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Abstract

Autophagy has emerged as the prime machinery for implementing
organelle quality control. In the context of mitophagy, the ubiquitin E3
ligase Parkin tags impaired mitochondria with ubiquitin to activate
autophagic degradation. Although ubiquitination is essential for mito-
phagy, it is unclear how ubiquitinated mitochondria activate
autophagosome assembly locally to ensure efficient destruction. Here,
we report that Parkin activates lipid remodeling on mitochondria tar-
geted for autophagic destruction. Mitochondrial Parkin induces the
production of phosphatidic acid (PA) and its subsequent conversion to
diacylglycerol (DAG) by recruiting phospholipase D2 and activating the
PA phosphatase, Lipin-1. The production of DAG requires mitochon-
drial ubiquitination and ubiquitin-binding autophagy receptors,
NDP52 and optineurin (OPTN). Autophagic receptors, via Golgi-derived
vesicles, deliver an autophagic activator, EndoB1, to ubiquitinated
mitochondria. Inhibition of Lipin-1, NDP52/OPTN, or EndoB1 results in
a failure to produce mitochondrial DAG, autophagosomes, and mito-
chondrial clearance, while exogenous cell-permeable DAG can induce
autophagosome production. Thus, mitochondrial DAG production acts
downstream of Parkin to enable the local assembly of autophago-
somes for the efficient disposal of ubiquitinated mitochondria.
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Introduction

Deterioration of organelle integrity, most notably mitochondria and

lysosomes, is a prominent feature of aging and aging-associated

neurodegenerative diseases (Zhang et al, 2015; Nixon, 2020). The

discovery that the ubiquitin E3 ligase Parkin, the causative gene of

early-onset Parkinson’s disease (AR-JP), ubiquitinates and thereby

tags impaired mitochondria for autophagic destruction has estab-

lished a paradigm for organelle quality control (QC; Geisler et al,

2010; Lee et al, 2010; Matsuda et al, 2010; Narendra et al, 2010).

Similar to mitophagy, damaged lysosomes are also tagged by ubiq-

uitin, followed by autophagic degradation (Hung et al, 2013; Mae-

jima et al, 2013; Papadopoulos et al, 2017). Thus, organelle

ubiquitination is a primary mechanism that enables the selective

removal of damaged organelles by QC autophagy.

In mitophagy, ubiquitination serves at least two functions: mark-

ing mitochondrial outer membrane proteins, most notably mito-

fusins (MFN1 and MFN2), for proteasome-mediated degradation

(Tanaka et al, 2010; Chan et al, 2011). MFN degradation enables

the production of smaller mitochondrial units for packaging into

autophagosomes. Mitochondrial ubiquitination also recruits multi-

ple ubiquitin-binding autophagic receptors, including Optineurin

(OPTN), NDP52, and p62/SQSTM1 (Lee et al, 2010; Wong & Holz-

baur, 2014; Lazarou et al, 2015). Through their bivalent binding

activity for ubiquitin and LC3- a key component of the autophago-

some, these adaptor proteins are thought to bring together ubiquiti-

nated cargos and autophagosomes (Pankiv et al, 2007). The simple

autophagic receptor hypothesis, however, does not account for the

findings that autophagosomes are synthesized “de novo” at mito-

chondria tagged for destruction (Itakura et al, 2012; Yang & Yang,

2013). Indeed, OPTN and NDP52 can also affect kinases, including

TBK1 and Ulk1, important for autophagy (Richter et al, 2016; Vargas

et al, 2019; Goodall et al, 2022). The critical question of how Parkin,

mitochondrial ubiquitination, and autophagic receptors coordinate

local autophagosome biogenesis to sequester condemned mitochon-

dria remains to be fully elucidated.

In this report, we present evidence that mitochondrial lipids are

integral components and effectors of Parkin-mediated mitophagy.

We showed that the recruitment of Parkin to depolarized
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mitochondria initiates a series of lipid remodeling events character-

ized by the sequential production of mitochondrial phosphatidic

acid (PA) and diacylglycerol (DAG). Parkin binds and recruits phos-

pholipase D2 (PLD2) to generate mitochondrial PA, while ubiquitin-

dependent recruitment of OPTN and NDP52 activates the PA phos-

phatase Lipin-1, resulting in mitochondrial DAG production. We

present evidence that OPTN and NDP52 deliver a lipid remodeling

factor, EndoB1, to ubiquitinated mitochondria and activate DAG

synthesis. Mitochondrial DAG, in turn, stimulates the local produc-

tion of autophagosomes, providing an efficient mechanism for elimi-

nating impaired mitochondria. Our findings uncover mitochondrial

lipid remodeling and DAG production as key effectors of mitochon-

drial ubiquitination that activate local autophagosome assembly and

imply a critical role of the Golgi complex in enforcing mitochondrial

QC.

