosamide STAT3 inhibitor Aggregation Ub Mt (67, 68)
14 Chelerythrine Bcl-XL-Bak binding inhibitor Fragmentation Ub Cytosol (69, 70)
15 JS-K Generate NO Elongation Dotsc (71)
16 TOFA Acetyl-CoA carboxylase inhibitor Swelling Cytosol (72)
17 5-Azacytidine DNA methyltransferase inhibitor Cytosol (73)
18 (R)-CR8 CDK1, 2, 5, 7, and 9 inhibitors Fragmentation Cytosol (74)
19 Phorbol 12-myristate 13-acetate PKC activator Aggregation Dotsc (75)
20 Deoxynivalenol Bind to ribosome and inhibit protein synthesis Cytosol (76, 77)
21 Lexibulin Tubulin polymerization inhibitor Elongation Cytosol (78)
22 Thapsigargin ER Ca2+-ATPases Fragmentation Dotsc (79, 80)
23 Vinorelbine Tubulin polymerization inhibitor Elongation Dotsd (81, 82)
24 Podophyllotoxin Tubulin polymerization inhibitor Elongation Cytosol (83)
25 Spiperone Ca2+-activated Cl−channel activator Dotsd (84)

Abbreviations: Dep., mitochondrial depolarization; Mt, mitochondria; Parkin, Parkin localization; TrxR, thioredoxin reductase.
a Depolarized in the MTR or JC-1 assay.
b Depolarized in both the MTR and JC-1 assay.
c Partial mitochondrial localization of Parkin puncta.
d Cytosolic localization of Parkin puncta.

Mitochondrial stress sensor
aggregated, and swelled mitochondria, were confirmed in 21 of
25 hit compounds (Table 1) (Fig. 4A). Aggregated mitochon-
dria were observed in cells treated with MG-115, hellebrin,
mocetinostat, auranofin, rottlerin, linifanib, hexachlorophene,
hyperforin, niclosamide, or phorbol 12-myristate 13-acetate
(PMA); fragmented mitochondria were observed in cells
treated with β-rubromycin, azaguanine-8, chelerythrine,
(R)-CR8, or thapsigargin; elongated mitochondria were
observed in cells treated with JS-K, lexibulin, vinorelbine, or
podophyllotoxin; swelled mitochondria were observed in cells
treated with gossypol or TOFA. These data indicate that
PINK1-GFP stability in mito-Pain is a response to various
mitochondrial stresses. Unexpectedly, PINK1-GFP was not
always localized on mitochondria. For example, PINK1-GFP
stabilized by JS-K, lexibulin, and vinorelbine treatment was
observed on both mitochondria and nonmitochondrial com-
partments (Figs. 4A and S2A). As lexibulin and vinorelbine are
tubulin polymerization inhibitors, we also observed mito-Pain
F after using the general tubulin polymerization inhibitors
nocodazole and colchicine, which also led to non-
mitochondrial localization of PINK1 (Fig. S2B). In addition, we
examined the localization of PINK1 to microtubule-organizing
organelles, including the ER, Golgi apparatus, and lysosomes
(Fig. S2C). Under vinorelbine treatment, nonmitochondrial
PINK1 did not localize to the ER or Golgi apparatus, and only
a few PINK1 were partially localized to lysosomes, suggesting
that PINK1 might function on mitochondria and
nonmicrotubule-organizing compartments under tubulin
polymerization inhibitor treatment. Spiperone also induced
unique localization of PINK1, which formed punctate struc-
tures localized to mitochondria (Fig. S2D).
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Eighteen of 25 hit compounds induced mitochondrial stress
independent of depolarization

