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ABSTRACT

The mammalian Atg18 ortholog WIPI2 is a key regulator of LC3 lipidation to promote autophago-
some biogenesis during nonselective macroautophagy, while its functions in selective autophagy
such as mitophagy remain largely unexplored. In this study, we explored the role of WIPI2 in PINK1-
PRKN/parkin-mediated mitophagy. First, we found that WIPI2 is recruited to damaged mitochondria
upon mitophagy induction. Second, loss of WIPI2 impedes mitochondrial damaging agents-induced
mitophagy. Third, at molecular level, WIPI2 binds to and promotes AAA-ATPase VCP/p97 (valosin
containing protein) to damaged mitochondria; and WIPI2 depletion blunts the recruitment of VCP to
damaged mitochondria, leading to reduction in degradation of outer mitochondrial membrane
(OMM) proteins and mitophagy. Finally, WIPI2 is implicated in cell fate decision as cells deficient in
WIPI2 are largely resistant to cell death induced by mitochondrial damage. In summary, our study
reveals a critical regulatory role of WIPI2 in mitochondrial recruitment of VCP to promote OMM
protein degradation and eventual mitophagy.

Abbreviations: ATG, autophagy related; CALCOCO2/NDP52, calcium binding and coiled-coil domain
2; CCCP, carbonyl cyanide chlorophenylhydrazone; CYCS, cytochrome ¢, somatic; HSPD1/HSP60, heat
shock protein family D (Hsp60) member 1; IMM, inner mitochondrial membrane; MAP1LC3/LC3,
microtubule associated protein 1 light chain 3; NPLOC4, NPL4 homolog, ubiquitin recognition factor;
OMM, outer mitochondrial membrane; OPTN, optineurin; Ptdins3P, phosphatidylinositol-3-phos-
phate; PINK1, PTEN induced kinase 1; PRKN/Parkin, parkin RBR E3 ubiquitin protein ligase; UBXN6/
UBXD1, UBX domain protein 6; UFD1, ubiquitin recognition factor in ER associated degradation 1;
VCP/p97, valosin containing protein; WIPI2, WD repeat domain, phosphoinositide interacting 2

Introduction been extensively studied, mainly focusing on the PINK1 (PTEN

Macroautophagy (refers to as autophagy hereafter) is an evolu-
tionarily conserved process in which cytosolic contents are tar-
geted for lysosomal degradation, which is essential for the
maintenance of cellular homeostasis and cell survival [1-3].
Mitophagy is a form of selective autophagy designated for the
removal of damaged and superfluous mitochondria as a critical
mechanism for mitochondria quality control [4]. While both
autophagy and mitophagy are important for health, compro-
mised autophagy and mitophagy are drivers of aging and age-
predisposed diseases, such as Alzheimer’'s disease [5,6].
Mechanistic studies of the underlying molecular pathways of
these fundamental cellular processes thus have clinical implica-
tions. At present, the molecular mechanisms of mitophagy have

induced kinase 1)-PRKN (parkin RBR E3 ubiquitin protein
ligase)-dependent pathway in response to mitochondrial stress
[7,8]. During PINKI-PRKN-dependent mitophagy, PINKI
phosphorylates ubiquitin (Ub) at Ser65 on mitochondria, with
phospho-Ub serving as docking sites for PRKN binding to partly
activate its E3 ligase activity [9-11]. Upon binding to phospho-
Ub, PRKN is subsequently phosphorylated by PINK1 within its
ubiquitin-like (Ubl) domain, leading to full activation of PRKN
[12,13]. In this way, PINKI and PRKN form a feedforward loop
to mediate the ubiquitination and proteasomal degradation of
outer mitochondrial membrane (OMM) proteins and subse-
quent mitophagy [8,14]. Although the mechanism of PINKI-
Parkin mitophagy has been extensively studied, the involvement
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of other key autophagy regulators in this process remains to be
fully understood.

WIPI2 (WD repeat domain, phosphoinositide interacting 2)
is a key autophagy protein coded by WIPI2, a mammalian
homolog of yeast autophagy related gene Atgl8 [15]. WIPI2
binds to phosphatidylinositol 3-phosphate (PtdIns3P) and is
responsible for recruitment of the ATG12-ATG5-ATGI6L1
complex to mediate the conjugation of MAP1LC3/LC3 (micro-
tubule associated protein 1 light chain 3) to phosphatidyletha-
nolamine (PE) and subsequent autophagosome formation [16].
Recent studies have shown that WIPI2 is a determinant of basal
autophagy [17-19] and is also required for selective autophagy
such as xenophagy which eliminates invading pathogens [16,20].
Because xenophagy and mitophagy share similar pathways [5], it
is thus possible that WIPI2 may participate in mitophagy.
However, the functions of WIPI2 in mitophagy have not been
fully investigated. It was initially shown that WIPI2 plays
a critical role in mitochondrial homeostasis, albeit the under-
lying mechanisms were not studied [21]. It was found that
phospho-S65-PRKN (p-PRKN S65) is upregulated at steady
state in the cells with WIPI2 deletion [21], suggesting that
WIPI2 could be an upstream player to regulate PINK1-PRKN-
mediated mitophagy. A more recent study has linked WIPI2
depletion to compromised PINK1-PRKN-dependent mitophagy
[22], with several important findings. First, proximity proteo-
mics of OPTN (optineurin; one of the key mitophagy receptors)
by using APEX2-tagged OPTN identified WIPI2 as a top hit.
Second, reconstitution of WIPI2 in the WIPI2™~ cells revealed
its localization on mitochondrial surface in depolarized cells.
Third, there was a striking reduction of mitophagic flux in the
WIPI2™" cells. Finally, compared to other ATG proteins
(including ULK1 (unc-51 like autophagy activating kinase 1),
ATG2A, ATG3, ATG4B, ATG5, ATG7, ATGY9A, ATGI2,
ATGI14, ATGI16L1 and ATG101) that were identified, depletion
of WIPI2 displayed more pronounced inhibition of mitophagy
[22]. These studies together suggest a potential regulatory role of
WIPI2 in mitophagy and in mitochondrial quality control.