Results and Discussion

Parkin stimulates mitochondrial PA and DAG accumulation

Evidence suggests that mitochondria tagged by Parkin lose mito-

fusin and undergo fission to reduce their dimension in order to be

sequestered by autophagosomes (Poole et al, 2008; Tanaka et al,

2010; Chan et al, 2011). Mitochondrial dynamics is also affected by

membrane lipid composition, where mitochondrial phosphatidic

acid (PA) and diacylglycerol (DAG) stimulate fusion and fission,

respectively (Huang et al, 2011). We set out to investigate whether

mitochondrial PA or DAG is involved in mitochondrial fission/fu-

sion associated with Parkin-mediated mitophagy. To this end, we

employed specific fluorescent reporters that bind PA (EGFP-Raf1-

PABD, referred to as PA reporter; Rizzo et al, 2000) or DAG (C1bd-
CFP/YFP, referred to as YFP-DAGR), which have been used exten-

sively to monitor PA and DAG production in cells (Giorgione et al,

2006; Huang et al, 2011). The PA reporter showed diffused cytosolic

distribution in Parkin-expressing cells under basal conditions

(Fig 1A, DMSO). When these cells were challenged by high-dose

carbonyl cyanide 5-chloro-phenylhydrazone (CCCP, 10 lM) to acti-

vate global mitophagy, prominent accumulation of the PA reporter

on Parkin-tagged mitochondria was observed as early as 1 h after

CCCP treatment (Fig 1A). A different PA-binding reporter (Spo20p-

GFP) (Kassas et al, 2012) showed a similar response to CCCP treat-

ment (Fig EV1A). These findings indicate that PA accumulates on

depolarized mitochondria tagged by Parkin.

To assess whether PA on Parkin-tagged mitochondria is further

processed to DAG, we employed a high-affinity DAG reporter (YFP-

DAGR). Under basal conditions, YFP-DAGR mainly labeled perinu-

clear structures corresponding to the Golgi apparatus, which con-

tains abundant DAG (Baron & Malhotra, 2002) (Fig 1B,

arrowheads). Upon mitophagy activation, dramatic accumulation of

YFP-DAGR on Parkin-tagged mitochondria was observed ~ 5.5 h

after CCCP treatment (Fig 1B, arrows), a kinetic slower than that of

the PA receptor (Quantified in Fig 1C). Mitophagy activated by dif-

ferent methods, such as antimycin/oligomycin treatment (Fig EV1B

and C) or focal photodamage (Fig EV1D), similarly induced concen-

tration of the PA or DAG reporter on mitochondria. Mitophagy-

induced mitochondrial translocation of the PA and DAG reporter

was also detected in SH-SY5Y cells expressing endogenous Parkin,

and this accumulation was suppressed in Parkin knockdown cells

(Fig EV1E–H). Indeed, neither reporter accumulated on mitochon-

dria in the absence of Parkin (Fig EV1I and J). The lipid-reporter

assays indicate that PA and DAG are produced and accumulate on

impaired mitochondria tagged by Parkin.

PLD2 and Lipin-1 catalyze sequential production of mitochondrial
PA and DAG

Phosphatidic acid is primarily produced by phospholipase D (PLD)

from membrane phospholipids. We investigated whether PLD1 and

PLD2, the two principal PLD members, are involved in mitochon-

drial PA production. Immuno-localization analysis showed that

PLD2, but not PLD1, translocated from the cytosol to Parkin-tagged

mitochondria induced by CCCP (Fig 2A) or oligomycin/antimycin

treatment (Fig EV2A and B). Immunoblotting confirmed that

endogenous PLD2, along with Parkin, became enriched in the mito-

chondrial fractions after CCCP treatment (Fig 2B). Co-

immunoprecipitation indicates that Parkin interacts with PLD2, sug-

gesting a mechanism by which PLD2 is recruited to Parkin-tagged

mitochondria (Fig EV2C). To investigate whether PLD2 is responsi-

ble for mitochondrial PA production, we inhibited PLD2 by a chemi-

cal inhibitor, VU 0364739 (Lavieri et al, 2010), or an siRNA that

effectively suppressed PLD2 (Fig EV2G). Both treatments signifi-

cantly suppressed mitochondrial accumulation of the PA reporter

(> 3-fold; Figs 2C and D, and EV2D and E). These findings indicate

that Parkin recruits PLD2 to catalyze mitochondrial PA production.

