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ABSTRACT

ARTICLE HISTORY

Mitophagy, which is a conserved cellular process for selectively removing damaged or unwanted
mitochondria, is critical for mitochondrial quality control and the maintenance of normal cellular
physiology. However, the precise mechanisms underlying mitophagy remain largely unknown. Prior
studies on mitophagy focused on the events in the mitochondrial outer membrane. PHB2 (prohibitin 2),
which is a highly conserved membrane scaffold protein, was recently identified as a novel inner
membrane mitophagy receptor that mediates mitophagy. Here, we report a new signaling pathway
for PHB2-mediated mitophagy. Upon mitochondrial membrane depolarization or misfolded protein
aggregation, PHB2 depletion destabilizes PINK1 in the mitochondria, which blocks the mitochondrial
recruitment of PRKN/Parkin, ubiquitin and OPTN (optineurin), leading to an inhibition of mitophagy. In
addition, PHB2 overexpression directly induces PRKN recruitment to the mitochondria. Moreover, PHB2-
mediated mitophagy is dependent on the mitochondrial inner membrane protease PARL, which inter-
acts with PHB2 and is activated upon PHB2 depletion. Furthermore, PGAM5, which is processed by PARL,
participates in PHB2-mediated PINK1 stabilization. Finally, a ligand of PHB proteins that we synthesized,
called FL3, was found to strongly inhibit PHB2-mediated mitophagy and to effectively block cancer cell
growth and energy production at nanomolar concentrations. Thus, our findings reveal that the PHB2-
PARL-PGAM5-PINK1 axis is a novel pathway of PHB2-mediated mitophagy and that targeting PHB2 with
the chemical compound FL3 is a promising strategy for cancer therapy.

Abbreviations: AIFM1: apoptosis inducing factor mitochondria associated 1; ATP5F1A/ATP5A1: ATP
synthase F1 subunit alpha; BAF: bafilomycin A;; CALCOCO2/NDP52: calcium binding and coiled-coil
domain 2; CCCP: chemical reagent carbonyl cyanide m-chlorophenyl hydrazine; FL3: flavaglines com-
pound 3; HSPD1/HSP60: heat shock protein family D (Hsp60) member 1; LC3B/MAP1LC3B: microtubule
associated protein 1 light chain 3 beta; MEF: mouse embryo fibroblasts; MPP: mitochondrial-processing
peptidase; MT-CO2/COX2: mitochondrially encoded cytochrome c oxidase Il; MTS: mitochondrial target-
ing sequence; OA: oligomycin and antimycin A; OPTN: optineurin; OTC: ornithine carbamoyltransferase;
PARL: presenilin associated rhomboid like; PBS: phosphate-buffered saline; PGAM5: PGAM family mem-
ber 5, mitochondrial serine/threonine protein phosphatase; PHB: prohibitin; PHB2: prohibitin 2; PINK1:
PTEN induced kinase 1; PRKN/Parkin: parkin RBR E3 ubiquitin protein ligase; Roc-A: rocaglamide A;
TOMM20: translocase of outer mitochondrial membrane 20; TUBB: tubulin beta class I.
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Introduction

Macroautophagy/autophagy is a dynamic cell survival
mechanism, that allows cells to survive under certain stressful
conditions through the lysosomal degradation pathway [1].
Mitophagy, which is a selective form of autophagy, is the
major pathway for the degradation of dysfunctional or super-
fluous mitochondria in eukaryotic cells [2]; therefore, mito-
phagy plays a crucial role in maintaining cellular homeostasis,
including matching metabolic demand, orchestrating mito-
chondrial quality control, and protecting cells against the
deleterious effects of damaged mitochondria [3,4]. Defects in

mitophagy may contribute to a variety of human disorders
such as cancer, neurodegenerative, cardiovascular and liver
diseases [5].

Parkinson disease (PD) is a common neurodegenerative
disorder that is characterized by the selective loss of dopami-
nergic neurons [6]. Oxidative stress originating from mito-
chondria and impaired mitophagy may contribute to the
pathogenesis of PD [7]. PINKI (PTEN induced kinase 1)
and PRKN/Parkin (parkin RBR E3 ubiquitin protein ligase),
which are two genes associated with autosomal recessive PD,
were linked to mitochondrial quality control [8]. PINKI is
a serine/threonine kinase localized at mitochondria [9], while
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PRKN is an E3 ubiquitin ligase that is localized in the cytosol
under normal condition [10]. In healthy cells, PINK1 is con-
tinuously processed and degraded by mitochondrial proteases,
including mitochondrial inner protease PARL (presenilin
associated rhomboid like), or cooperatively with m-AAA,
i-AAA [11-14]. Upon mitochondrial damaged or uncoupling,
however, PINK1 proteolysis is inhibited, resulting in the
accumulation of PINKI1 in the mitochondrial outer mem-
brane, where PINKI recruits the cytosolic E3 ubiquitin pro-
tein ligase PRKN to the mitochondrial outer membrane to
carry out the ubiquitination of several mitochondrial outer
membrane proteins, thereby mediating the autophagic elim-
ination of damaged mitochondria [15-17]. It has been
reported that certain mitochondrial proteins, including
TOMM?7 and PGAMS5, can retain and stabilize PINK1 in the
mitochondrial outer membrane [17,18]. TOMM?7, which is
a component of the protein translocase of outer mitochon-
drial membrane (TOMM) complex, stabilizes PINK1 on the
outer membrane of damaged mitochondria in a manner that
is unrelated to the efficiency of mitochondrial protein import
[17]. PGAMS is a serine/threonine protein phosphatase that is
located to the mitochondria through its N-terminal TM
domain [19]. PGAMS5 stabilizes PINKI1 and regulates PINK1-
PRKN-mediated mitophagy. In addition, the genetic defi-
ciency in PGAMS5 in mice causes a PD-like phenotype [18].
SAMMS50, which is a key component of the SAM complex, is
also associated with PINKI import and processing [20].
However, the detailed mechanisms of PINKI degradation
and stabilization remain unclear.

During mitophagy, certain autophagy receptors bind cer-
tain ubiquitinated mitochondrial outer membrane proteins,
such as TOMM20; then, MAPILC3B/LC3B-coated phago-
phores surround the damaged mitochondria and deliver it to
the lysosome for degradation [21]. SQSTM1/p62 (sequesto-
some 1), NBR1, CALCOCO2/NDP52 (calcium binding and
coiled-coil domain 2), TAX1BP1 (Taxl binding protein 1),
and OPTN (optineurin) serve as mitochondrial outer mem-
brane receptors, which bind to MAP1LC3B to mediate mito-
phagy [22]. Additionally, cardiolipin, which is an inner
mitochondrial membrane phospholipid, can also relocate to
the mitochondrial outer membrane where it serves as
a receptor for mitophagy in neuronal cells [23]. Notably, the
mitochondrial outer membrane protein FUNDC1 (FUN14
domain containing 1) was identified as a specific receptor of
mitophagy under hypoxia [4,24]. In addition, recently, PHB2
(prohibitin 2), which is a conserved mitochondrial inner
membrane scaffold protein, was identified as a novel inner
mitochondrial membrane mitophagy receptor that plays
a critical role in PINKI1-PRKN-mediated mitophagy [25].
Moreover, the proteasome-dependent mitochondrial outer
membrane rupture is required for the PHB2-MAPILC3B
interaction during mitophagy [25]. However, whether and
how PHB2 contacts and cooperates with the PINK1-PRKN-
induced rupture of the mitochondrial outer membrane is still
unknown and warrants further exploration.

PHB2 and PHB (prohibitin) assemble into a ring-like
macromolecular structure that is known as the prohibitin
complex at the mitochondrial inner membrane [26].
Prohibitins can regulate mitochondrial membrane protein

processing and degradation by modulating mitochondrial
proteases including the m-AAA protease [27]. Mitochondrial
proteases play a key role in mitochondrial protein homeosta-
sis. PARL regulates the processing of PINK1 and PGAMS,
and OMA1 and YMEIL (YMEI like 1 ATPase) cooperate to
control OPA1l processing and degradation [12,18,28].
However, the relationship between the mitochondrial internal
protein quality control (protein homeostasis regulated by
mitochondrial proteases) and the overall mitochondrial qual-
ity control (mitophagy) remains poorly understood.