Because depolarization leads to recruitment of PINK1 to
mitochondria, we examined whether the hit compounds are
associated with depolarization. We measured depolarization
with MitoTracker Red (MTR), which is selectively retained in
mitochondria with an intact membrane potential, and JC-1,
which stains polarized mitochondria in red and depolarized
mitochondria in green. Interestingly, only seven of the
25 compounds, including β-rubromycin, rottlerin, hexachlo-
rophene, gossypol, hyperforin, niclosamide, and chelerythrine,
considerably reduced the membrane potential (Table 1 and
Fig. 4B). These results strongly indicate that three-quarters of
the hit compounds induced mitochondrial stress via
depolarization-independent mechanisms.
PINK1 functioned in mitochondria independent of Parkin
under some mitochondrial stresses

As we mentioned above, Parkin recruitment to mitochon-
dria is essential for PINK1-mediated mitophagy. Therefore, we
examined the recruitment of Parkin by treatment with hit
compounds using HeLa cells stably expressing GFP-Parkin. As
24 h of treatment with the compounds might diminish Parkin-
recruited mitochondria by mitophagic degradation, we first
treated the cells for 6 h to observe GFP-Parkin recruitment.
We next tried to observe GFP-Parkin for 24-h treatment with
the compounds, which did not induce GFP-Parkin recruitment
for 6-h treatment. Rottlerin, hexachlorophene, hyperforin, and
niclosamide induced recruitment of Parkin to mitochondria
(Table 1). Unexpectedly, some compounds led to GFP-Parkin



Figure 4. Characterization of mitochondrial stresses by hit compounds. A, representative mitochondrial morphological changes by hit compounds.
HeLa cells stably expressing mito-Pain T were cultured with the indicated compounds for 24 h before fixation and observed by fluorescence microscopy.
The scale bar represents 5 μm. The inset scale bar represents 1 μm. B, measurement of mitochondrial depolarization using MTR or JC-1. For MTR, HeLa cells
expressing PINK1-GFP were cultured with the indicated compounds for 24 h or 6 h and then treated with MTR for 15 min before analysis. For JC-1, HeLa
cells were cultured with the indicated compounds for 24 h or 6 h and then treated with JC-1 for 30 min before analysis. Note: some compounds (MG-115,
apicidin, hellebrin, mocetinostat, β-rubromycin, auranofin, azaguanine-8, linifanib, hexachlorophene, chelerythrine, JS-K, (R)-CR8, phorbol 12-myristate
13-acetate, deoxynivalenol, lexibulin, thapsigargin, vinorelbine, podophyllotoxin, and spiperone) that are toxic for longer treatment time were incu-
bated with cells for 6 h. The MTR or JC-1 fluorescence intensities were measured by flow cytometry. The data represent the mean ± SD (n = 3). *p< 0.05 and

Mitochondrial stress sensor
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puncta formation (Figs. 4C and S3A). JS-K, PMA, and thap-
sigargin induced punctate structures of GFP-Parkin in both
the mitochondria and cytosol, whereas gossypol, vinorelbine,
and spiperone led to puncta formation only in the cytosol. By
treating PINK1-KO HeLa cells with the compounds, we
confirmed that PINK1 was necessary for all Parkin recruitment
(localization on mitochondria and puncta formation) (Figs. 4D
and S3B). These data imply that PINK1 responds to mito-
chondrial stresses via not only Parkin-dependent mechanisms
but also Parkin-independent mechanisms.
Discussion

In this study, we developed a novel sensor, mito-Pain, that
allowed us to quantitatively measure various mitochondrial
stresses. We applied the sensor to compound screening and
identified several types of mitochondrial stress inducers. Many
dyes are available for mitochondrial staining, most of which
are dependent on mitochondrial membrane potential (12, 13).
Therefore, these dyes were used to detect mitochondrial stress.
However, it has been shown that mitochondrial stress is not
always associated with mitochondrial depolarization (10).
Although another classical indicator of mitochondrial stress is
mitochondrial morphology, which dynamically changes to
fragmentation, elongation, or swelling by stress (41, 42), it is
difficult to measure morphological changes quantitatively.