Phospholipase D2 inhibition also markedly inhibited mitochon-

drial YFP-DAGR accumulation (Fig EV2F), indicating that mitochon-

drial PA is converted to DAG, a reaction mainly catalyzed by a lipid

phosphatase, Lipin-1 (Han et al, 2006; Huang et al, 2011). Indeed,

Lipin-1 knockdown led to a dramatic loss of DAGR-YFP from CCCP-

induced Parkin-tagged mitochondria (Fig 2E, Lipin-1 KD) without

affecting Golgi-DAG (Fig 2E, arrowheads). Lipin-1 KD did not

inhibit the mitochondrial accumulation of the PA reporter

(Fig EV2H). Importantly, the re-expression of a siRNA-resistant

wild-type (WT) Lipin-1, but not an inactive catalytic mutant (Lipin-

1 CD), significantly restored mitochondrial DAGR-YFP accumulation

(Figs 2F and EV2J and K). Together, these findings support the pro-

posal that PLD2 and Lipin-1 work in tandem to generate PA and

DAG on impaired mitochondria tagged by Parkin.

Lipin1-dependent DAG is required for efficient mitophagy and
mitophagosome production

To determine the role of mitochondria DAG, we knocked down

Lipin-1 and assessed mitophagy. Compared with control cells (Ctr

KD), Lipin-1 knockdown cells were less efficient in mitochondrial

clearance, as shown by the retention of mitochondria following

CCCP treatment (Fig 3A, quantified in B). Immunoblotting analysis

confirmed that autophagy-dependent degradation of multiple mito-

chondrial markers was inhibited in Lipin-1 KD cells (Fig 3C). PLD2

inhibition, which suppressed the production of mitochondrial PA

and DAG, also reduced the efficiency of mitophagy (Fig EV2I). Col-

lectively, these results indicate that mitochondrial DAG production

is required for efficient mitophagy.

We noticed that YFP-DAGR on mitochondria appeared to

retard mitochondrial clearance, as indicated by the continuous
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accumulation of YFP-DAGR-positive mitochondria after prolonged

CCCP treatment (Fig 1C, 18 h). This finding is consistent with the

notion that high-affinity DAGR can mask mitochondrial DAG from

the downstream effectors. To follow the fate of DAG at a later stage

of mitophagy, we employed another DAG reporter with a lower bind-

ing affinity, C1(2)-mRFP (referred to as RFP-DAGR; Giorgione et al,

2006; Adachi et al, 2009). Like YFP-DAGR, RFP-DAGRmainly labeled

the Golgi complex under basal conditions (Fig 3D, top panels, arrow-

head). However, unlike the predominant mitochondrial concentra-

tion of YFP-DAGR upon CCCP treatment, RFP-DAGR labeled many

vesicle-like structures that encompassed dispersed Parkin-tagged

mitochondria (Fig 3D, second Panels). We noted that the YFP-DAGR

reporter also labeled similar structures when expressed at a lower

concentration (Fig EV3). The DAGR vesicles with internal

mitochondria are reminiscent of autophagosomes. We, therefore,

immunostained for the autophagosome marker LC3. This analysis

demonstrated extensive co-localization of LC3 with RFP-DAGR

(Fig 3D, second Panels) and YFP-DAGR (Fig EV3), indicating that

DAG-positive vesicles are autophagosomes with sequestered mito-

chondria (i.e., mitophagosomes). Consistent with this proposal, live

cell imaging showed that DAGR-positive vesicles formed around and

sequestered Parkin-tagged mitochondria (Movie EV1). Significantly,

CCCP-induced RFP-DAGR vesicles and LC3 vesicles were suppressed

in Lipin-1 KD cells (Fig 3D, third panels; quantified in Fig 3E). These

results indicate that Parkin-induced and Lipin-1-dependent DAG acti-

vates mitophagosome biogenesis. To test this hypothesis, we treated

Lipin-1 KD cells with a cell-permeable DAG, 1,2-dipalmitoyl-sn-

glycerol (DPG) (Zhang et al, 2014). As shown in Fig 3D, DPG

Figure 1. Parkin stimulates PA and DAG accumulation on depolarized mitochondria.

HeLa cells were transfected with a WT or mutant Parkin plasmid (FLAG), shown in blue, along with reporters for either PA or DAG (see Materials and Methods), shown

in green. DMSO or 10 lM CCCP was added for the indicated periods of time. Mitochondria were visualized via anti-Tom20 staining (red).
A PA accumulated on Parkin-positive mitochondria after 1 h of 10 lM CCCP treatment, with a more dramatic increase by 3 h and 18 h. Scale bar = 25 lM, and zoom

is 9×.
B Quantification of imaging experiments shown in (A) and (B). Bars represent mean with SEM from three biological independent experiments; two-way ANOVA analysis

was performed for statistical analysis (***P < 0.0001).
C DAG (diacylglycerol) accumulated on Parkin-positive mitochondria after 5.5 h of 10 lM CCCP treatment. Arrowheads and arrows point to the DAGR concentration at

the Golgi and mitochondria, respectively. Scale bar = 25 lM, and zoom is 9×.
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supplement (+DPG panels) markedly stimulated the production of

LC3-positive vesicles, many of which contained mitochondria. DPG

treatment increased both the number and size of autophagosomes in

Lipin-1 KD cells (Quantified in Fig 3E and F). Collectively, these find-

ings indicate that Lipin-1-dependent DAG production stimulates the

formation of autophagosomes that sequester mitochondria.