Cancer cells predominantly utilize glycolysis but not oxida-
tive phosphorylation for energy production, even in the pre-
sence of oxygen, which is known as the ‘warburg effect’ [29].
However, certain mitochondrial functions are still essential for
cancer proliferation and survival [30]. Mitophagy may serve to
eliminate dysfunctional mitochondria to alleviate oxidative
stress and prevent tumorigenesis. Conversely, mitophagy can
be activated by oncogenic signaling pathways to protect cancer
cells from cell death and promote tumor cell survival under
certain adverse conditions [31]. Therefore, targeting mitophagy
has been considered as a promising therapeutic strategy for
treating advanced tumors, which have already switched to
glycolysis metabolism but still require functional mitochondria
for other metabolic functions [32].

Here, we demonstrate that, in addition to acting as
a mitophagy receptor, PHB2 can promote PINKI-PRKN-
mediated mitophagy by stabilizing PINK1 and increasing the
mitochondrial recruitment of PRKN. Importantly, we show
that PHB2 regulates PINK1 processing by regulating the
activity of the mitochondrial protease PARL. Moreover,
PHB2 stabilizes PINK1 through the PARL-PGAMS5 axis
when mitochondria are depolarized. In addition, we show
that a known ligand of prohibitins, namely, FL3, inhibits
PHB2-mediated mitophagy and blocks cancer cell growth at
nanomolar concentrations. Therefore, these data suggest that
FL3 is a promising candidate for cancer therapy due to its
inhibitory effect on mitophagy.

Results

PHB2 regulates PRKN-mediated mitophagy in a manner
that is dependent or independent of binding to
MAP1LC3B

Prohibitins serve as scaffold proteins and are localized to the
mitochondrial inner membrane [33]. PHB and PHB2 assemble
and form a prohibitin complex, and deficiencies in either PHB
or PHB2 result in the loss of both prohibitin proteins and the
disruption of the prohibitin complex [34]. To identify the role
of prohibitins in PINK1-PRKN-mediated mitophagy, we per-
formed PHB2 knockdown using two unbiased short hairpin
RNA mediated RNA interference targeting PHB2 (shPHB2-1
and shPHB2-2) in GFP-PRKN stably expressed HeLa cells. To
induce PINK1-PRKN-mediated mitophagy, we treated HeLa
cells expressing GFP-PRKN with the chemical reagent carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) or a mixture of
oligomycin and antimycin A (OA), which exacerbate PINKI-
dependent mitophagy by uncoupling the mitochondrial proton
gradient or inhibiting the mitochondrial electron transport



chain complex [15]. Immunostaining analysis revealed that
shPHB2 remarkably inhibited CCCP or OA-induced the reduc-
tion of mitochondrial proteins including the outer membrane
protein TOMM20 and the matrix protein HSPD1/HSP60 in
GFP-PRKN-expressed cells (Figures Sla-e). In addition, wes-
tern blotting data showed that, upon OA treatment for 16 h or
24 h, the levels of TOMM?20, HSPD1, and MT-CO2/COX2
(mitochondrial inner membrane protein) were significantly
decreased in the control cells; however, the reduction of mito-
chondrial proteins was blocked in PHB2 knockdown cells
(Figures S1F-1I). These results indicated that PHB2 knock-
down may inhibit mitophagy, consisting with the recent report
that PHB2 promotes mitophagy [25]. To further confirm the
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role of PHB2 in mitophagy, we used mito-Keima, a useful tool
in the assessment of single mitophagic events to evaluate mito-
phagy [35]. Upon treatment with DMSO, limited red fluores-
cence was detected in the mito-Keima and FLAG-PRKN
expressed control or shPHB2 (using shPHB2-1) HeLa cells
(Figure lab). However, in response to OA, a remarkable
increase in red fluorescence was detected in the control cells;
in contrast, the intensity of the red fluorescence was clearly
reduced in shPHB2 HeLa cells (Figure lab), suggesting that
OA-induced mitophagy is inhibited in the PHB2 deficient cells.

Next, to explore whether exogenous PHB2 could promote
mitophagy, we overexpressed PHB2 in HeLa cells with or
without the expression of GFP-PRKN (Figure S2a). The
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Figure 1. PHB2 controls PINK1-PRKN-mediated mitophagy. (a) Hela cells stably co-expressing FLAG-PRKN and mito-Keima were infected with control (scrambled
shRNA) or shPHB2 lentiviral particles. Four days later, cells were treated with OA (10 mM oligomycin plus 4 mM antimycin-A) or DMSO for 16 h. Intracellular mito-
Keima excited at 448 nm (measuring mitochondria with a neutral pH) was shown in green color, while red color indicated the mito-Keima fluorescence excited at
552 nm (measuring mitochondria with an acidic pH) in the same cell. (b) Quantification of the relative ratio of fluorescence intensity (552 nm:448 nm) of the cells
described in (a). Student’s t-test was used to determine p-values, ***p < 0.001. (c) HeLa cells with or without GFP-PRKN expression were transfected with control,
PHB2-FLAG or PHB2[mLIR]-FLAG for 72 h, then immunostained with anti-HSPD1, anti-FLAG antibodies, and visualized by confocal microscopy. (d) Quantification of the
percentage of decreased HSPD1 cells as described in (c). All data represent the means + SD of 3 independent experiments (100 cells per independent experiment).
Statistical significance was assessed by student’s t-test, *p < 0.05, **p < 0.01 versus control. (e) Hela cells stably expressing GFP-PRKN were co-transfected with
mitochondrial-targeted Red (mito-Red) and control, PHB2-FLAG or PHB2[mLIR]-FLAG. 24 h later, cells were incubated with bafilomycin A; (BAF, 1 uM) for 6 h, and then
immunostained with anti-MAP1LC3B, anti-FLAG antibodies, and visualized by confocal microscopy (right panels). Left panels showed the pixel intensity of mito-Red
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overexpression of PHB2 led to a decrease in the mitochon-
drial protein HSPD1 in GFP-PRKN-expressed but not PRKN-
absent cells (Figure 1c,d). Furthermore, PHB2 overexpression
directly induced the relocation of LC3B/MAPILC3B to the
mitochondria in GFP-PRKN-expressed HeLa cells (Figure le).
These data suggested that the overexpression of PHB2 pro-
moted PRKN-dependent mitophagy. We then assessed
whether the overexpression of a PHB2 LIR (LC3-interacting
region) mutant (mLIR, PHB2Y!2ALI244) © which lacks the
ability to bind to MAPILC3B (Figure S2b and S2c), could
also promote mitophagy. Interestingly, the overexpression of
the PHB2 LIR mutant (PHB2[mLIR]), which does not bind to
MAPILC3B, also induced mitophagy (Figure Ic,D).
Additionally, as with PHB2 wild-type, PHB2[mLIR] also pro-
moted the localization of MAP1LC3B to the mitochondria
(Figure le). These data suggest that, in addition to acting as
an inner membrane mitophagy receptor, PHB2 can mediate

D
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mitophagy through another pathway that is independent of
binding to MAP1LC3B.

PHB2 promotes the mitochondrial recruitment of PRKN

Because overexpressed PHB2 and PHB2[mLIR] were shown to
promote mitophagy (Figure 1c,d), we investigated how PHB2
[mLIR], which lacks the ability to interact with MAP1LC3B,
can still induce mitophagy. We then assessed whether PHB2
regulates the PINKI-PRKN pathway. The mitochondrial
recruitment of PRKN was analyzed in HeLa cells that stably
express GFP-PRKN. In response to CCCP or OA treatment for
1 h, most PRKN was recruited to the mitochondria in the
control cells but not in the shPHB2 cells (Figure 2a,b), suggest-
ing that PHB2 deficiency inhibits the mitochondrial recruit-
ment of PRKN. Mitochondrial PRKN may mediate the
ubiquitination of certain mitochondrial outer membrane
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Figure 2. PHB2 regulates the mitochondrial recruitment of PRKN. (a) Hela cells stably expressing GFP-PRKN were infected with control or shPHB2, treated with
DMSO, CCCP (10 pM) or OA for 1 h, and then immunostained with an anti-TOMM20 antibody and DAPI, and analyzed by confocal microscopy. (b) Quantification of
colocalization between PRKN and mitochondria in cells described in (a). (c-d) Control or shPHB2 Hela cells stably expressing GFP-PRKN were transiently transfected
with WT-OTC or OOTC. Cells were immunostained 48 h later with anti-OTC and anti-HSPD1 antibodies, and then imaged by confocal microscopy (c). Quantification of
the mitochondrial PRKN-positive cells is shown in (d). (e) HeLa cells expressing GFP-PRKN were infected with control or shPHB2 lentiviral particles. Five days later,
cells were treated with OA for 2 h, and then immunostained with anti-TOMM20 and anti-Ubiquitin antibodies. Cells were then visualized by confocal microscopy. (f)
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(h). Results shown were representative of at least 3 independent experiments. Error bars represent the mean +SD (n = 3, 100 cells per independent experiment),
Statistical significance was assessed by student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.