Here, by using various cellular and imaging approaches to
measure mitophagy, we first showed that WIPI2 was recruited
to damaged mitochondria. WIPI2 mutually interacted with
the VCP-UFD1-NPLOC4 complex and deletion of WIPI2
impaired mitochondrial translocation of VCP, leading to
impaired degradation of OMM proteins and eventual mito-
phagy. Functionally, WIPI2 is implicated in cell fate as cells
deficient in WIPI2 are largely resistant to cell death induced
by mitochondrial damage. Thus, our study reveals a novel
function of WIPI2 in mediating mitophagy, sheds lights on
the molecular mechanisms of mitophagy regulation, and pro-
vides new clues for development of novel therapeutic strate-
gies for mitophagy-related diseases.

Results

WIPI2 is recruited to damaged mitochondria upon
mitochondrial depolarization

It has been previously reported that ectopically expressed
WIPI2 localizes to mitochondrial surface in depolarized cells
[22]. To confirm whether endogenous WIPI2 goes through

similar changes, we first performed a cellular fractionation
assay in HeLa cells stably expressing PRKN (referred hereafter
as YPH cells) to analyze the distribution of WIPI2 and
observed an increase of WIPI2 in the mitochondrial fraction
when mitochondrial depolarization was induced by oligomy-
cin-antimycin (O/A) (Figure 1A). Next, we checked endogen-
ous WIPI2 mitochondrial translocation by
immunofluorescence staining upon mitochondrial depolariza-
tion induced by a mitochondrial uncoupler carbonyl cyanide
chlorophenylhydrazone (CCCP) at various time points. While
WIPI2 was almost diffused in the cytosol in untreated cells, it
formed puncta upon mitochondrial depolarization in YPH
cells post CCCP treatment (Figure 1B-1C). Notably, these
WIPI2 puncta were in close proximity to depolarized mito-
chondria (Figure 1B and 1D). We subsequently tested whether
WIPI2 puncta formation during mitophagy requires PRKN.
Unlike what were observed in YPH cells, there was no similar
mitochondrial translocation of WIPI2 following CCCP treat-
ment in HeLa cells that do not express PRKN (Figure S1A-
S1C), suggesting that mitochondrial translocation of WIPI2
requires PRKN.

The autophagy receptors such as CALCOCO2/NDP52
(calcium binding and coiled-coil domain 2) and OPTN are
recruited to mitochondria upon mitophagy initiation [23-25].
Here we also observed that WIPI2 colocalized with the auto-
phagy receptors including CALCOCO2 (Figure 1E-1F) and
OPTN (Figure 1G-1H) upon mitochondrial damage induced
by CCCP. Collectively, these data suggest that WIPI2 is
recruited to damaged mitochondria upon treatment with
depolarizing agents such as CCCP.

Deletion of WIPI2 inhibits mitophagy

To further study the role of WIPI2 in mitophagy, we first
knocked down WIPI2 expression using siRNA against WIPI2
(siWIPI2) in YPH cells. Transfection of siWIPI2 in YPH cells
for 72 h markedly reduced endogenous WIPI2 expression
(Figure S2A). Upon mitophagy induction by CCCP, WIPI2
KD significantly attenuated the degradation of OMM pro-
teins, such as MFN2 (mitofusin 2) and TOMM?20 (translocase
of outer mitochondrial membrane 20); it also impaired the
reduction of inner mitochondrial membrane (IMM) proteins,
such as TIMM23 (translocase of inner mitochondrial mem-
brane 23) and MT-CO2 (mitochondrially encoded cyto-
chrome c oxidase II) (Figure S2A). To further confirm this
result, we generated a YPH-WIPI2 KO cell line by CRISPR-
Cas9 technique. Consistent with a previous report [15], LC3
lipidation is impaired in WIPI2 KO cells (Figure S2B-S2C).
Impaired reduction of OMM and IMM proteins was also
observed in YPH-WIPI2 KO cells upon mitochondrial depo-
larization induced by CCCP (Figure 2A). YPH-WIPI2 KO
cells generated with a different sgRNA (YPH-WIPI2 KO-2)
showed similar results (Figure S2D). Moreover, the reduction
in OMM or IMM proteins was also inhibited in YPH-WIPI2
KO cells when mitophagy was induced by O/A (Figure 2B).
Consistently, we also observed delayed degradation of
TOMM20 in WIPI2 KO cells upon mitochondrial depolariza-
tion by immunofluorescence staining (Figure S2E-S2F).
Additionally, in HEK293A cells which express endogenous
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Figure 1. WIPI2 is recruited to damaged mitochondria. (A) YPH cells were treated with or without 1 pM O/A for 4 h. Subcellular fractionation was then performed to
isolate the cytosolic and mitochondrial fractions. TIMM23 and GAPDH were used as mitochondrial and cytosolic markers, respectively. (B-D) YPH cells were treated
with or without 20 uM CCCP. Subsequently, the cells were fixed at the indicated time points and stained with antibodies against WIPI2 and HSPD1. The cells were
then imaged under a confocal microscope (B). Scale bar: 10 pm. The number of WIPI2 puncta per cell was quantified and presented in (C) and colocalization of WIPI2
with HSPD1 was quantified by Mander’s overlap coefficient (D). 120 cells from three independent experiments were analyzed. Columns, mean; bars, £ S.D. (¥,
P < 0.05; **, P < 0.01; **** P < 0.0001; One way ANOVA with Dunnett’s multiple comparisons test). (E) YPH cells were treated with or without 20 pM CCCP.
Subsequently, the cells were fixed at the indicated time points and stained with antibodies against WIPI2 and CALCOCO2. The cells were then imaged under
a confocal microscope. Scale bar: 10 um. (F) The percentage of WIPI2 puncta colocalized with CALCOCO2 was quantified in cells treated as in (E). 120 cells from three
independent experiments were analyzed. Columns, mean; bars, = S.D. (¥, P < 0.05; ***, P < 0.001; **** P < 0.0001; One way ANOVA with Dunnett’s multiple
comparisons test). (G) YPH cells were treated with or without 20 pM CCCP. Subsequently, the cells were fixed at the indicated time points and stained with antibody
against WIPI2 and OPTN. The cells were then imaged under a confocal microscope. Scale bar: 10 um. (H) The percentage of WIPI2 puncta colocalized with OPTN was
quantified in cells treated as in (G). 120 cells from three independent experiments were analyzed. Columns, mean; bars, £ S.D. (**, P < 0.01; ****, P < 0.0001; One
way ANOVA with Dunnett’s multiple comparisons test).
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Figure 2. Depletion of WIPI2 inhibits mitophagy. (A and B) YPH wild-type (WT) or WIPI2 KO cells were treated with either 20 uM CCCP (A) or 1 uM O/A (B) and
harvested at the indicated time points for western blotting analysis with the indicated antibodies. (C) YPH-mt-Keima WT or WIPI2 KO cells were lysed for western
blotting analysis to confirm the knockout effects of WIPI2. (D-F) YPH-mt-Keima WT or WIPI2 KO cells were treated with 20 uM CCCP and harvested at the indicated
time points for FACS analysis by excitation at 405 nm (neutral pH) and 561 nm (acidic pH). The gated area encloses cells undergoing mitophagy, and the percentage
of cells within this gate is indicated in the top-left corner of each plot (D). The percentage of cells undergoing mitophagy (E) and the relative mean mt-Keima 561/
405 ratio (F) were quantified in cells treated as in (D). Columns, mean; bars, + S.D. of 3 independent experiments (N.S., no significance; ¥, P < 0.05; **, P < 0.01; ***¥,
P < 0.0001; Two-way ANOVA with Sidak’s multiple comparisons test). (G and H) YPH WT or WIPI2 KO cells were treated with either DMSO or 20 uM CCCP for 6 h and
then fixed with 4% PFA. The cells were then stained with anti-DNA antibody and imaged under microscope (G). Scale bar: 20 pm. The relative intensity of mtDNA in
the samples treated as in (G) was quantified (n = 30) (H). The intensity of the mtDNA in the WT group treated with DMSO was normalized as 1. Columns, mean; bars,
+ S.D. (N.S., no significance; **** P < 0.0001; Two-way ANOVA with Sidak’s multiple comparisons test).