Mitochondrial DAG production requires ubiquitin-binding
autophagy receptors

Parkin activates mitophagy by catalyzing mitochondrial ubiquitina-

tion (Lee et al, 2010; Vives-Bauza et al, 2010). To determine

whether mitochondrial ubiquitination regulates mitochondrial lipid

Figure 2.
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remodeling, we assessed Parkin-T240R and T415N mutants- two PD

mutations deficient in catalyzing mitochondrial ubiquitination and

mitophagy (Lee et al, 2010). As shown in Fig 4A, although Parkin-

T240R and Parkin-T415N were active in promoting mitochondrial

PA reporter translocation, both mutants were deficient in mobilizing

the YFP-DAGR reporter to mitochondria in response to CCCP

(Fig 4B, quantified in C). These results indicate that DAG produc-

tion requires Parkin-mediated mitochondrial ubiquitination.

Mitochondrial ubiquitin recruits ubiquitin-binding autophagic

receptors, including OPTN and NDP52 (Wong & Holzbaur, 2014;

Lazarou et al, 2015). We next determined whether OPTN and

NDP52 are involved in mitochondrial DAG production. We found

that although efficient knockdown of OPTN and NDP52 individually

had no effect (Fig EV4A), double knockdown abrogated mitochon-

drial YFP-DAGR (Figs 4D and EV4B and C)- a finding that is consis-

tent with the reported redundant functions of OPTN and NDP52 in

mitophagy (Lazarou et al, 2015). Importantly, the re-expression of a

siRNA-resistant WT OPTN, but not a ubiquitin-binding deficient

(E478G) mutant OPTN (Wong & Holzbaur, 2014), significantly

restored mitochondrial DAGR recruitment in OPTN/NDP52 KD cells

(Figs 4E and EV4D). Importantly, exogenous DPG treatment mark-

edly increased mitophagy in OPTN/NDP52 KD cells (Fig 4F and G).

These findings show that a critical function of OPTN and NDP52 in

mitophagy is to promote mitochondrial DAG production.

Mitochondrial DAG production requires Endophilin B1 (EndoB1)

Although OPTN and NDP52 are widely known as autophagic recep-

tors, they were initially identified as perinuclear Golgi-associated

factors that regulate Golgi vesicle transport (Sahlender et al, 2005;

Morriswood et al, 2007). These findings suggest that OPTN and

NDP52 might deliver Golgi factor(s) to affect mitochondrial DAG

production. We searched for potential Golgi factor(s) that are

known to modify membrane lipid composition and regulate mito-

phagy and identified Endophilin B1 (EndoB1, also known as Bif-1),

a Golgi-associated protein that possesses an intrinsic PA-binding

activity (Zhang et al, 2011) and can affect mitophagy (Takahashi

et al, 2013). We found that EndoB1 was concentrated on the perinu-

clear OPTN-positive vesicles under basal conditions (Fig 5A, top

panels). In response to CCCP treatment, endogenous EndoB1

became co-localized with Parkin- and OPTN-tagged mitochondria

(Fig 5A, bottom panels) and enriched in the mitochondrial fractions

(Fig 5B). Further supporting EndoB1 as a potential cargo delivered

to mitochondria by OPTN/NDP52, mitochondrial recruitment of

EndoB1 was markedly reduced in OPTN/NDP52 KD cells (Fig 5C).

Importantly, efficient EndoB1 knockdown by a siRNA (Fig EV5C)

significantly suppressed the mitochondrial accumulation of YFP-

DAGR (Fig 5D and E) and the production of DAGR-positive LC3

vesicles (Fig EV5B) but did not affect the PA reporter (Fig EV5A).

These findings suggest that EndoB1 is a cargo and effector of OPTN

and NDP52 that promotes mitochondrial DAG production and mito-

phagy.

In organelle QC autophagy, protein ubiquitination plays a central

role in targeting damaged organelles for autophagic destruction.