proteins, such as TOMM?20, leading to the subsequent protea-
somal degradation of these mitochondrial proteins [15-17]. We
found that compared with the control, both PHB2 and PHB2
[mLIR] overexpression resulted in decreased levels of
TOMM20 (Figure S3a). However, treatment with MGI132,
a potent proteasome inhibitor, but not with bafilomycin Al
(BAF, a potent inhibitor of autophagy), blocked the PHB2 or
PHB2[mLIR]-induced reduction of TOMM20 (Figure S3a),
further suggesting that PHB2 regulates the mitochondrial
recruitment of PRKN and subsequent degradation of some
mitochondrial outer membrane proteins. The accumulation of
unfolded proteins in the mitochondrial matrix may induce the
mitochondrial recruitment of PRKN independent of mitochon-
drial membrane potential [36]. Thus, we further investigated
the role of PHB2 in the mitochondrial unfolded protein accu-
mulation-induced mitochondrial recruitment of PRKN. We
overexpressed the mitochondrial-localized mutant OTC
(ornithine carbamoyltransferase; AOTC) in HeLa cells stably
expressing GFP-PRKN to induce the mitochondrial unfolded
protein response. Immunofluorescence analysis revealed that
the transient expression of AOTC greatly increased the mito-
chondrial recruitment of PRKN (Figure 2¢,d). However, PHB2
knockdown markedly inhibited the AOTC-induced mitochon-
drial recruitment of PRKN (Figure 2¢,d). In addition, we trea-
ted HeLa cells expressing GFP-PRKN with actinonin, which
stalls mitochondrial translation and induces mitochondrial pro-
tein misfolding [37]. Actinonin treatment resulted in the accu-
mulation of GFP-PRKN in focal spots on mitochondrial
subdomains in the control cells (Figures S3b,3¢c), while actino-
nin treatment failed to induce the recruitment of GFP-PRKN
to the mitochondria in shPHB2 cells (Figures S3b,3c), further
confirming that PHB2 depletion inhibited the mitochondrial
unfolded protein accumulation-induced mitochondrial recruit-
ment of PRKN.

PRKN, which is an E3 ubiquitin ligase, is activated by
PINKI1 and then ubiquitinates certain mitochondrial outer
membrane proteins to form polyubiquitin  chains.
Mitochondrial outer membrane mitophagy receptors bind to
these polyubiquitin chains and induce mitophagy [22,38].
OPTN and NDP52 are the primary receptors for PINKI and
PRKN-mediated mitophagy [22]. We next analyzed the ubi-
quitination of mitochondrial outer membrane proteins in the
shPHB2 HelLa cells. We used an anti-ubiquitin antibody to
detect the localization of endogenous ubiquitin in cells with or
without OA treatment. Under normal conditions, ubiquitin
was localized ubiquitously throughout cells (Figure 2ef).
However, most ubiquitin was recruited to the mitochondria
following OA treatment; in contrast, this mitochondrial
recruitment of ubiquitin was dramatically decreased in the
shPHB2 cells (Figure 2e,(f). In addition, we examined the
mitochondrial localization of the mitophagy receptor OPTN;
and showed that, upon OA or OA plus MGI132 treatment,
mitochondrial OPTN was significantly decreased in shPHB2
mitochondria compared with the control mitochondria
(Figure 2g-h, and S3D). Taken together, these results demon-
strate that PHB2 promotes mitophagy by increasing the mito-
chondrial recruitment of PRKN and the mitochondrial outer
membrane mitophagy receptors.
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It has been reported that PRKN mediates proteasome-
dependent degradation of the mitochondrial outer membrane
proteins and induces rupture of the mitochondrial outer
membrane upon membrane depolarization [39], and the rup-
ture of mitochondrial outer membrane is required for PHB2
binding MAP1LC3B during mitophagy [25]. Therefore, we
investigated whether the mitochondrial membrane is ruptured
upon membrane depolarization. Transmission electron
microscopy (TEM) analysis revealed that, in the control
HeLa cells expressing GFP-PRKN, the mitochondrial double
membranes were intact, but upon OA treatment, some part of
the mitochondrial outer membrane was ruptured (Figure
S3e); importantly, the OA-induced mitochondrial outer mem-
brane rupture was remarkably inhibited in shPHB2 cells
(Figure S3e). These data suggest that PHB2 knockdown inhi-
bits mitochondrial outer membrane rupture upon membrane
depolarization.

PHB2 stabilizes PINK1 in the mitochondria

The mitochondrial recruitment of PRKN was impaired in
shPHB2 cells (Figure 2a-d); therefore, we examined the sta-
bility of PINK1 in PHB2 deficient cells. Upon CCCP or OA
treatment, endogenous PINK1 or exogenous PINKI-GFP
accumulated in the control HeLa cells. In contrast, the accu-
mulation of PINKI or PINK1-GFP was markedly reduced in
shPHB?2 cells (Figure 3a and S4A-B). We also examined the
effect of shPhb2 and shPhb on the stabilization of PINKI in
MEFs. shPhb2 and shPhb, which disrupt the prohibitin com-
plex, markedly inhibited the accumulation of PINK1-GFP in
MEFs induced by CCCP or OA treatment (Figure 3b,C). In
addition, shPHB2 resulted in a significant decrease in the
mitochondrial membrane potential (Figures S4c-S4e), which
is thought to promote PINKI1 accumulation, surprisingly,
shPHB2 blocked the accumulation of PINKI1 (Figure 3a-c),
suggesting that the role of shPHB2 in PINKI stabilization is
independent of mitochondrial membrane potential.
Furthermore, AOTC overexpression, which is independent
of mitochondrial membrane potential [36], markedly induced
the accumulation of PINKI1 (Figure 3d); however, the OTC
overexpression-induced accumulation of PINKI1 was also
inhibited in shPHB2 cells (Figure 3d). These data demonstrate
that PHB2 stabilizes PINK1 in a manner that is independent
of mitochondrial membrane depolarization. To rule out the
possibility of off-target gene silencing, we recovered PHB2-
FLAG in shPHB2 HelLa cells. PHB2 depletion dramatically
inhibited the OA-induced accumulation of PINK1 (Figure
3e); in contrast, PINK1 accumulation was restored in the
presence of exogenous PHB2-FLAG (Figure 3e). Moreover,
the overexpression of PHB2-FLAG spontaneously induced the
accumulation of PINKI1 and promoted OA-induced PINK1
accumulation in Hela cells (Figure 3f). Furthermore, the
mitochondrial recruitment of PRKN, which is dependent
upon PINKI accumulation, was markedly increased in the
PHB2-FLAG-overexpressed cells (Figure S5a,5b). Overall,
our data demonstrate that PHB2 stabilizes PINK1 in the
mitochondria.
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Figure 3. PHB2 stabilizes PINK1 in mitochondria. (a) Hela cells were infected with control, shPHB2_1 or shPHB2_2 lentiviral particles, and cultured for 5 days. Cells
were then incubated with OA or CCCP for 2 h. Cell lysates were analyzed by western blotting with antibodies against PINK1, PGAM5, PHB2, PHB, or TUBB/B-Tubulin.
The black arrowhead indicates the full-length PINK1. (b-c) Control, shPhb2 (b), or shPhb (c) MEFs stably expressing PINK1-GFP were treated with CCCP (10 uM) or OA
for 3 h. Cell lysates were subjected to western blotting using the indicated antibodies. (d) HeLa cells expressing PINK1-GFP were infected with control or shPHB2
lentiviral particles, 4 days later, cells were then transiently transfected with WT-OCT or AOTC for additional 3 days. Cells lysates were analyzed by western blotting
with the indicated antibodies. The black arrowheads pointed to the indicated protein. (e) Hela cells expressing PINK1-GFP were infected with control or shPHB2
lentiviral particles, 4 days later, cells were transiently transfected with empty vector (control) or PHB2-FLAG (2 nucleotides of PHB2 cDNA in shPHB2 target sequence
were mutated, but PHB2 amino acids remain unchanged) for an additional 2 days, and then the cells were treated with OA for 2 h. Cells lysates were analyzed by
western blotting with the indicated antibodies. (f) HeLa cells were transiently transfected with control (empty vector) or PHB2-FLAG. Cells were treated 48 h later with
or without OA for 3 h, and then cell lysates were analyzed by western blotting using the indicated antibodies.