PRKN (Figure S2G) [26], WIPI2 KO also attenuated the To further examine the effects of WIPI2 on mitophagy, we
reduction of OMM or IMM proteins upon CCCP treatment also utilized the mitochondrial targeted Keima (mt-Keima) assay
(Figure S2H). Together, these data suggest that depletion of as a quantitative approach to measure mitophagy [27,28]. As
WIPI2 impairs reduction of both OMM and IMM proteins shown in Figure S2I, YPH-mt-Keima cells displayed a striking
induced by mitochondrial damage agents. spectral shift upon mitochondrial depolarization induced by



CCCP, which was reversed by treatment of bafilomycin A; (a
lysosome inhibitor), confirming the effectiveness of this assay.
We observed that WIPI2 KO largely attenuated the spectral shift
upon mitochondrial depolarization, suggesting a lower level of
mitophagy in WIPI2 KO cells (Figure 2C-2F). We further con-
firmed this result in two other WIPI2 KO cell lines generated
from YPH-mt-Keima cells with different sgRNAs (Figure S2J-
S2M). The clearance of damaged mitochondrial DNA (mtDNA)
is another quantitative approach to measure mitophagy [25]. We
also compared the level of mtDNA in both WT and WIPI2 KO
cells upon mitophagy induction and found that the clearance of
mtDNA was markedly blocked in WIPI2 KO cells, but not in
WT cells (Figure 2G-2H). Together, these data suggest that
mitophagy is inhibited when WIPI2 is depleted.

WIPI2 interacts with the VCP complex

Having established the positive regulatory role of WIPI2 in
mitophagy, we next attempted to explore the underlying mole-
cular mechanisms. Here we performed a Mass Spectrometry
(MS) analysis to identify the WIPI2-interacting proteins by
FLAG pulldown in YPH cells overexpressing FLAG-WIPI2.
We identified ~280 interacting proteins and among them
about 50 were mitochondrial proteins, such as ATP5F1A/
ATP5A (ATP synthase F1 subunit alpha), ATP5F1C/ATP5C
(ATP synthase F1 subunit gamma), ATP5MF/ATP5]2 (ATP
synthase membrane subunit f), IMMT/MIC60 (inner membrane
mitochondrial protein), OPA1 (OPA1 mitochondrial dynamin
like GTPase), PHB2 (prohibitin 2), and TOMM20 (Figure S3A
and Table S1). Among the list of the interacting proteins identi-
fied, we were particularly interested in VCP (valosin containing
protein) and its co-factor UFD1 (ubiquitin recognition factor in
ER associated degradation 1), due to their well-established func-
tion in mitophagy and mitochondrial quality control [29-33].

We next performed co-immunoprecipitation assays and ver-
ified the interaction between endogenous WIPI2 and VCP
(Figure 3A). Reciprocal co-immunoprecipitation assays showed
that ectopically expressed WIPI2 and VCP mutually interacted
with each other (Figure 3B-3C). There are four domains within
VCP including the N domain, D1 domain, D2 domain and C-
terminus domain (Figure 3D). To understand which domain of
VCP is required for its interaction with WIPI2, we generated
various FLAG-VCP constructs lacking one or two of these
domains as described in Figure 3D. Deletion of the N domain
or the D2 domain appeared to reduce the interaction of VCP with
WIPI2 (Figure 3E). The N domain of VCP is known to mediate
the binding of co-factors [34,35]. Consistently, NPLOC4 (NPL4
homolog, ubiquitin recognition factor), as one of the well-known
co-factors for VCP, was unable to interact with VCP in the
absence of the N domain (Figure 3D-3E). We thus asked whether
WIPI2 also interact with the VCP co-factors.