We generated mito-Pain based on PINK1-GFP, which ac-
cumulates on the OMM under impairment of mitochondrial
translocons. As mito-Pain coexpresses RFP-Omp25 as an in-
ternal control, it can be used to quantify the stress level via
ratiometric analysis of GFP and RFP. Mito-Pain T was more
sensitive to mitochondrial stress than mito-Pain F, but mito-
Pain T tended to cause mitochondrial aggregation. There-
fore, mito-Pain F is recommended for use for microscopic
observations, and mito-Pain T is recommended for use in flow
cytometric analysis. Through our compound screening, we
identified various types of mitochondrial stress inducers.
Interestingly, these compounds showed different mitochon-
drial stress responses, including mitochondrial depolarization,
morphological changes, and Parkin recruitment (Table 1),
indicating that mito-Pain is a more versatile tool for detecting
various mitochondrial stresses than mitochondrial membrane
potential–dependent dyes. Another advantage of mito-Pain
over mitochondrial membrane potential–dependent dyes is
that GFP specifically labels stressed mitochondria but not
healthy mitochondria (Fig. 1E). This distinction is useful for
observing partially stressed mitochondria in a cell. Indeed,
mito-Pain detected partial PINK1-GFP–positive mitochondria
induced by spiperone (Fig. S2D). In addition, although flow
cytometric analysis did not show a significant difference with
**p < 0.01. C, some compounds changed Parkin distribution. HeLa cells express
the indicated compounds for 6 h before fixation and observed by fluorescenc
1 μm. D, PINK1 is essential for Parkin recruitment by hit compounds. PINK1 K
pounds for 6 h before fixation and observed by fluorescence microscopy. The
depolarization and Parkin recruitment. CCCP, carbonyl cyanide m-chlorophe
accumulation index; mito-Pain T, truncated mito-Pain; MTR, MitoTracker Red;
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thapsigargin treatment (Fig. 2F), microscopic analysis revealed
that PINK1-GFP localized to mitochondria under thapsigargin
treatment (Fig. S1B). This is consistent with the result that
thapsigargin impacted Parkin localization in a manner
dependent on PINK1 (Fig. 4C). Therefore, combination anal-
ysis with flow cytometry and microscopy using mito-Pain was
able to detect a broad range of mitochondrial stresses.
Although MG-132, a proteasome inhibitor, dramatically
increased the GFP-RFP ratio, this was mainly a secondary ef-
fect in which PINK1-GFP accumulated both in the cytosol and
in mitochondria (Fig. 2G). As a result of compound screening
using mito-Pain T, we focused on and confirmed the repro-
ducible effects of 25 compounds as mitochondrial stress in-
ducers. Considering that 23 of the 25 compounds have been
reported to affect mitochondrial function and that 21 of the
25 compounds affected mitochondrial morphology (Table 1),
mito-Pain assay is an efficient mitochondrial stress detection
strategy.