However, the mechanism by which ubiquitination activates autop-

hagy is not known. In this report, we have identified mitochondrial

lipid remodeling as a novel effector that activates autophagy locally

on mitochondria tagged for destruction. Our evidence indicates that

mitochondrial Parkin orchestrates sequential production of PA

and DAG to enable local autophagosome production. Autophagy-

activating lipid remodeling involves at least two enzymes, whereby

mitochondrial recruitment of PLD2 by Parkin catalyzes mitochon-

drial PA production. At the same time, ubiquitin-binding autophagic

receptors OPTN/NDP52 and Golgi-derived EndoB1 activate Lipin-1-

dependent PA to DAG conversion. Our analysis revealed that

one essential function of Parkin-dependent DAG is to promote

mitophagosome production. Supporting the instructive role of DAG

in autophagosome biogenesis, a cell-permeable DAG (DPG) can

stimulate LC3-positive vesicle production in Lipin-1 KD cells (Fig 3).

Our study indicates that local production of DAG on Parkin- and

ubiquitin-tagged mitochondria activates de novo autophagosome

production, thereby ensuring “condemned” mitochondria are effi-

ciently “restricted” by autophagosomes.

Our analysis indicates that mitochondrial ubiquitination acti-

vates local DAG production by recruiting ubiquitin-binding OPTN

and NDP52 (Fig 4). Importantly, autophagosome assembly and

mitophagy defects in OPTN/NDP52 double knockdown cells can

be significantly reversed by exogenous DAG (Fig 4F and G). Thus,

a key function of OPTN/NDP52 in mitophagy is stimulating DAG

production. Interestingly, OPTN/NDP52, known as LC3-binding

◀ Figure 2. PLD2 and lipin1 work in tandem to stimulate mitochondrial PA and DAG production.

A HeLa cells were transfected with expression plasmids for Parkin (mCherry-Parkin, Red) and YFP-PLD2 (Green) and treated with DMSO or 10 lM CCCP for the indicated
time. Mitochondria were visualized via anti-Tom20 staining (blue). Note that YFP-PLD2 accumulated on Parkin-positive mitochondria after CCCP treatment. Scale
bar = 25 lM, and zoom is 9×.

B HEK-293T cells were transfected with Parkin-FLAG and DAGR-YFP followed by CCCP treatment for indicated times. Mitochondrial and cytosolic fractions were purified
and analyzed by Western blots by indicated antibodies. Citrate synthetase and a-tubulin were used as a mitochondrial and cytosolic marker, respectively. Note that
PLD2 and Parkin levels were elevated in the mitochondrial fraction in response to CCCP treatment.

C Hela cells were co-transfected with mCherry-Parkin and the PA reporter, followed by CCCP treatment alone or with a PLD2 inhibitor VU 0364739 (3 lM) for 5.5 h. Line
scan analysis (Image J software) corresponding to the line drawn in the images indicates colocalization between the PA reporter (green) and mitochondria (red). Note
that VU 0364739 suppressed mitochondrial PA accumulation. Scale bar = 10 lM.

D Quantification of the numbers of cells with the PA reporter-positive mitochondria shown in (C). Asterisks indicate statistical significance (***P < 0.001, Student’s t-
test) from three biological independent experiments. The bars indicate mean � SEM.

E Hela cells were transfected with a lipin1 siRNA, followed by the DAG reporter and mCherry-Parkin, treated with CCCP (10 lM) for 9 h, and then subject to image anal-
ysis. Scale bar = 25 lm, and zoom is 4×. Lipin-1 KD reduced mitochondrial DAGR, but not Golgi-DAGR, accumulation (arrowheads).

F The numbers of cells with DAG reporter-positive mitochondria shown in (E) and in Lipin-1 knockdown cells transfected with siRNA-resistant wild-type (WT) and cat-
alytically dead (CD; D712E; D714E) mutant cDNA. Note that Lipin1 KD reduced mitochondrial DAG accumulation, which can be significantly restored by the re-
expression of WT, but not CD mutant, Lipin-1. The graph shows the means with SEM (error bars) from three biological independent experiments. Asterisks indicate
statistical significance by one-way ANOVA (**P < 0.01, ***P < 0.001).
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autophagic receptors, can recruit LC3 to damaged mitochondria

without directly binding LC3 (Padman et al, 2019). Based on our

findings, we speculate that OPTN/NDP52 could indirectly recruit

LC3 by activating DAG-dependent mitophagosome assembly on

ubiquitinated mitochondria- an activity that a cell-permeable DAG

can mimic.

We identified Golgi-associated EndoB1 as an effector of OPTN/

NDP52 required for mitochondrial DAG and LC3 vesicle production

Figure 3. Lipin-1-mediated mitochondrial DAG production is required for mitophagosome production.

A, B Hela cells were transfected with a Lipin1 or control (cKD) siRNA followed by a GFP-Parkin expression plasmid. Transfected cells were treated with CCCP at 10 lM
for 18 h, and subject to immunostaining. (B) Quantification of Parkin-positive cells in (A) that have lost a majority of mitochondria (marked by TOM20, arrows).
Note that mitochondrial clearance is reduced in Lipin-1 knockdown cells (arrowheads in (A)). Scale bar = 25 lM.