Various co-factors for VCP have been reported and among
them, NPLOC4 and UFD1 are the most studied ones that
interact with VCP to form the VCP-UFD1-NPLOC4 complex
[36]. Importantly, this complex has been shown to translocate
to mitochondria upon mitophagy induction [37]. The main
function of this complex is to extract the ubiquitinated pro-
teins from membrane structures and deliver them to the 26S
proteasome for degradation [36]. We found that WIPI2 was

AUTOPHAGY (&) 2869

also able to interact with both co-factors (Figure 3F).
Moreover, similar to VCP which translocate to damaged
mitochondria [29], we observed a substantial translocation
of NPLOC4 from the cytosol to damaged mitochondria
(Figure 3G-3H), consistent with an earlier report [37]. We
next evaluated the interaction of WIPI2 with VCP, UFDI or
NPLOC4 under mitophagy induction condition. Generally,
we did not observe significant changes of the interaction
between WIPI2 and VCP or the two co-factors under mito-
phagy induction conditions (Figure 3A and S3B-S3D), sug-
gesting that the interaction between WIPI2 and the VCP-UFD
1-NPLOC4 complex is constitutive. Of note, the interaction of
UFD1 or NPLOC4 with VCP also remains unchanged under
mitophagy induction condition (Figure S3C-S3D). UBXN6/
UBXD1 (UBX domain protein 6) is another co-factor of VCP
and has been shown to translocate to damaged mitochondria
to promote mitophagy via recruiting VCP [30]. Here we also
observed mitochondrial translocation of UBXN6 upon mito-
chondrial damage induced by CCCP (Figure S3E). However,
we failed to detect evident interaction between WIPI2 and
UBXN6 under either basal condition (Figure 3F) or mito-
phagy induction condition (Figure S3F).

WIPI2 is required for mitochondrial recruitment of VCP

VCP has been shown to be recruited to mitochondria to
mediate mitophagy upon mitochondrial depolarization
[29,37]. Consistently, we also observed that mitochondrial
depolarization triggered by CCCP effectively induced mito-
chondrial recruitment of VCP (Figure 4A-4B). Moreover,
inhibition of VCP by NMS873, a potent and specific allosteric
inhibitor of VCP [38], dramatically impaired mitochondrial
recruitment of VCP (Figure 4A-4B) and prevented TOMM?20
degradation under mitochondrial depolarization conditions
(Figure 4C), which is consistent with a previous study [31].
However, inhibition of VCP by NMS873 did not prevent
mitochondrial translocation of WIPI2 (Figure S4). It is
known that mitochondrial recruitment of VCP is highly relied
on PINK1 and PRKN [29,39,40]. Here we also confirmed that
mitochondrial recruitment of VCP was defective in HeLa cells
deficient in PRKN (Figure S5A). Consistently, mitochondrial
depolarization triggered degradation of OMM proteins was
largely attenuated in cells deficient in PINK1 or PRKN
(Figure S5B). These data therefore confirm the importance
of mitochondrial recruitment of VCP in OMM proteins
degradation in the course of PINK1-PRKN-mediated mito-
phagy. As degradation of OMM proteins was impaired in
WIPI2 KO cells (Figure 2A-2B), we wondered whether this
is related to impaired PRKN translocation. However, translo-
cation of PRKN to damaged mitochondria appeared to be
unaffected in WIPI2 KO cells (Figure S5C-S5D), suggesting
that other key players downstream of PRKN are involved.
Consistent with an earlier report [41], we also found that
degradation of OMM proteins (such as MFN1, MFN2 and
TOMM20) upon mitophagy induction could be blocked by
the proteasome inhibitor MG132 (Figure 4D and S5E). In
comparison, inhibition of autophagy by lysosome inhibitors
including chloroquine (CQ) and bafilomycin A; (BafAl) was
unable to block the degradation of OMM proteins under
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Figure 3. WIPI2 interacts with the VCP complex. (A) YPH cells were treated with or without 20 pM CCCP for 2 h. Subsequently, the cells were harvested for
immunoprecipitation with anti-WIPI2 antibody and analyzed by western blotting. (B and C) HEK293T cells were transfected with WIPI2-MYC and/or FLAG-VCP as
indicated for 24 h and were lysed with IP lysis buffer. The cell lysates were subjected to MYC IP (B) or FLAG IP (C) and analyzed by western blotting. (D) Schematic
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analyzed. Columns, mean; bars, = S.D. (N.S., no significance; ****, P < 0.0001; Two-way ANOVA with Sidak’s multiple comparisons test).
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mitophagy induction conditions (Figure 4D and S5F-S5G),
indicating that degradation of OMM proteins during this
process relies mainly on proteasome. It is thus possible that
the impaired degradation of OMM proteins in WIPI2 KO
cells is related to impaired VCP functions. Moreover, while
degradation of TOMM?20 was impaired in WIPI2 KO cells
upon mitochondrial depolarization, addition of NMS873 did
not further stabilize TOMM20 (Figure 4E), suggesting that
WIPI2 and VCP work in the same pathway to regulate the
turnover of OMM proteins in response to mitochondrial
damage.