Among the 25 compounds, β-rubromycin, azaguanine-8,
linifanib, and spiperone have not been characterized with
molecular mechanisms that cause stress on mitochondria.
β-Rubromycin is an inhibitor of telomerase reverse tran-
scriptase (TERT). TERT not only functions in telomere elon-
gation but also inhibits caspase-mediated apoptosis and
generates ROS in mitochondria (43), suggesting that TERT
inhibition induces mitochondrial stress independently of
telomeres. Azaguanine-8 is a purine analog showing antineo-
plastic activity by competing with guanine. We speculate that
azaguanine-8 is incorporated into mtDNA during replication,
leading to mtDNA damage that might induce mitochondrial
stress. Linifanib is a receptor tyrosine kinase (RTK) inhibitor.
Other RTK inhibitors, namely, sorafenib and imatinib, inhibit
not only RTK but also respiration chains in mitochondria.
Furthermore, lapatinib inhibits glycolysis, and sunitinib re-
duces mitochondrial membrane potential (44, 45), suggesting
that RTK inhibitor structures endow them with affinity for
mitochondria. Therefore, linifanib might inhibit mitochondrial
function in a manner similar to other RTK inhibitors. On the
other hand, linifanib increases the mRNA levels of mito-
chondrial proteins and respiration (46), but it did not cause
mitochondrial depolarization (Table 1) or parkin recruitment
in our study (Fig. 4E), suggesting that linifanib recruited
PINK1 to mitochondria for mitochondrial repair but not
mitophagy. Spiperone is an antagonist of a serotonin receptor,
a dopamine receptor, and a Ca2+-activated Cl− channel
(TMEM16A/Ano1) activator (47). Because the expression of
these receptors and channels is restricted to certain tissues, the
HeLa cells we used in this study might not express these
proteins (48). Mitochondrial stress induced by spiperone is
mediated via an unknown target.
ing GFP-Parkin were pretreated with MTR for 15 min and then cultured with
e microscopy. The scale bar represents 5 μm. The inset scale bar represents
O HeLa cells expressing GFP-Parkin were cultured with the indicated com-
scale bar represents 5 μm. E, groups of hit compounds as categorized by

nyl hydrazone; DMSO, dimethyl sulfoxide; mito-Pain, mitochondrial PINK1
PINK1, PTEN-induced putative kinase 1.
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Inhibition of tubulin polymerization induced mitochon-
drial elongation and nonmitochondrial localization of PINK1
(Fig. S2, A and B), implying that elongated mitochondria
might affect nonmitochondrial compartments that recruit
PINK1 via an unknown mechanism. Not all elongation in-
ducers induced nonmitochondrial localization of PINK1
(e.g., podophyllotoxin), but JS-K, which is not a tubulin in-
hibitor, also induced nonmitochondrial localization of
PINK1 with mitochondrial elongation (Fig. 4, A and E),
suggesting that mitochondrial elongation might be associ-
ated with recruitment of PINK1 to nonmitochondrial com-
partments. Further studies will elucidate crosstalk between
elongated mitochondria and PINK1-positive non-
mitochondrial compartments.

Parkin is an essential factor for PINK1-mediated mitophagy.
We investigated the localization of Parkin under hit compound
treatment (Fig. 4C and Table 1). Four compounds, rottlerin,
hexachlorophene, hyperforin, or niclosamide, showed
apparent parkin localization on mitochondria and induced
mitochondrial depolarization. These findings are consistent
with the fact that depolarization induces mitophagy (49).
Unexpectedly, six compounds, gossypol, JS-K, PMA, thapsi-
gargin, vinorelbine, and spiperone, induced Parkin puncta
formation (Figs. 4C and S3A and Table 1). As Parkin puncta
formation was dependent on PINK1 (Figs. 4D and S3B), the
Parkin puncta formation might be mediated by PINK1 activity
and represents a kind of stress response. Although there were
no common mitochondrial morphological changes induced by
these compounds, Parkin puncta after PMA, thapsigargin, or
JS-K treatment colocalized in some mitochondria, indicating
that the Parkin puncta induced partial mitophagy. The other
three compounds (gossypol, vinorelbine, and spiperone)
induced Parkin puncta formation in the cytosolic region.
Because Parkin localization to ectopic sites was dependent on
PINK1 (Figs. 4D and S3B), Parkin might relocate from PINK1-
positive mitochondria to these sites. One possibility is that
mitochondria stressed by these compounds trigger damage
expansion into other regions, leading to Parkin relocation to
ectopic sites. In contrast, the other 15 compounds did not
affect Parkin localization despite PINK1 accumulation on
mitochondria. PINK1 might function in the repair of damaged
mitochondria but not in the degradation of stressed mito-
chondria by mitophagy. Indeed, PINK1 has some functions
independent of Parkin (26, 50). In that case, Parkin might not
be recruited to PINK1-positive mitochondria to avoid
mitophagy.