PHB2 regulates the PINK1-PRKN pathway independent of
interacting with MAP1LC3B

PHB2 can bind to MAP1LC3B and act as a mitochondrial inner
membrane mitophagy receptor [25]. To investigate whether the
PHB2-regulated PINK1-PRKN activity is dependent upon inter-
acting with MAP1LC3B, we assessed the mitochondrial recruit-
ment of PRKN in Hela cells expressing PHB2[mLIR], which
lacks the ability to bind to MAP1LC3B (Figure S2b). The over-
expression of PHB2[mLIR] significantly promoted the recruit-
ment of PRKN to the mitochondria (Figure 4a,b). In addition,
the expression of PHB2[mLIR] in shPHB2 cells also restored the
PINK1 accumulation induced by OA treatment (Figure 4c).
Moreover, PHB2[mLIR] also spontaneously promoted the accu-
mulation of PINK1 (Figure 4d). Furthermore, PHB2[mLIR]
restored the mitochondrial PRKN induced by OA treatment in
shPhb2 MEFs cells (Figure 4e). These data suggest that PHB2

regulates the PINK1-PRKN pathway independent of interacting
with MAPILC3B.

PHB2 negatively modulates PARL activity

In healthy mitochondria, PINK1 is firstly recognized and
cleaved by MPP (mitochondrial-processing peptidase) to
remove mitochondrial targeting sequence (MTS), then under-
goes cleavage by the mitochondrial protease PARL in the inner
membrane and is subsequently degraded [12]. To investigate
how PHB2 regulates PINK1 stability, we firstly tested whether
the instability of PINK1 in shPHB2 cells is related to PARL. We
used CRISPR/Cas9 technology to construct a parl knockout
(KO) HCT116 cell line, which harbors a 13-bp deletion in the
coding region of the PARL gene, resulting in a frameshift
mutation (Figure S6a). This truncated form of PARL contains
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FLAG. After 24 h transfection, cells were immunostained with anti-TOMM20 and anti-FLAG antibodies, and then analyzed and imaged by confocal microscopy. (b)
Quantification of the mitochondrial PRKN-positive cells described in (a). Error bars represent the mean +SD (n = 3, 100 cells per independent experiment), statistical
significance was assessed by student’s t-test, ***p < 0.001. (c) Control or shPHB2 Hela cells stably expressing PINK1-GFP were transiently transfected with control
(empty vector) or PHB2[mLIR]-FLAG. After 48 h transfection, cells were treated with or without OA for 2 h, cell lysates were then analyzed by western blotting using
antibodies against GFP, PHB, PHB2, or TUBB/B-Tubulin. (d) Hela cells were transiently transfected with control (empty vector) or PHB2[mLIR]-FLAG. 48 h later, cells
were treated with or without OA for 3 h, cells lysates were analyzed by western blotting with the indicated antibodies. (e) MEFs expressing GFP-PRKN cells were
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FLAG for an additional 2 days, then treated with or without OA for 2 h, and immunostained with the indicated antibodies. Cells were visualized and imaged by

confocal microscopy.

only 28 amino acids (while WT PARL contains 379 amino
acids). In healthy cells, little PINK1 protein is detected because
it is continuously subjected to proteolysis and proteasomal
degradation [12,40]. However, compared to HCT116 wild-
type (WT) cells, increased endogenous processed PINK1 pro-
tein, which is the production of PINKI1 cleavage by MPP
(indicated by the red arrowhead), was detected by western
blotting in the parl KO cells in the absence of OA, although
the level of PINK1 was lower compared with cells treated with
OA (Figure 5a and S6b), consisting with the previous report
[12]. Following the treatment with CCCP or OA, the level of
full-length PINK1 (indicated by the green arrowhead) was
elevated and exhibited a similar level in both HCT116 WT
and parl KO cells (Figure 5a and S6b). Furthermore, endogen-
ous or exogenous PINK1 protein accumulated following treat-
ment with OA or CCCP in HCT116 WT cells; however, PINK1
accumulation was inhibited in response to shPHB2 (Figure 5a,
b and S6C). In contrast, shPHB2 failed to inhibit PINK1

accumulation induced by CCCP or OA treatment in parl KO
cells (Figure 5a,b), suggesting that the PHB2-mediated regula-
tion of PINK1 stability is dependent on PARL. Therefore, we
then investigated the relationship between PHB2 and PARL.
PGAMS5, which is a substrate of PARL, can be cleaved by
PARL, leading to a short form of PGAM5 (S-PGAM5) [41].
We found that the cleavage of PGAMS5 was dramatically pro-
moted in shPHB2 HeLa and HCT116 cells (Figures 3a and 5a),
suggesting that the activity of the mitochondrial inner mem-
brane protease PARL is promoted in response to shPHB2.
Moreover, PINKI1 processing by PARL was also promoted in
shPHB2 cells, indicating that the shPHB2-promoted PARL
activity is independent of shPHB2-induced mitochondrial
membrane depolarization, as mitochondrial membrane depo-
larization inhibits PINK1 import and processing by PARL [12].
To clarify why PHB2 depletion activates PARL, we detected the
protein level of PARL in the control and shPHB2 cells. Both
endogenous and exogenous PARL protein were markedly
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Figure 5. PHB2 regulates PARL activity. (a-b) HCT116 Wild type (WT) or parl KO cells were infected by lentiviral particles containing control or shPHB2, and further
cultured for 5 days. Cells were then treated with DMSO, CCCP or OA for 3 h. Cell lysates were examined by western blotting using the indicated antibodies (a). The
black arrowhead indicated the full-length PINK1 and red arrowhead point to the band of PINK1 with MTS deleted after MPP cleaved. The asterisk indicated
a nonspecific band. The relative protein levels were evaluated by densitometry analysis using ImageJ software and were quantified for the ratio of PINK1:TUBB/B-
Tubulin (b). Error bars indicate the mean £SD of 3 independent experiments, ***p < 0.001, n.s indicates none significance. (c) HCT116 WT and parl KO cells were
infected with control and shPHB2 contained lentiviral particles. Five days after infection, cells were treated with or without CCCP for 4 h, and then harvested for the
isolation of mitochondria. Mitochondria were lysed and analyzed by western blotting with the indicated antibodies. The asterisk indicates a nonspecific band. HSPD1
served as mitochondrial loading control. (d) Densitometric quantification of PARL:HSPD1 in (c). Error bars indicate the mean £SD of 3 independent experiments,
**p < 0.01. (E) HCT116 parl KO cells stably expressing PARL-FLAG were infected with control and shPHB2 contained lentiviral particles. Five days after infection, cells
were treated with or without CCCP (10 pM) for 2 h. Cell lysates were analyzed by western blotting with anti-FLAG, anti-PHB, anti-PHB2, anti-PGAM5 or anti-TUBB
antibodies. (f) Densitometric quantification of PARL-FLAG:TUBB in (e). Error bars indicate the mean £SD of three independent experiments, **p < 0.01. (g) HCT116
parl KO cells complemented with PARL-FLAG were infected with control or shPHB2 contained lentiviral particles. 5 days after infection, cells were treated with fresh
Cycloheximide (CHX, 50 pg/ml) for the indicated time. Cell lysates were analyzed by western blotting with anti-FLAG, anti-PHB, anti-PHB2, or anti-TUBB antibodies.
(h) HCT116 parl KO cells or parl KO cells stably expressing PARL-FLAG were treated with or without CCCP for 2 h; cell lysates were then immunoprecipitated with anti-
FLAG M2 affinity gel, followed by western blotting using anti-FLAG, anti-PHB, or anti-PHB2 antibodies.

increased in shPHB2 cells (Figure 5c-f), indicating that the
knockdown of PHB2 stabilizes the PARL protein.
Furthermore, upon the treatment of cycloheximide (CHX,
a protein synthesis inhibitor), the PARL protein was more
stable in shPHB2 cells than that in control cells (Figure 5g),
further suggesting that the PARL protein is stabilized upon
PHB2 knockdown. In addition, compared with control,
shPHB2 had no effect on the mRNA level of PARL (Figure
S6d). PHB and PHB2 are mitochondrial inner membrane scaf-
fold proteins that interact with the mitochondrial m-AAA pro-
tease and regulate its activity [27]. We next used a co-
immunoprecipitation (co-IP) assay to investigate whether

PHB2 or PHB binds to PARL. PARL-FLAG successfully pre-
cipitated endogenous PHB and PHB2 (Figure 5h), indicating
that PARL interacts with these prohibitins. Interestingly, the
interaction between PARL and the prohibitins was markedly
increased in CCCP-treated cells (Figure 5h), suggesting that
mitochondrial membrane depolarization promotes the interac-
tion of PARL with the prohibitins. In addition, STOML2/SLP2,
which is another mitochondrial inner membrane scaffold pro-
tein that regulates PARL activity [42], remained unchanged in
response to PHB2 depletion (Figure S6e), indicating that PHB2
regulates PARL activity in a manner that is independent of
STOML2. Taken together, these results indicate PHB2 regulates



the stability of PINK1 by destabilizing PARL and negatively
regulating the activity of PARL.