We therefore checked whether translocation of VCP to
mitochondria upon mitochondrial depolarization was affected
in WIPI2 KO cells and found that the amount of VCP
recruited to damaged mitochondria was dramatically reduced
compared to that in WT cells (Figure 4F-4G). As the VCP
total protein level in WIPI2 KO cells was comparable to that
in WT cells (Figure S6A), the reduced level of VCP at mito-
chondria is most likely due to impaired recruitment to mito-
chondria in WIPI2 KO cells. Because WIPI2 requires
PtdIns3P for its localization, we examined the effects of
PIK3C3/VPS34 (phosphatidylinositol 3-kinase catalytic subu-
nit type 3) inhibition on VCP mitochondrial recruitment with
a potent and selective inhibitor SAR405 [42]. As expected,
SAR405 treatment, without affecting the total protein level of
VCP (Figure S6B), inhibited VCP mitochondrial recruitment
(Figure S6C-S6D). These data together demonstrate the
importance of WIPI2 for mitochondrial recruitment of VCP
in response to mitochondrial damage.

Reconstitution of WIPI2 rescues the impaired
mitochondrial recruitment of VCP and defective
mitophagy in WIPI2 KO cells

Having established that the impairment of VCP translocation to
damaged mitochondria resulted in attenuated degradation of
OMM proteins and defective mitophagy in WIPI2 KO cells, we
next tried to rescue these defects by reconstitution of WIPI2. First,
we observed that reconstitution of WIPI2 in WIPI2 KO cells
promoted the translocation of VCP to damaged mitochondria
(Figure 5A-5B). Second, reconstitution of WIPI2 partially restored
the impaired reduction of OMM protein (TOMM?20) and IMM
proteins (TIMM23 and MT-CO?2) (Figure 5C). Finally, reconsti-
tution of WIPI2 restored mitophagy in WIPI2 KO cells induced
by CCCP, as detected by mt-Keima assay (Figure 5D-5F).

WIPI2 KO cells are resistant to cell death induced by
mitochondrial depolarization

It has been shown that PRKN-mediated ubiquitination and
proteasome-dependent degradation of OMM proteins results
in mitochondrial membrane rupture upon mitochondrial depo-
larization [41,43]. Such mitochondrial membrane rupture has
been linked to apoptotic cell death and could be prevented by
proteasome inhibitors [44]. As we observed defective degrada-
tion of OMM proteins in depolarized WIPI2 KO cells, we won-
dered whether mitochondrial depolarization-induced cell death
could be attenuated in WIPI2 KO cells. To test this hypothesis,
we first checked the subcellular distribution of CYCS

(cytochrome c, somatic) which has been shown to be released
from mitochondria in depolarized cells [45]. Consistent with
a previous study [46], CCCP induced the release of CYCS from
mitochondria to the cytosol in WT cells, which is inhibited in
WIPI2 KO cells (Figure 6A). Consistently, CCCP also induced
the cleavage of CASP3 (caspase 3) and PARPI (poly(ADP-
ribose) polymerase 1) in WT cells, which was also inhibited in
WIPI2 KO cells (Figure 6B). We next checked the cell viability of
YPH WT and WIPI2 KO cells under CCCP treatment condition
and found that WIPI2 KO cells were much more resistant to cell
death compared to WT cells (Figure 6C-6D). Similar results
were observed in cells depolarized by O/A (Figure 6E). Thus, it
appears that deficiency of WIPI2 makes the cells more resistant
to apoptotic cell death induced by mitochondrial damage agents.

Discussion

In this study, we discovered a novel function of WIPI2 in
regulation of mitophagy. First, we found that WIPI2 was
recruited to mitochondria upon mitochondrial depolarization
and knockdown or knockout of WIPI2 impaired PINKI-
PRKN-mediated mitophagy. Next, we revealed WIPI2 as an
important binding partner of the VCP-UFD1-NPLOC4 com-
plex, while deletion of WIPI2 impaired the recruitment of
VCP to damaged mitochondria, subsequent degradation of
OMM proteins, and eventual mitophagy. Finally, we found
that WIPI2 KO cells were much more resistant to cell death
induced by mitochondrial depolarization when compared to
WT cells. In summary, we reveal a critical regulatory role of
WIPI2 in mitophagy where WIPI2 interacts with and pro-
motes VCP mitochondrial translocation, leading to OMM
protein degradation and eventual mitophagy (Figure 7).

WIPI2 is well known as a key PtdIns3P effector required
for recruitment of ATG12-ATG5-ATG16L1 complex to facil-
itate LC3 lipidation and autophagosome biogenesis during
nonselective macroautophagy [16,17]. However, the role of
WIPI2 in selective autophagy has not been fully explored.
Previous studies revealed that WIPI2 is involved in xenophagy
[16,20]. A proximity-based screening with APEX2-OPTN
revealed WIPI2 as a key player in mitophagy [22]. Of note,
deletion of WIPI2 displayed the most striking impacts on
mitophagy inhibition when compared to other ATG proteins
identified. Similarly, WIPI2 deletion was found to have
a much stronger effect on mitophagy blockade than
ATGI6L1 KO [47].These findings together indicate that
WIPI2 may have more functions than autophagosome bio-
genesis during mitophagy. Consistent with such an assump-
tion, we showed that WIPI2 promoted degradation of OMM
proteins which relies mainly on proteasome rather than the
autophagy-lysosome system (Figure 2A-2B and 4D-4E).

In the course of PINK1-PRKN-mediated mitophagy, it
has been well established that degradation of OMM pro-
teins relies on PRKN-mediated ubiquitination and subse-
quent proteasomal degradation [29,41]. In this process,
accumulating evidence confirms that VCP is recruited to
damaged mitochondria to extract and deliver the ubiqui-
tinated OMM proteins to the 26S proteasome for degrada-
tion [29,31,32,48]. In this study, we showed that WIPI2
deficiency does not affect PRKN E3 ligase activity while
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degradation of OMM proteins is impaired (Figure 2A-2B
and S5C-S5D). We further showed that WIPI2 interacted
and promoted the recruitment of VCP complex to
damaged mitochondria to accelerate the degradation of
OMM proteins (Figure 3A-3F and 5A-5C). We report a
novel regulatory function of WIPI2 in the turnover of
OMM proteins under mitochondrial damage conditions
via recruitment of VCP.