These results imply that PINK1 has two distinct roles as a
mitochondrial quality control system. In one role, PINK1
removes damaged mitochondria via Parkin-mediated
mitophagy when mitochondria are heavily damaged (e.g., de-
polarization). In the other role, PINK1 rescues damaged
mitochondria via unidentified factor(s) when mitochondria are
partially damaged. Collectively, mito-Pain used in our study
provides a versatile method to quantitatively measure various
mitochondrial stresses compared with currently used mito-
chondrial dyes. Furthermore, the mitochondrial stress in-
ducers identified in this study will provide new insight into the
fundamental understanding of mitochondrial quality control
systems.

Experimental procedures

Cell culture

HeLa, COS, and HEK293FT (HEK293) cells were cultured
in Dulbecco’s modified Eagle’s medium (Nacalai Tesque)
supplemented with 10% fetal bovine serum (MP Bio) and
50 mg/ml penicillin and streptomycin (regular medium) in a
humidified atmosphere with 5% CO2 at 37 �C. For compound
treatment, cells were incubated for the indicated times and
concentrations, as listed in Table S2. For experiments
involving mitochondrial staining by MitoTracker Red
CMXROS (product No. M7512), purchased from Thermo
Fisher Scientific, HeLa cells were incubated with 0.125 μM
MTR for 15 min or 2.0 μM JC-1 for 30 min for use in flow
cytometry and 0.2 μM MTR for 15 min for use in fluorescence
microscopy.

Plasmids

To generate the constructs pLenti-puro PINK1-sfGFP-T2A-
mScarlet i-Omp25, pLenti-puro PINK1ΔKD-PB1-sfGFP-
Rpn4-T2A-mScarlet i-Omp25, pLenti-puro PINK1-sfGFP, and
pMRX GFP-Parkin, PINK1 (amino acid residues 1–581 for
mito-Pain F and amino acid residues 1–152 for mito-Pain T)
was amplified from pLenti6-DEST PINK1-V5 WT (Addgene;
plasmid #13320). The PB1 domain (PKCζ) (amino acid resi-
dues 15–98) was amplified from HeLa total cDNA, Omp25
(amino acid residues 107–146) was amplified from HEK293
total cDNA, Parkin (human) was amplified from YFP-Parkin
(Addgene; plasmid #23955), and Rpn4 (amino acid residues
178–327) was amplified from Saccharomyces cerevisiae
(BY4741) genomic DNA. The PCR products were inserted into
a pCW 57.1 (Addgene; plasmid #41393) or pLenti CMV GFP
Puro (Addgene; plasmid #17448) plasmid together with
superfolder GFP, the T2A peptide sequence, and mScarlet-I
via Gibson assembly.

Generation of KO cells using CRISPR

Human PINK1 sgRNA 50- GTCGCACCGCCATGG
TGGCG -30 was cloned into a lentiCRISPRv2 hygro plasmid
(Addgene; plasmid #98291). HeLa cells were infected with
lentivirus harboring sgRNA and Cas9. Hygromycin was added
to the cells after 24 h of infection. After culture for >7 days,
the cells were used as a KO cell line.

Antibodies

A rabbit polyclonal antibody against Trapα was a gift from
R.S. Hegde (MRC LMB). A rabbit polyclonal antibody against
Lamp1 was a gift from Y. Tanaka (Kyushu University). A rabbit
polyclonal antibody against Tom20 (code No. sc-11415) was
purchased from Santa Cruz Biotechnology. Rabbit polyclonal
antibody against GM130 (code No. PM061) was purchased
from MBL. A rabbit polyclonal antibody against Pex19 (catalog
No. 10594-1-AP) was purchased from Proteintech. Rabbit
J. Biol. Chem. (2021) 297(5) 101279 9
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polyclonal anti-GFP and anti-RFP were generated using re-
combinant proteins. Mouse monoclonal anti-β-actin (clone
2F3, cat. No. 281-98721) antibody was purchased from Wako
Chemicals. Rabbit polyclonal anti-PINK1 (cat. No. BC100-
494SS) antibody was purchased from Novus Biologicals.