PARL-PGAMS5 axis is required for the PHB2-mediated
PINK1 stabilization in depolarized mitochondria

In depolarized mitochondria, PINK1 cannot be integrated
into the inner membrane and cleaved by PARL [12]. We
determined that shPHB2 inhibited the accumulation of
PINKI1 in depolarized mitochondria, and this inhibition was
blocked in parl KO cells (Figure 5a, B, and S6C), indicating
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depolarized mitochondria though an unknown mechanism,
which we next investigated. PGAMS5, which is a mitochondrial
serine/threonine protein phosphatase that is cleaved by PARL,
can stabilize PINK1 by interacting with PINK1 on damaged
mitochondria [18]. Consistently, we found that PINKI1 failed
to accumulate on mitochondria in the PGAM5 knockdown
cells (Figure 6a). Moreover, the overexpression of PGAMS5
stabilized PINK1-GFP (Figure 6b). Additionally, full-length
PINK1-GFP was sensitive to protease K, whereas PGAM5
was protected (Figure 6c), indicating that PGAMS5 is located
at the mitochondrial inner membrane. Furthermore, the co-IP

that, in addition to regulating the cleavage of PINK1, PARL
also regulates PHB2-mediated PINKI stabilization in

assay demonstrated that PGAMS5 interacted with PINKI in
the depolarized mitochondria; this interaction was decreased
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Figure 6. The PARL-PGAM5 axis is involved in PHB2-mediated PINK1 stabilization. (a) Hela cells were transfected with negative control (NC) or siRNA against PGAM5
for 72 h, and then treated with OA for 2 h. Cell lysates were analyzed by western blotting with the antibodies against PINK1, PGAMS5, or TUBB. (b) Hela cells stably
expressing PINK1-GFP were transiently transfected with control (empty vector) or PGAM5-MYC. Cells were treated 48 h later with or without OA for 2 h. Then cell
lysates were analyzed by western blotting with anti-GFP, anti-MYC, or anti-TUBB antibodies. (c) 293T cells were transiently co-transfected with PGAM5-MYC and
PINK1-GFP. Cells were then harvested 48 h later for the isolation of mitochondria. Mitochondria were treated with the indicated doses of proteinase K for 30 min on
the ice and then were analyzed by western blotting with anti-GFP, anti-MYC, anti-TOMM20, or anti-TIMM23 antibodies. (d) 293T cells were transiently co-transfected
with control (empty vector) and PINK1-GFP, or PGAM5-MYC and PINK1-GFP. Cells were treated 48 h later with CCCP (10 uM) for 4 h. Cell lysates were used for
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2 h. Cell lysates were analyzed by western blotting with anti-GFP, anti-MYC, or anti-TUBB antibodies. (i) Quantification of the ratio between full-length PINK1-GFP and
cleaved-PINK1-GFP. Error bars indicate the mean +SD of 3 independent experiments, **p < 0.01.
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upon CCCP treatment, likely due to the increased processing
of PGAMS5 (Figure 6d). In addition, PGAMS5 interacted with
prohibitins (PHB and PHB2) in healthy mitochondria, but
such interactions were weak in depolarized mitochondria
where the short form of PGAM5 (S-PGAMS5) predominated
(Figure 6e,F). Moreover, PHB2 bound to and dissociated from
PGAMS5 in a time-dependent manner in response to CCCP,
whereas the PHB2-PARL interaction was increased in
a manner inversely correlated with the PHB2-PGAMS5 inter-
action (Figure 6g), suggesting that the degree to which PHB2
interacted with either PGAMS5 or PARL was affected by the
mitochondrial membrane depolarization. In addition, we pro-
posed that the ability of S-PGAMS5 stabilizing PINK1 might be
lower than that of full-length PGAMS5 (L-PGAMS5). To test
this hypothesis, we constructed S-PGAM5 fused with an
N-terminal mitochondrial targeting sequence (MTS) of
ATFMI1 (apoptosis inducing factor mitochondria associated
1, a mitochondrial inner membrane protein), which lacks
PARL cleavage site and could directly produce S-PGAMS5
after MPP cleavage. As shown in Figure 6(h,i), L-PGAMS5
markedly increased the ratio of full-length to cleaved PINK1-
GFP; whereas, S-PGAMS5 resulted in a significantly decreased
ratio. Our results indicate that compared with L-PGAMS,
S-PGAM5 has a decreased ability to stabilize full-length
PINKI. Thus, PHB2 may bind to PGAMS5 to protect it from
processing by PARL. In contrast, upon mitochondria depolar-
ization, PHB2 tends to bind to PARL instead of interacting
with PGAMS, and the released PGAMS5 retains PINKI at the
mitochondrial outer membrane and subsequently initiates
mitophagy. However, upon PHB2 depletion, PARL is acti-
vated to cleave PGAMS5. In the absence of full-length
PGAMS, PINKI1 fails to be retained at the mitochondrial
outer membrane; rather, PINK1 is imported into the mito-
chondrial inner membrane for processing by PARL and the
other proteases and is finally degraded. These data suggest
that the PARL-PGAMS5 axis is required for PHB2-mediated
PINKI1 stabilization.

Prohibitin ligand FL3 inhibits PINK1-PRKN-mediated
mitophagy

To further explore the role of prohibitins in mitophagy, we
examined whether a known PHBs ligand, FL3 [43,44], affects
PINK1-PRKN-mediated mitophagy. We treated HeLa cells
expressing GFP-PRKN with FL3 for 24 h and then incubated
cells with CCCP or OA for an additional 24 h or 16 h to induce
mitophagy. As illustrated in Figure 7a-d, FL3 treatment
potently inhibited the elimination of mitochondria, as assessed
by quantitative image analysis of the mitochondrial proteins
TOMM20 and HSPD1, or by western blotting analysis of the
degradation of TOMM20, MT-CO2/COX2, ATP5F1A/
ATP5A1 (mitochondrial matrix protein), and HSPDI.
Furthermore, FL3 treatment inhibited the mitochondrial
recruitment of PRKN and PINK1 accumulation in depolarized
mitochondria (Figure 7e-G). These results demonstrate that
FL3 strongly blocks PINK1-PRKN-mediated mitophagy.

We next investigated how FL3 regulates PINKI1-PRKN-
mediated mitophagy. PHB2 knockdown resulted in the upre-
gulation of mitochondrial protease PARL (Figure 5c-F).

Therefore, we used western blotting to analyze the level of
PARL in cells treated with FL3 or rocaglamide (Roc-A,
another prohibitin ligand). FL3 or Roc-A treatment markedly
increased the protein level of PARL but had no effect on the
protein levels of PHB and PHB2 (Figure 7h). Moreover, the
interactions between PARL and PHBs were highly impaired
upon FL3 or Roc-A treatment (Figure 7i). Therefore, FL3
affects PINK1-PRKN-mediated mitophagy by selectively tar-
geting prohibitins.