At present, various co-factors of VCP are reported to
regulate mitochondrial recruitment of VCP in response to
mitochondrial damage. There was evidence that two co-
factors UBXN1 and UBXN6 translocate to damaged mito-
chondria and overexpression of either of these co-factors
promotes VCP translocation to damaged mitochondria
[30,32]. In cells with deletion of UBXNI, VCP translocation
to damaged mitochondria upon CCCP treatment is not
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affected, while the dynamics of VCP mitochondrial distribu-
tion is altered [32]. Although the effect of UBXN6 deletion on
mitochondrial recruitment of VCP has not been reported,
overexpression of UBXN6 promotes mitochondrial recruit-
ment of VCP [30]. Different from these studies, knockdown
of another two VCP co-factors UFDI1 or NPLOC4 has been
shown to impair mitochondrial recruitment of VCP [37].
UFD1 and NPLOC4 are known to bind the N domain of
VCP [34,35]. Here we also showed that the N domain was
critical for the binding of WIPI2 and interaction between
WIPI2 and these two co-factors were constitutive (Figure 3F
and S3C-S3D). In contrast, there was no evident interaction
between WIPI2 and UBXN6 under basal or mitophagy induc-
tion condition (Figure 3F and S3F), suggesting that WIPI2
and UBXN6 may function differently to regulate mitochon-
drial recruitment of VCP. It remains to be further determined
how different VCP co-factors interact differently with WIPI2
and how such interactions regulate mitochondrial recruitment
of VCP and WIPI2.

Apart from its functions in mitophagy, VCP is also known
as an essential player for autophagosome maturation as dys-
function of VCP is associated with accumulation of immature
autophagic vesicles and defective autophagic clearance
[49,50]. Recently, it has been reported that under amino
acid starvation condition, inhibition of VCP suppressed the
assembly of ATG14-PIK3C3 complex, resulting in suppres-
sion of WIPI2 puncta formation [51]. On the other hand,
results from the current study support the notion that WIPI2
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works upstream to promote mitochondrial recruitment of
VCP during mitophagy. First, deletion of WIPI2, without
affecting PRKN mitochondrial translocation (Figure S5C-
S5D), reduced VCP mitochondrial translocation under mito-
phagy induction condition (Figure 4F-4G). Second, upon
VCP inhibition by NMS873, WIPI2 was still able to translo-
cate to damaged mitochondria under mitophagy induction
condition (Figure S4). Further studies are needed to elucidate
how WIPI2 and VCP coordinates with each other to regulate
mitophagy.

Mitochondria play essential roles in cellular metabolism,
energy production and programed cell death [52]. On one
hand, depolarization of mitochondria triggers PINK1-PRKN-
mediated mitophagy to remove damaged mitochondria,
which serves as a pro-survival mechanism [53]. On the
other hand, acute mitochondrial depolarization is closely
associated with apoptosis via releasing pro-apoptotic factors
such as CYCS [45]. It have been shown that PRKN sensitizes
cells toward apoptosis induced by depolarization-inducing
reagents such as CCCP and O/A [44,54,55]. This is mainly
due to PRKN-mediated ubiquitination of OMM proteins
which are subsequently extracted by the VCP complex and
delivered to the 26S proteasome for degradation, leading to
mitochondrial membrane rupture, CYCS release and eventual
apoptosis [29,41,43]. Inhibition of OMM protein degradation
by proteasome inhibitors is able to effectively block apoptotic
cell death triggered by mitochondrial depolarization [44].
Consistently, in cells lacking PINK1 or PRKN, degradation
of OMM proteins was attenuated (Figure S5B). As a result,
apoptotic cell death induced by mitochondrial depolarization
was inhibited (Figure S7A-S7B). In this study, we showed that
WIPI2 KO inhibited the mitochondrial recruitment of VCP
upon mitochondrial depolarization, which impaired degrada-
tion of OMM proteins (Figure 4E-4G). Consistently, WIPI2
KO cells were much more resistant to apoptosis resulted from
mitochondrial depolarization (Figure 6). Interestingly, WIPI2
KO cells were much more sensitive to amino acids starvation
(EBSS)-induced cell death (Figure S7C), indicating that
WIPI2 may function differently in different types of cell
death induced by different stimuli. The selective involvement
of WIPI2 in cell death related to PINK1-PRKN-mediated
mitophagy may have therapeutic implications in mitophagy
and cell death-related human diseases such as neurodegenera-
tive disorders.

In summary, WIPI2 is a critical positive upstream regula-
tor of mitophagy that controls VCP recruitment to damaged
mitochondria to mediate PINKI1-PRKN-dependent mito-
phagy. As mitophagy is impaired in common neurodegenera-
tive diseases such as Alzheimer disease and Parkinson disease
[5,56,57], genetic and pharmacological approaches targeting
WIPI2 to upregulate mitophagy may provide novel therapeu-
tic approaches for these currently uncurable diseases.

Materials and methods
Reagents and antibodies

Reagents used in this study: Antimycin A (Sigma-Aldrich,
A8674), bafilomycin A; (BafAl; Sigma-Aldrich, B1793),
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chloroquine (CQ; Sigma-Aldrich, C6628), carbonyl cyanide 3-
chlorophenylhydrazone (CCCP; Sigma-Aldrich, C2759),
Earle’s Balanced Salts (EBSS; Sigma-Aldrich, E2888), oligomy-
cin (Sigma-Aldrich, 11,342), propidium iodide (Sigma-
Aldrich, P4170), MG132 (Boston Biochem, I-130-05 M),
NMS873 (Cayman Chemical, 17,674), SAR405 (Selleckchem,
S7682), DDDDK-tagged Protein PURIFICATION GEL
(Medical & Biological Laboratories, 3328 R).