Generation of stable cell lines by lentiviral and retroviral
infection

For preparation of lentiviruses and retroviruses, HEK293FT
cells were transiently cotransfected with lentiviral (pLenti-puro
or pLenti-hygro with pCMV-VSVG (Addgene; plasmid #8454)
and psPAX2 (Addgene; plasmid #12260)) or retroviral (pMRX
GFP-Parkin with pCMV-VSVG (Addgene; plasmid #8454) and
Gag) vectors using PEI MAX reagent (Polysciences). After
culturing for 72 h, the growth medium containing the virus was
centrifuged, and the resultant supernatant was collected. HeLa
cells were incubated with this collected virus-containing me-
dium with 10 mg/ml polybrene for 24 h and then selected with
1 μg/ml puromycin (InvivoGen) or 100 μg/ml hygromycin.

Immunocytochemistry and fluorescence microscopy

Cells grown on coverslips were washed with PBS, fixed with
3.7% formaldehyde in PBS for 15 min, and observed under a
confocal laser microscope (FV1000 IX81; Olympus) using a
60× and 100× oil-immersion objective lens with a numerical
aperture of 1.40. For immunostaining, fixed cells were per-
meabilized with 0.1% Triton X-100 or 50 μg/ml digitonin in
PBS for 5 min, blocked with 10% newborn bovine serum in
PBS for 30 min, and incubated with primary antibodies for 1 h.
After washing, the cells were incubated with Alexa Fluor 647–
conjugated goat anti-rabbit IgG secondary antibodies (Thermo
Fisher Scientific) for 1 h.

Flow cytometry

Trypsinized cells were passed through a 70-μm cell strainer,
resuspended in 5% newborn bovine serum and 1 μg/ml 40,6-
diamidino-2-phenylindole (DAPI) in PBS, and then analyzed
by a CytoFLEX S flow cytometer equipped with NUV 375-nm
(DAPI), 488-nm (GFP), and 561-nm (RFP) lasers (Beckman
Coulter). DAPI-positive cells were removed as dead cells. In
each sample, 10,000 cells were acquired. The data were pro-
cessed with Kaluza software (Beckman Coulter).

Compound screening

Validated Compound Library of 3374 compounds provided
by the Drug Discovery Initiative (The University of Tokyo) was
used for screening. HeLa cells stably expressing mito-Pain T
were cultured in a regular medium with 10 μM compound for
24 h. For the first screening, the GFP-RFP fluorescence ratio
was measured using a flow cytometer, and then, the number of
compounds was reduced to 352 candidates with a GFP-RFP
ratio greater than 1.20. For the second screening, the cellular
localization of PINK1-GFP to the mitochondrial structures
after compound treatment was examined using confocal mi-
croscopy. Compounds representing PINK1-GFP–positive
mitochondria were identified as hit compounds.
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Immunoblotting

Cells were washed with cold PBS and lysed in the lysis buffer
(1% Triton X-100; 50 mM Tris/HCl, pH 7.5; 1 mM EDTA; and
150 mM NaCl) supplemented with protease-inhibitor cocktail
(EDTA-free) (Nacalai Tesque) and 1 mM PMSF for 15 min at 4
�C. The lysates were clarified by centrifugation at 20,630g for
5 min, and the SDS sample buffer was added. The samples were
boiled at 95 �C for 5 min before being subjected to SDS/PAGE.
Twenty micrograms of protein per lane was separated by SDS-
PAGE and then transferred to a polyvinylidene difluoride
membrane (Millipore). Immunoblot analysis was performed
with the indicated antibodies, and the immunoreactive proteins
were visualized using ImmunoStar Zeta (Wako Chemicals).
Data availability

All experimental data is included in the article.
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information.
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