Mitophagy has been reported to be linked to tumorigenesis
in cancer therapy [32,45,46]. We therefore examined the
cytotoxicity of FL3 in human cancer cells. We showed that
a low dose of FL3 (50 nM) significantly inhibited the prolif-
eration of cancer cell lines, including HeLa (a cervical cancer
cell line), H1299 (a non-small cell lung cancer cell line, p53
null) and HCT116 (a colorectal cancer cell line, p53 wild-
type) (Figures S7a-S7c). Our data are consistent with previous
reports that FL3 displays potent in vivo anticancer effects
without causing any major adverse effect [47-49]. Taken
together, our results reveal that targeting PHB2-mediated
mitophagy using the PHB2 ligand FL3 is a potential and
promising strategy for cancer therapy.

Discussion

Mitophagy eliminates damaged mitochondria by delivering
them to the lysosome for degradation and this process is
essential for mitochondrial quality control [4]. In this study,
we demonstrated that PHB2 regulates PINKI-PRKN-
mediated mitophagy through a novel pathway that is inde-
pendent of binding to MAP1LC3B. PHB2 promotes PINK1
stabilization through the PARL-PGAMS5-PINKI1 axis.

Beth Levine and collaborators recently reported that PHB2
binds to MAPILC3B and serves as a mitochondrial inner
membrane mitophagy receptor to mediate PINKI-PRKN-
dependent mitophagy, but this event requires the rupture of
the mitochondrial outer membrane [25]. It is still unknown
how the inner and outer membrane mitophagy receptors
simultaneously and synergistically promote mitophagy. In
the present study, our results reveal a novel pathway for
PHB2-mediated mitophagy. We demonstrate that PHB2 mod-
ulates the mitochondrial inner membrane protease PARL to
stabilize PINK1 in damaged mitochondria and, subsequently,
PINKI recruits PRKN to the mitochondria then carry out the
ubiquitination and degradation of certain mitochondrial outer
membrane proteins (Figure 2-3), leading to the initiation of
mitophagy (Figure 1). Our findings indicate that the sites of
rupture of the mitochondrial outer membrane are likely spa-
tially coordinated with PHB2 localization in the inner mem-
brane, which facilitates the binding of PHB2 to MAP1LC3B in
spatial to initiate mitophagy. Furthermore, a PHB ligand, FL3,
effectively inhibited PHB2-mediated mitophagy and blocked
cancer cell growth (Figure S7). These data confirm that tar-
geting PHB2 is a promising therapeutic target for treating
mitochondrial diseases, including cancer.

The ubiquitin-proteasome system 1is critical for PRKN-
dependent mitophagy [50]. Proteasome-dependent mitochon-
drial membrane rupture is necessary for PHB2-mediated mito-
phagy, as PHB2 needs to binds to MAPILC3B, which is
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Figure 7. FL3 inhibits PINK1-PRKN mediated mitophagy by targeting PHBs. (a) HelLa cells expressing GFP-PRKN were treated with DMSO, CCCP (10 uM), OA for the
indicated time periods, or treated with FL3 (50 nM) prior 24 h and then incubated with DMSO, CCCP, or OA for the indicated time periods. Cells were then
immunostained with anti-TOMM20 and anti-HSPD1 antibodies, and analyzed by confocal microscopy. (b-c) Quantification of TOMM20 (b) or HSPD1 (c) puncta in cells
described in (A). Error bars represent the mean £SD (n = 3, 100 cells per independent experiment), *p < 0.05, **p < 0.01, ***p < 0.001. (D) HeLa cells expressing GFP-
PRKN were pre-treated without or with FL3 (50 nM) for 24 h, and then were incubated with CCCP (10 pM) or OA for the indicated time periods. Cell lysates were
subjected to western blotting using the indicated antibodies. (TOMM20, mitochondrial out membrane; MT-CO2, mitochondrial inner membrane; ATP5F1A and
HSPD1, mitochondrial matrix). (e) Hela cells expressing GFP-PRKN were pre-treated with FL3 (50 nM) for 24 h, and then were incubated with CCCP or OA for 1 h.
Cells were stained with DAPI and immunostained with anti-TOMM20 antibody, and then visualized and imaged by confocal microscopy. (f) Quantification of
mitochondrial PRKN-positive cells described in (e). Error bars represent the mean £SD (n = 3, 100 cells per independent experiment), statistical significance was
assessed by student’s t-test, ***p < 0.001. (g) Hela cells stably expressing PINK1-GFP were pre-treated with or without FL3 (50 nM) for 24 h, then treated with CCCP
for the indicated time periods. Cell lysates were analyzed by western blotting using antibodies against GFP or anti-TUBB. (h) parl KO HCT116 cells stably expressing
PARL-FLAG were treated with DMSO, FL3 (50 nM) or Roc-A (50 nM) for 24 h. Cell lysates were then analyzed by western blotting with anti-FLAG, anti-PHB or anti-PHB
2 antibodies. (i) parl KO HCT116 cells expressing PARL-FLAG were treated with DMSO, FL3 (50 nM) or RocA (50 nM) for 24 h, and then incubated with or without CCCP
for 4 h. Cell lysates were immunoprecipitated with IgG (control) or anti-FLAG M2 affinity gel, the input and IP protein samples were analyzed by western blotting
with anti-FLAG, anti-PHB or anti-PHB2 antibodies.

localized in the cytosol [25]. It has been reported that PRKN

and then mediates the proteasome-dependent degradation of
mediates proteasome-dependent protein degradation and the

mitochondrial outer membrane proteins and the rupture of the

rupture of the outer mitochondrial membrane [39]. Therefore,
we explored the role of PHB2 in PRKN activity during mito-
phagy. Our data demonstrate that, in damaged mitochondria,
PHB2 stabilizes PINKI through the PARL-PGAMS5 axis.
Consequently, the stabilized PINK1 phosphorylates and acti-
vates PRKN, which promotes the ubiquitination of mitochon-
drial proteins, recruits outer membrane mitophagy receptors,

outer membrane. Subsequently, MAPILC3B gets across the
outer membrane to interact with PHB2 to initiate mitophagy
(Figure 8a). In contrast, depletion of PHB2 promotes the acti-
vation of the mitochondrial proteases PARL, leading to the
cleavage of PGAMS. Full-length PGAMS5 stabilizes PINK1
(Figure 6a,b), thus, the PHB2 depletion-mediated processing
of PGAM5 by PARL inhibits PINKI-PRKN-dependent
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Figure 8. Model of a novel signal pathway for PHB2-mediated mitophagy. (a) PHBs interacts with PARL and regulates its protease proteolytic activity. Upon
mitochondria depolarization or damage, PHBs binds to PARL to protect PGAM5 from cleavage. Full-length PINK1 protected by PGAM5 moves to OMM and then
recruits PRKN to mitochondria. Mitochondrial outer membrane proteins are then ubiquitinated and degraded by the proteasome, resulting in mitochondrial OMM
rupture. Then, exposed PHB2 is thus detected by MAP1LC3B in phagophores to initiate mitophagy. OMM, outer mitochondrial membrane; IMS, inner membrane
space; IMM, inner mitochondrial membrane; AOTC, the mitochondrial-localized mutant ornithine carbamoyltransferase. (b) The depletion of PHBs promotes PARL
proteolytic activity and the cleavage of its substrate, PGAM5. Without the help of full-length PGAM5 in the insertion of PINK1 to OMM, PINK1 imports into IMM and
gets cleaved and degraded. Therefore, PINK1-PRKN-mediated mitophagy is inhibited.