Primary antibodies used in this study: anti-PINK1 (Cell
Signaling Technology, 6946), anti-PRKN/Parkin (Cell
Signaling Technology, 4211S), anti-TOMM20 (Cell Signaling
Technology, 42,406), anti-MFN2/mitofusin 2 (Cell Signaling
Technology, 11,925), anti-MFN1/mitofusin 1 (Cell Signaling
Technology, 14,739), anti-HSPD/HSP60 (Cell Signaling
Technology, 12,165), anti-MYC-tag (Cell  Signaling
Technology, 2276S), anti-CYCS/cytochrome ¢ (Cell Signaling
Technology, 11940S), anti-PARP1/PARP (Cell Signaling
Technology, 9542S), anti-CASP3/Caspase 3 (Cell Signaling
Technology, 9662S), mouse IgG (Cell Signaling Technology,
5415), anti-TOMM20 (Santa Cruz Technology, sc-17,764),
anti-VCP (Santa Cruz Technology, sc-57,492), anti-NPLOC
4/NPL4 (Santa Cruz Technology, sc-365,796), anti-HA (Santa
Cruz Technology, sc-7392) and anti-PRKN (Santa Cruz
Technology, sc-32,282), anti-TIMM23 (BD Biosciences,
611,223), anti-WIPI2 (Merck Millipore, MABC91) and anti-
phospho-ubiquitin (Merck Millipore, ABS1513-I), anti-DNA
(Progen Biotechnik, 61,014), anti-CALCOCO2/NDP52
(Abcam, ab68588), anti-LC3B (Abcam, ab192890), anti-WIPI
2 (Abcam, ab105459) and anti-MT-CO2 (Abcam, ab110258),
anti-GAPDH (Proteintech, 60,004-1-Ig) and anti-OPTN
(Proteintech,  10,837-1-AP), Anti-FLAG (Medical &
Biological Laboratories, M185-3 L), anti-MYC-tag (Medical
& Biological Laboratories,M192-3), anti-GFP (Thermo fisher
scientific, MA5-15,256)

Secondary antibodies used in this study: goat anti-Mouse
IgG H&L (Alexa Fluor® 594; Abcam, ab150116), donkey anti-
mouse IgG H&L (Alexa Fluor® 405; Abcam, ab175658) and
donkey anti-rabbit IgG H&L (Alexa Fluor® 405; Abcam,
ab175649), Alexa Fluor-405 goat anti-mouse (Thermo fisher
scientific, A-31553), Alexa Fluor-488 goat anti-mouse
(Thermo fisher scientific, A-32723), Alexa Fluor-488 anti-
rabbit (Thermo fisher scientific, A-11034), Alexa Fluor-594
goat anti-mouse (Thermo fisher scientific, A-11032), Alexa
Fluor-594 goat anti-rabbit (Thermo fisher scientific, R37117)
and Alexa Fluor-633 goat anti-rabbit (Thermo fisher scienti-
fic, A-21072), Peroxidase-conjugated affinity pure goat anti-
mouse IgG, light chain specific (Jackson Immuno Research,
115-035-174), peroxidase-conjugated IgG fraction monoclo-
nal mouse antirabbit, light chain specific (Jackson Immuno
Research, 211-032-171),

Cell line, siRNA and plasmids

Cell lines used in this study: HEK293T (CRL-3216) and HeLa
(CCL-2) cells were purchased from American Type Culture
Collection (ATCC). HeLa cells stably expressing YFP-PRKN
(YPH cells) and YPH cells stably expressing mitoKeima
(YPH-mt-Keima) were kind gifts from Dr. Richard Youle
(National Institute of Neurological Disorders and Stroke,

NIH, USA). HEK293A WT and WIPI2 KO cells were kind
gifts from Dr. Sharon A. Tooze (The Francis Crick
Institute, UK).

siRNA used in this study: siRNA targeting WIPI2 (hs.Ri.
WIPI2.13) were purchased from Integrated DNA
Technologies (https://www.idtdna.com/).

Plasmids used in this study: pcDNA5-FRT/TO-UFDI-
Strep-HA  (Addgene, 113,474) [58], pcDNAS5-FRT/TO-
NPLOC4-Strep-HA (Addgene, 113,495) [58] and Pires-puro2-
UBXN6-3x HA (Addgene, 31,836) [59] were gifts from
Dr. Hemmo Meyer; pSpCas9(BB)-2A-Puro (PX459)
(Addgene, 48,139) [60] was a gift from Dr. Feng Zhang. VCP-
EGFP (Addgene, 23,971) [50] was a gift from Dr. Nico
Dantuma. FLAG-WIPI2 [17], WIPI2-MYC [17], PX459-
WIPI2-1, PX459-WIPI2-2, PX459-WIPI2-3, PX459-PINKI1,
FLAG-VCP and FLAG-VCP deletion constructs were gener-
ated in Dr. Han-Ming Shen’s lab. The DNA oligos used to
generate these constructs were shown in Table S2.

WIPI2 KO cell generation by CRISPR-Cas9

sgRNA1 targeting WIPI2 (GAAGACCTGCACCTCTCCGA)
was selected from Moffat Lab Toronto Knock Out library
(TKO) (https://www.addgene.org/pooled-library/moffat-
crispr-knockout/); sgRNA2 targeting WIPI2
(GCAGAATGGCAGGCGGACCG) and sgRNA3 targeting
WIPI2 (ACCCACCAACAACCG) were selected from
Sabatini/Lander Labs High Activity Library (https://www.
addgene.org/pooled-library/sabatini-crispr-human-high-
activity-3-sublibraries/). These sgRNAs were cloned into the
pSpCas9(BB)-2A-Puro (PX459) to generate PX459-WIPI2-1,
PX459-WIPI2-2 and PX459-WIPI2-1 following Dr. Feng
Zhang’s protocol [60]. Either YPH cells or YPH-mt-Keima
cells were transfected with these plasmids for 24 h.
Subsequently, the cells were reseeded at a confluency of
1:100, 1:250, and 1:500, respectively. Followed by puromycin
(400 ng/ml; Merck, P9620) selection for 2 weeks. The WIPI2
knockout effect in puromycin-resistant cells was then verified
by T7E1 assays and immunoblotting.