C Control or lipin1 knockdown Hela cells stably expressing parkin-mCherry were treated with DMSO or CCCP (10 lM for 18 h) and Bafilomycin A1 (1 lM, lysosomal
inhibitor) treatment, followed by immunoblotting with indicated antibodies and quantified by the Image J. software. Note that lipin1 silencing suppressed CCCP-
induced mitochondrial protein degradation. Lipin-1-mediated mitochondrial DAG production is required for mitophagosome production.

D–F Hela cells were transfected with control or a Lipin1 siRNA followed by the expression plasmids of GFP-Parkin and RFP-DAGR. Transfected cells were treated with
DMSO or CCCP at 10 lM for 9 h, with or without further incubation with 1,2-Dipalmitoyl-sn-glycerol (DPG) at 100 lM, as indicated. Autophagosome formation
was assessed by an LC3 antibody (pseudocolored in white in single-channel and blue in the overlay images). Arrows point to DAGR concentration at the Golgi under
basal conditions. The number (E) and size (F, arbitrary unit) of LC3 vesicles were quantified. n = 4 biological replicates. The bars indicate mean � SEM. Asterisks
indicate statistical significance by one-way ANOVA (*P < 0.05, **P < 0.01). Scale bar = 25 lM and zoom is 5×. Note that both the number and size of LC3-vesicles
in Lipin-1 knockdown cells were much smaller than those in WT cells, and these defects were corrected by DPG treatment.
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Figure 4.
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(Figs 5 and EV5B). As we have not been able to detect Lipin-1 on

Parkin-tagged mitochondria, we speculate that Lipin-1 affects mito-

chondrial DAG production via mitochondrial EndoB1, whose

recruitment to mitochondria depends on OPTN and NDP52. Sup-

porting these findings, aberrant accumulation of mitochondria was

observed in Lipin-1 and EndoB1 knockout mice (Takahashi et al,

◀ Figure 4. Requirement of OPTN, NDP52 for DAG production and exogenous DAG restores mitophagy.

A E3 ligase-deficient Parkin mutants (T240R and T415N) have no effect on PA accumulation (green) on depolarized, Parkin-positive mitochondria. The expression of
WT and Parkin mutants was determined by Immunoblotting. Scale bar = 25 lM, and zoom is 3×.

B DAG accumulation depends upon intact Parkin E3 ligase activity. Scale bar = 25 lm, and zoom is 3×.
C Quantification of imaging experiments shown in (A) and (B). Bars represent the mean with SEM; two-way ANOVA analysis was performed for statistical analysis

(***P < 0.001). n = 3 biological replicates.
D Hela cells were transfected with control or optineurin- and NDP52- siRNAs and expression plasmids of FLAG-Parkin and YFP-DAGR. These cells were treated with

DMSO or 10 lM CCCP for 5.5 h, as indicated. Note that OPTN/NDP52 double knockdown prevented mitochondrial YFP-DAGR accumulation. (Scale bar = 25 lM and
zoom is 3×).

E Hela OPTN/NDP52 knockdown cells were transfected with a siRNA-resistant wild-type or ubiquitin-binding deficient E478G OPTN mutant, as indicated. The per-
centage of cells with mitochondrial YFP-DAGR following CCCP treatment was quantified. Asterisks indicate statistical significance by one-way ANOVA (**P < 0.01,
***P < 0.001) from three biological independent experiments. The bars indicate mean � SEM. Bottom panel: Expression of OPTN, OPTN E478, and NDP52 was
determined by immunoblotting.

F, G Hela OPTN/NDP52 knockdown cells were incubated with 1,2-Dipalmitoyl-sn-glycerol (DPG) followed by CCCP treatment for 18 h. Mitophagy efficiency was assessed
by TOM20 staining and quantified in (G) (n = 2 biological replicates). Note that DPG significantly restored mitophagy in OPTN/NDP52 knockdown cells. Scale
bar = 10 lM.

Figure 5. OPTN and NDP52-dependent EndoB1 mitochondrial recruitment is required for mitochondrial DAG production.

A Hela cells were co-transfected with expression plasmids for mCherry-OPTN and GFP-Parkin and treated with DMSO or CCCP for 5.5 h. Mitochondria were visualized
by immunostaining with a Tom20 antibody and EndoB1 localization was assessed by an EndoB1 antibody. Note that EndoB1 (Blue) translocates to Parkin- and
OPTN-tagged mitochondria in response to CCCP treatment. Scale bar = 25 lM, and zoom is 9×.

B Mitochondrial and cytosolic fractions obtained from control and CCCP treated cells, as described and analyzed in Fig 2B, were immunoblotted for EndoB1 and
OPTN, as indicated.