mitophagy (Figure 8b). Our findings reveal that PHB2 may
precisely determine the site of the mitochondrial outer mem-
brane rupture, which facilitates the binding of PHB2 to the
autophagosomal protein MAP1LC3B to initiate mitophagy.
The mitochondrial inner membrane protease PARL cleaves
PINKI1 and negatively regulates PINK1-PRKN mediated mito-
phagy [11]. In this study, we demonstrated that PHB2 binds
to and destabilizes PARL (Figure 5c-H); moreover, the activity
of PARL is promoted upon PHB2 deficiency (Figure 5c-F).
Similar to the PHBs, another mitochondrial inner membrane
scaffold protein, STOML2, which also belongs to the SPFH
(stomatin, prohibitin, flotillin, HIC/K) superfamily, regulates
the activity of PARL [42]; however, STOML2 is not involved
in the PHB2-mediated regulation of PINK1 (Figure S6e). In
damaged mitochondria, PINK1 accumulates at the outer
membrane where it cannot be cleaved by PARL. However,
PINKI1 stabilization is also impaired in response to PHB2
deficiency (Figure 3a-D), suggesting that other mitochondrial
inner membrane proteins related to PHB2 are also likely
involved in the accumulation of PINKI. Indeed, PGAMS,
a mitochondrial inner membrane protein that is processed
by PARL, positively regulates the anchoring of PINK1 in the
mitochondrial outer membrane (Figures 5 and 6). Lu et al
reported that PGAMS5 transiently associates with full-length
PINKI1, which enables the transfer of PINK1 to the mitochon-
drial outer membrane and the initiation of mitophagy [18].
Upon PHB2 deletion, PGAMS5 was cleaved by PARL, generat-
ing the short form of PGAMS5 (Figure 3a); thus, the PGAMS5-
mediated insertion of PINKI into the mitochondrial outer
membrane was impaired, leading to the subsequent proces-
sing and degradation of PINK1 even under mitochondrial
membrane depolarization or misfolded protein aggregation
(Figure 3a-D). Thus, the PHB2-PARL-PGAMS5-PINK1 axis
plays an important role in PHB2-mediated PINK1 stabiliza-
tion. Therefore, we propose two PHB2-dependent events that
stabilize PINK1. One is through binding to PARL to prevent it

from directly processing PINK1 in the mitochondrial inner
membrane, and the other is through binding to and main-
taining PGAMS5 in the long form to retain PINKI1 in the
mitochondrial outer membrane. We think two PHB2-
dependent events are interconnected. PHB2 knockdown
results in PARL activation and PGAMS5 cleavage, and these
two events cooperate to inhibit PINK1 accumulation in the
mitochondrial outer membrane. PHB2 binds to both PARL
and PGAMS5 (Figure 5h, 6E and 6F), moreover, PGAMS5
cleavage depends on PARL activation (Figure 5a). Without
PARL, L-PGAMS is still exist even in response to shPHB2,
thus, shPHB2 could not inhibit PINK1 accumulation (Figure
5a,C). In addition, certain other proteins may also be involved
in PHB2-mediated PINKI stabilization, and we will focus on
identifying these proteins in our future work. Taken together,
our results reveal an important role for PHB2 in regulating
mitochondrial quality control by modulating the mitochon-
drial inner membrane protease PARL.

Mitophagy maintains normal cellular physiology by
removing damaged mitochondria, but this process has been
considered a double-edged sword for tumors. Specific defects
in mitophagy have been linked to tumorigenesis through the
inactivation of mitophagy regulators such as PRKN and
BNIP3 [32,51]. However, mitophagy facilitates cancer cell
survival under conditions of energetic stress through eliminat-
ing ROS and maintaining valuable nutrients (such as oxygen)
[45,46]. In addition, mitophagy has been associated with drug
resistance, and the inhibition of autophagy has been reported
to sensitize cancer cells to the cytotoxicity of anticancer drugs
[52]. Therefore, targeting mitophagy may be an effective
strategy to inhibit tumor progression to malignancy. PHB2
is an inner membrane mitophagy receptor [25], that promotes
PINKI1-PRKN-mediated mitophagy by modulating the mito-
chondrial protease PARL (Figure 5a-F). Additionally, PHB2 is
positively correlated with the malignant progression of certain
cancers, such as prostate cancer [53]. Thus, targeting PHB2



may offer opportunities to selectively inhibit tumor prolifera-
tion and progression. Indeed, FL3, a synthetic PHB ligand,
strongly inhibits PHB2-mediated mitophagy (Figure 7) and,
importantly, blocks cancer cell proliferation (Figure S7).
Together, our findings reveal that FL3, which targets PHB2
to inhibit mitophagy, is a potent and promising anticancer
agent.

Materials and methods

Cell culture and reagents

HeLa cells, HCT116 cells, 293T cells, and MEFs were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher,
12,800-017) supplemented with 10% (v:v) fetal bovine serum
(PAN, P30-3302), 100 U/mL penicillin (Gibco, 15,140-122) and
100 mg/mL streptomycin (Gibco, 15,140-122) at 37°C with 5%
(v:v) CO,. Tetramethylrhodamine methyl ester (TMRM) was
obtained from Molecular Probes (Thermo Fisher, T668). FL3
was synthesized by our group, as previously described [44].
Rocaglamide (HY-19,356) and z-VAD-FMK (HY-16,658) were
purchased from MedChemExpress. Carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP; C2759), MG132 (474,787), bafilomy-
cin A; (88,899-55-2) and antimycin A (A8674) were purchased
from Sigma-Aldrich. Oligomycin was obtained from
Calbiochem (1404-19-9). FL3 (50 nM), rocaglamide (Roc-A,
50 nM), CCCP (10 puM), oligomycin (10 pM) together with
antimycin A (4 uM) (OA), and MG132 (30 uM) were used for
all experiments. Long treatment durations of both oligomycin-
antimycin A and CCCP were also supplemented with the apop-
tosis inhibitor 20 mM z-VAD-FMK to prevent cell death.

Plasmids and RNA interference

Human PINKI and PRKN ¢DNA were gifts from Dr. Quan
Chen (Chinese Academy of Sciences). The inserts were ampli-
fied by PCR and cloned into a lentiviral vector containing
a C-terminal GFP and N-terminal GFP tag, respectively. The
cDNAs of Human PARL, PHB2, and PHB2 LIR domain
mutation (PHB2YZALIZ4AY were amplified by PCR and sub-
cloned into the lentiviral vector pHAGE-puro (Addgene,
118,692, deposited by Christopher Vakoc) containing
a C-terminal 3x FLAG tag. PGAM5-MYC was a gift from
Quan Chen and was subcloned into pMSCV-puro constructs
(Addgene, K1062-1, deposited by clontech). Wild-type OTC
and its deletion mutant (A30-114; named AOTC) were a gift
from Bin Lu (Wenzhou Medical University).

In brief, the shRNA target sequences against human PHB2
(shPHB2-1:  5-CCAGAATATCTCCAAGACGAT-3; and
shPHB2-2: 5'- AAGAACCCTGGCTACATCAAA-3) were sub-
cloned into the lentiviral vector pLKO.1 (Addgene, 8453, depos-
ited by Bob Weinberg) to drive the expression of shRNAs. Cells
infected with lentivirus were selected with 1 pg/mL puromycin
(Sigma, P8833) for 2 days in 6-well plates. shRNA-mediated
silencing of Phb and Phb2 in MEFs was performed as previously
described [54]. The scrambled shRNA against luciferase (target
sequence: 5-AACGCTGCTTCTTCTTATTTA-3") were used
as control. siRNA-mediated knockdown of PGAM5 was per-
formed as previously described [55], and the siRNA target
sequences against human PGAMS5 were: siPGAMS5-1, 5'-
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CCATAGAGACCACCGATAT-3'; siPGAM5-2: 5'-AACCACT
GTCTCTGATCAA -3'.

Generation of knockout cells

HCT116 cells lacking PARL were generated using CRISPR/Cas9
gene editing. Briefly, for gene targeting DNA fragments specific for
human PARL DNA (5'-CAGGCGTGGGGTGCGTCGGT-3"),
was synthesized, and subcloned into LentiCRISPR plasmid
(Addgene, 49,535, deposited by Feng Zhang). To produce lenti-
virus, recombinant LentiCRISPR were transfected in 293T cells
together with plasmids psPAX2 and VSV-G using 40-kDa linear
polyethylenimine (Polysciences, 24,765). The medium containing
lentiviral particles was collected and was used for infecting
HCT116 cells in the presence of polybrene (5 pg/mL; Sigma-
Aldrich, H9268). The infected cells were selected with puromycin
(2 ug/mL), and the single cells were sorted into 96-well dishes for
the screen of PARL knockout lines. The surviving clones were
picked, expanded and selected on the basis of PARL expression by
western blotting. As a secondary screen of some knockout cell
lines, genomic DNA was isolated from the cells and the genomic
regions of interest were amplified by PCR (Primer: Forward, 5'-
AAGTAGTTGCGCAGCTGGGG-3", Reverse, 5'-GAAGGGGC
AGGTAAGGTGAA-3") to confirm the presence of frameshifting
in the gene of PARL.