Cell culture

HeLa and HEK293T cells were cultured in DMEM (HyClone,
SH30022.01) supplemented with 10% fetal bovine serum
(HyClone, SV30160.03), 100 U/ml penicillin and 100 pg/ml
streptomycin (Gibco, 15,140,122). The cells were maintained
at 37°C in a humidified incubator with 5% CO,. All cell lines
were tested and confirmed to be negative for mycoplasma
infection.

Western blotting

After the designed treatments, the harvested cells were lysed
with Laemmli SDS buffer (62.5 Mm Tris-HCI, pH 6.8, 25%
glycerol, 2% SDS, phosphatase inhibitor and proteinase inhi-
bitor cocktail [Thermo Fisher Scientific, 78,446]). An equal
amount of protein was resolved by SDS-PAGE and trans-
ferred to PVDF membrane (Bio-Rad Laboratories,
1,620,177). After blocking with 5% nonfat milk (Bio-Rad
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Laboratories, 1,706,404) for 1 h, the membrane was probed
with primary and secondary antibodies, developed with the
enhanced chemiluminescence method (Thermo Fisher
Scientific, 34,076) and visualized with the ImageQuant LAS
500 (GE Healthcare).

Immunoprecipitation

After the designed treatments, the cells were suspended with
the immunoprecipitation (IP) lysis buffer (10 mM Tris-HCI,
pH 7.4 [Vivantis Technologies, PB0852], 100 mM NaCl
[Vivantis Technologies, PB0570], 2.5 mM MgCl,, 0.5%
Triton X-100 [Sigma-Aldrich, T8787], phosphatase inhibitor
and proteinase inhibitor cocktail), followed by sonication and
centrifuged at 12,000 g for 10 min. Part of the supernatant (1-
1.5 mg) was transferred to a new tube and diluted with the IP
lysis buffer to achieve the concentration at 1-1.5 pg/ul. The
supernatant was incubated with either control IgG or anti-
bodies following the instructions of antibody datasheets over-
night with gentle rotation at 4°C and was subsequently
incubated with 10 pl protein A/G (Thermo Fisher Scientific,
20,421) for additional 4 h. For FLAG IP or MYC IP, the
supernatant was incubated with 10 pl anti-FLAG M2
Affinity Gel (Sigma-Aldrich, A2220) or Pierce™ Anti-c-Myc
Agarose (Thermo Fisher Scientific, 20,168) and mixed over-
night with gentle rotation at 4°C. Next, the immunoprecipi-
tates were washed with IP lysis buffer 3 times. The
immunoprecipitants were then eluted by boiling for
5 min in sample loading buffer (Bio-Rad Laboratories,
1,610,737) and analyzed with immunoblotting.

Subcellular fractionation

Subcellular fractionation was performed based on the protocol
described previously [61]. Briefly, 2 x 10° YPH WT or WIPI2
KO cells were lysed in 400 ul Digitonin buffer (150 mM NacCl,
50 mM HEPES pH 7.4, 25 ug/ml digitonin [Sigma-Aldrich,
D141], protease and phosphatase inhibitors) and incubated on
a rotator at 4°C for 10 min. Samples were then centrifuged at
2,000 g for 10 min at 4°C (Step One). Supernatants were
transferred to fresh tubes and centrifuged three times at
20,000 g for 20 min at 4°C (Step Two). The resultant super-
natants from Step Two were then transferred to fresh tubes as
the cytosolic fractions. To obtain the crude mitochondrial
fraction, the remaining pellet from Step One was resuspended
in ice-cold PBS (Cytiva, SH30256.01) to wash away Digitonin
buffer and then centrifuged at 2,000 g for 5 min at 4°C. The
pellet was then resuspended in 400 ul NP-40 buffer (150 mM
NaCI, 50 mM HEPES pH 7.4, 1% NP-40 [Sigma-Aldrich,
56,741], protease and phosphatase inhibitors) and incubated
on ice for 30 min. Samples were centrifuged at 7,000 g for
10 min at 4°C to yield the crude mitochondrial fraction.

Immunofluorescence staining and confocal microscopy

YPH WT or WIPI2 KO cells were seeded to a cover glass slide
at the confluency of approximately 50%. After the designed
treatment, the cells were fixed with 4% paraformaldehyde
(PFA; Santa Cruz Biotechnology, sc-281,692) for 10-15 min
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at room temperature and were washed 3 times with PBS.
Followed by permeabilization with 0.25% Triton X-100 for
20 min. The cells were next blocked with 1% BSA (Sigma-
Aldrich, A2153) for 4 h at room temperature and incubated
with specific primary antibody overnight at 4°C. In the
next day, the primary antibody was removed, and the cells
were washed 3 times with cold PBS for 3 min each and
incubated with  Alexa Fluor secondary antibody
(1:200 ~ 1:500; Invitrogen, A-11029, A-11034, A-11032 or
A-11037) at room temperature for 1 h. The cells were again
washed 3 times with cold PBS for 5 min each. The cells were
visualized using a confocal microscope (Olympus Fluoview
FV3000, Olympus America Inc., PA) and representative cells
were selected and photographed.

Colocalization analysis

WIPI2 puncta colocalization with CALCOCO2 or OPTN was
analyzed by FIJI ComDet plugin v.0.5.5 (https://imagej.net/
plugins/spots-colocalization-comdet). ~ For  mitochondrial
recruitment of WIPI2, NPLOC4 and VCP analysis, Fiji
JACoP plugin (https://imagej.nih.gov/ij/plugins/track/jacop2.
html) was used to calculate the Mander’s overlap coefficient
values following the instructions described previously [62,63].
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