C Cytosolic and mitochondrial fractions purified from control and OPTN/NDP52 knockdown cells treated with CCCP were immunoblotted with indicated antibodies.
Note that mitochondrial EndoB1 levels were reduced in OPTN/NDP52 knockdown cells.

D, E Hela cells were transfected with an EndoB1 siRNA, followed by the expression plasmids for mCherry-Parkin and YFP-DAGR, and CCCP treatment (10 lM) for 9 h.
Cells with mitochondrial YFP-DAGR were quantified in (E) (*P < 0.05, Student’s t-test, n = 3 biological replicates). Scale bar = 25 lM and zoom is 5×. Note that
knockdown of EndoB1 suppressed mitochondrial DAG production.
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2013; Zhang et al, 2014). Importantly, EndoB1 was previously

shown to activate the autophagy initiating PI3 kinase, Vps34, by

an unknown mechanism (Takahashi et al, 2007). Our study sug-

gests that Golgi-derived EndoB1 activates Vps34 and autophagy

via DAG production. Consistent with this proposal, Vps34-

dependent recruitment of PI3P-binding WIPI1 and DFPC1 to

Parkin-tagged mitochondria is significantly diminished in OPTN/

NDP52 knockout cells (Lazarou et al, 2015). Whether OPTN/

NDP52 or EndoB1 also utilize DAG to regulate additional factors

critical for mitophagy, for example, Ulk1 (Vargas et al, 2019) and

TBK1 (Richter et al, 2016), is a crucial question that requires fur-

ther investigation. It is notable that OPTN, NDP52, and EndoB1

are all associated with perinuclear Golgi complex/vesicles

(Sahlender et al, 2005; Morriswood et al, 2007). EndoB1 is

required for the fission of Golgi membrane induced by starvation

(Takahashi et al, 2011). As mitochondria tagged by Parkin fre-

quently form perinuclear aggregates before sequestration by

autophagosomes (Lee et al, 2010; Vives-Bauza et al, 2010; Chan

et al, 2011), perinuclear concentration might grant damaged mito-

chondria better access to the Golgi OPTN/NDP52/EndoB1 vesicles

for efficient autophagic processing. Indeed, growing evidence sup-

ports the critical role of the Golgi complex in autophagy and neu-

rodegeneration (Martinez-Menarguez et al, 2019; De Tito et al,

2020). However, the involvement of non-Golgi pools of EndoB1,

OPTN, and NDP52 in mitophagy cannot be excluded.

How mitochondrial DAG activates mitophagy remains to be

determined. By mass spectrometry-based lipid analysis, we have

detected a marked accumulation of selected DAG species on puri-

fied mitochondria tagged for autophagy (Fig EV5D). This finding

not only confirms mitochondrial DAG production during mito-

phagy but also reveals a preferential accumulation of DAG species

with longer acyl chains (C38:4 and C38:3 as well as 36:2 and

36:1) compared with shorter acyl chains (C32 and C34;

Fig EV5D). C38:4 DAG (1-stearoyl-2-arachidonoyl-sn-glycerol;

SAG) and C36:2 (1-stearoyl-2-linoleoyl-sn-glycerol; SLG) are both

potent PKC activators (Madani et al, 2001). Intriguingly, PKC reg-

ulates autophagy in yeast (Shahnazari et al, 2010). DAG also acti-

vates PKD and PKD activity was reduced in the skeletal muscle

of Lipin-1 knockout mice (Zhang et al, 2014). Whether PKC or

PKD are effectors of mitochondrial DAG requires future studies.

We noted that mitophagosomes are labeled by the DAGR (Figs 3D

and EV3), indicating that autophagosomes are also enriched for

DAG. The function of autophagosomal DAG and its relationship

to mitochondrial DAG remains to be determined. However,

because both types of DAG depend on Lipin-1 for production

(Figs 2E and F, and 3D–F), we speculate that mitochondrial DAG

is transferred onto autophagosomes, where DAG might have addi-

tional roles in autophagosome maturation.

In conclusion, our study has uncovered mitochondrial lipid

remodeling and DAG production as new effectors in the autop-

hagic clearance of impaired mitochondria. We found that photo-

damaged lysosomes targeted for autophagic clearance (Hung

et al, 2013) also accumulated the PA reporter (W.Y.Y, Unpub-

lished observation). Furthermore, DAG accumulation was reported

on salmonella tagged by LC3 (Shahnazari et al, 2010). Thus, local

lipid remodeling might play a broad and critical role in

autophagy-dependent organelle quality control (QC) and antibac-

terial defense.