Mito-Keima mitophagy assay

Mito-Keima mitophagy assay was performed as previously
described [20]. Briefly, HeLa cells stably expressing FLAG-
PRKN were infected with a lentivirus harboring the mito-
Keima vector (a gift from Michael Lenard). Then, HeLa cells
were infected with a lentivirus containing shPHB2 and grown
for several days. Next, cells were treated with or without OA
in fresh growth medium for 16 h, and subsequently analyzed
by confocal microscopy. Live cells were cultured in glass-
bottom dishes. After treatment with OA, the cells were
scanned and images were collected using a Leica SP8 confocal
microscopy (x 63 oil objective NA 1.35) using an argon laser
(448 nm, mito-Keima at neutral pH) and (552 nm, mito-
Keima at acidic pH). Ratiometric (552 nm:448 nm) analysis
was performed using Image] software.

Western blotting analysis and co-immunoprecipitations

Western blotting and co-immunoprecipitation (co-IP) analyses
were performed as previously described [56]. Briefly, cells were
harvested with RIPA buffer (50 mM Tris-HCI, 150 mM NaCl,
1% Nonidet P-40 [Fluka, 74,385], 0.5% sodium deoxycholate
[Sigma-Aldrich, D6750], 1 mM EDTA [Sigma-Aldrich, 03609],
0.1% SDS [Sigma-Aldrich, L5750] and complete protease inhi-
bitor [Roche, 04693132001]). Equal amounts of proteins were
loaded onto an SDS-polyacrylamide gel, separated by electro-
phoresis and blotted onto a PVDF membrane (Merck Millipore,
IPVHO00010). The following antibodies were used: anti-FLAG
(F1804), anti-MAPILC3B (L7543) were obtained from Sigma-
Aldrich; anti-PINK1 (Novus Biologicals, BC100-494); anti-GFP
(SC-9996), anti-MYC (SC-40) and anti-HSPD1 (SC-13,115)
were obtained from Santa Cruz Biotechnology; anti-TOMM?20
(11,802-1-AP), anti-PHB (10,787-1-AP), anti-PHB2 (12,295~
1-AP), anti-ATP5FIA  (14676-1-AP), and anti-OTC
(26,470-1-AP) were obtained from Proteintech; anti-TUBB/f-
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tubulin (GNI4110-BT), and anti-ACTB (GNI4110-BA) were
obtained from GNI. The antibody against PGAMS5 was a gift
from Quan Chen. For the co-IP, all steps were performed at 4°C.
The cells were solubilized with IP buffer (150 mM NaCl [Vetec,
793,566], 10% glycerol [Sinopharm chemical reagent company,
10,010,618], 20 mM Tris-HCI pH 7.4 [Biofroxx, 1115GR500;
Sinopharm chemical reagent company, 10,011,018], 2 mM
EDTA, 0.5% Nonidet P-40, 0.5% Triton X-100 [Vetec,
V900502] and complete protease inhibitor) for 1 h. Detergent-
solubilized membrane proteins were cleared by centrifugation at
12,000 x g for 15 min and then subsequently incubated with
anti-FLAG M2 affinity gel (Sigma-Aldrich, A2220) or
Dynabeads Protein G (Thermo Fisher, 10004D) with antibody
at 4[] overnight. The resin was washed 5 times with lysis buffer,
and then, the proteins were recovered by boiling the beads in
SDS sample buffer and analyzed on SDS-PAGE followed by
western blotting analysis.

Immunostaining

HeLa cells stably expressing GFP-PRKN were infected with
a lentivirus against PHB2 and then treated with other
reagents. Next, the cells were fixed with 4% formaldehyde
[Sigma-Aldrich, P6148] in PBS (1 mM KH,PO, [Vetec,
V900041], 155 mM NaCl, 2.97 mM Na,HPO,-7H,0 [Sigma-
Aldrich, 431,478]) for 15 min at 37°C. After being washed
with PBS three times, the cells were incubated with PBS plus
0.1% Triton X-100 buffer for 10 min. Next, the cells were
blocked with PBS plus 10% FBS at room temperature (RT) for
1 h. Then, cells were incubated with the primary antibody for
2 h at RT and subsequently washed with PBS buffer three
times. Then, the cells were incubated with PBS buffer contain-
ing the secondary antibody (Jackson immunoresearch, Cy3
affinipure goat anti-rabbit IgG (H + L) [111-165-003], alexa
fluor 647 affinipure donkey anti-mouse IgG (H + L)
[715-605-150]) for 1 h in the dark at RT. Finally, the cells
were washed three times with PBS, and the slides were ana-
lyzed using a Leica confocal microscopy (Leica microsystem,
Germany).

Mitochondria isolation and proteinase K treatment
Mitochondria were isolated from cells as previously described
[57]. Briefly, cells were harvested and washed with PBS, and
then cell pellets were homogenized with buffer A (83 mM
sucrose [Vetec, V900116], 10 mM MOPS [Sangon biotech,
mb0360], pH 7.2). After adding an equal volume of buffer
B (250 mM sucrose, 30 mM MOPS [pH 7.2]), the nuclei and
unbroken cells were removed by centrifugation at 1000 x g for
5 min. Mitochondria were collected from the supernatant by
centrifugation at 12,000 x g for 5 min and washed once under
the same conditions with buffer C (320 mM sucrose, 1 mM
EDTA, 10 mM Tris-HCl, pH 7.4).

For the proteinase K (PK; Sigma-Aldrich, P4032) treat-
ment, mitochondria were treated with various concentrations
of PK for 30 min on ice. The PK digestion of mitochondria
was terminated with 1 mM PMSF (Roche, 10,837,091,001).
Samples were analyzed by SDS-PAGE and immunoblotting.

Evaluation of mitochondrial membrane potential (6yym)
Cells were cultured in glass-bottom dishes, 24 h later, cells
were stained with 200 nM Tetramethylrhodamine methyl
ester (TMRM) with complete medium at 37°C for 15 min.
Cells were washed three times with DMEM and analyzed by
confocal microscopy with a 552 nm argon laser.

Cryofixation and electron microscopy

HeLa cells were digested with trypsin (Gibco, 25,200-072)
and the cell pellets were suspended using 20% BSA (Sigma-
Aldrich, A1933). Then, cells were fixed by using Leica EM
ICE according the manufacturer’s instructions. Next, cells
were transferred in liquid nitrogen to the freeze-substitution
apparatus (Leica EM AFS) where eppendorf tubes filled
with medium (the mixture of 1% osmium tetroxide [Ted
Pella, Inc, 18,451] and 0.1% acetone [Sinopharm chemical
reagent company, 10,000,418]) are precooled, followed by
the programmed dehydration. 1 h later, the specimens are
washed three times in anhydrous acetone in 0°C. The sam-
ples were then infiltrated sequentially in 1:1 (vol:vol) pro-
pylene oxide (Sinopharm chemical reagent company,
80,059,118):epoxy resin (Spi supplies, 90,529-77-4) (4 h),
1:2 propylene oxide:epoxy resin (overnight), 100% epoxy
resin (4 h) and finally 100% epoxy resin (48 h) at 60°C
for polymerization. The sections were supported on copper
grids. The 80-nm sections were post stained in Sato lead
(Sinopharm chemical reagent company; Lead nitrate
(80,073,616], Sodium citrate [XW00680421]) for 1 min,
and the stained sections were imaged onto negatives using
a JEM-1400 plus electron microscope operated at 100 kV
(Joel Ltd, Tokyo, Japan).

Quantitative real-time PCR analysis
RNA from the control and shPHB2 cells was extracted using
Trizol (Life Technologies, 15,596-026) followed by DNase
(Promega, M610A) treatment, and ¢cDNA was synthesized
using the RevertAid Synthesis Kit (Thermo Scientific,
K1622) according to the manufacturer’s instructions. The
c¢DNA samples were used as templates for quantitative real-
time quantitative PCR (Q-RT-PCR) analysis using SYBR
Green Supermix (Roche, 06924204001) and the iCycler real-
time PCR Detection System (Bio-Rad). The fold change of
target mRNA expression was calculated using the 2-AACT
method. The primers used in this study were as followed:
PARL: forward, 5-TGTCAGTTACGTGGGTAAAGTTG-
3’, and reverse, 5'-TCTGGGATCTTAGTGCAGACAG-3';
Tubulin: forward, 5'-GACCTGACTGACTACCTCATGAA
GAT-3, and reverse, 5- GTCACACTTCATGATGGAG
TTGAAGG-3'".

Statistical analysis

Densitometry was performed using Image] software for the
quantitative analysis of the bands on the western blots. Data
were presented as the mean + S.D. Student’s t-test was used to
calculate P-values. Statistical significance is displayed as
*p < 0.05, **p < 0.01, ***p < 0.001.
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