Materials and Methods

Antibodies and reagents

The following primary antibodies were used: anti-Tom20 (Santa

Cruz sc-11415), anti-cytochrome c (BD Bioscience 556432), anti-

GAPDH (Cell Signaling 14C10, 2118), anti-actin (Sigma AC-15,

A1978), anti-EndoB1 (R&D, AF7456), anti-Tim23 (BD Bioscience),

anti-Mfn2 (Santa Cruz sc-50331), anti-Mfn1 (Santa Cruz sc-166644),

anti-LC3 (MBL International, M152-3), anti-FLAG (M2 Sigma

F7425), anti-lipin-1 (Cell Signaling 5195), anti-PLD2 (Scbt sc-

515744), anti-Citrate synthetase (GTX110624, GeneTex), Hsp60

(Cell Signaling, 4870), and anti-Parkin (77924, Abcam) Secondary

antibodies were from Jackson Immunochem or Invitrogen.

The following reagents were used: DMSO (Sigma D8418), car-

bonyl cyanide 5-chloro-phenylhydrazone (CCCP) (Sigma), PLD2

inhibitor VU 0364739 hydrochloride (Tocris 4171), Cytochalasin B

(Sigma), and 1,2-dipalmitoyl-sn-glycerol (Sigma D9135).

Cell culture, plasmids, and transfection

Hela cells were obtained from Duke Cell Culture Facility (Durham,

NC, USA). Hela cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM; GIBCO-11995) supplemented with 10% fetal

bovine serum and 1 × antibiotics (penicillin, 10,000 UI/ml and

streptomycin, 10,000 UI/ml). These cell lines have been authenti-

cated by STR DNA profiling and validated to be mycoplasma-free

and before being frozen by the Duke Cell Culture Facility (Durham,

NC, USA). All cells were maintained at 37°C and 5% CO2.

The following plasmids/siRNAs/shRNAs were used: GFP-Parkin

and mutants as previously described (Lee et al, 2010); mcherry-

Parkin (Yang & Yang, 2013); GFP-Raf1-PABD and CFP/YFP-DAGR

(Huang et al, 2011); mcherry-optineurin (Wong & Holzbaur, 2014);

YFP-PLD1 and YFP-PLD2 (Gifts from W.G. Zhang). mCherry-Raf1-

PABD was generated by sub-cloning the PABD domain from GFP-

Raf1-PABD to mCherry2(C1). Expression plasmids for WT and cat-

alytic mutant mouse Lipin-1 were obtained from Addgene. Lipin-1

siRNA 50-GAAUGGAAUGCCAGCUGAA-30 and 30-UUCAGCUGGCA
UUCCAUUC-50 (Invitrogen); HSS118307 (Sigma); optineurin siRNA

(Invitrogen 4392420), NDP52-siRNA 50-UUCAGUUGAAGCAGCUC
UGUCUCCC-30 (Thurston et al, 2009), EndoB1 siRNA 50-UGUU
UAUACGACUUGGAGCUU-30 and 30-AAGCUCCAAGUCGUAUAAA
CA-50 (Invitrogen), control siRNA (Ambion). Expression plasmids

were transfected in HeLa and YFP-Parkin HeLa using Xtreme

Gene 9 (Roche) according to the manufacturer’s directions. Cells

were transfected and treated 24–48 h later. shRNA plasmids were

transfected as stated above, but cells were not treated until 3–

5 days later. siRNAs were transfected using RNAi MAX (Invitro-

gen) according to the manufacturer’s directions and cells treated

48–72 h later.

Immunofluorescence, microscopy, and quantification

Cells were seeded on coverslips, transfected, treated as indicated,

and fixed in 4% PFA for 15 min. Coverslips were rinsed in PBS, per-

meabilized with 0.2% Triton-X 100 in PBS for 5 min, blocked in

10% BSA for 20 min in a humidified chamber, and incubated in pri-

mary antibodies diluted in 10% BSA overnight at 4°C, followed by
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secondary antibodies in 10% BSA for 30 min. Coverslips were

mounted on slides using Fluormount G (Southern Biotech).

Fixed sample and live cell imaging were performed on a Leica

SP5 confocal microscope using 100×/1.4–0.70NA or 40× oil objec-

tive (Leica Plan Apochromat). Z-stack images were acquired using

the Leica LAS AF program software, and maximum projections were

used in analyses and figures. Changes to brightness and contrast

were performed in ImageJ. Number and size of vesicles were mea-

sured and quantified using the particle analysis module in Image J.

For all immunofluorescent quantifications, at least 35 to 50 cells

were counted for 2–3 independent experiments. Graphs represent

means +/� SEM. For comparison of two conditions, a two-tailed,

unequal student’s t-test was performed with P < 0.05 considered

significant. For all other comparisons, a one-way or two-way

ANOVA was conducted.

Preparation of mitochondrial fractions

The isolation of mitochondria from cultured cells was performed by

following the manufacturer’s protocol (#89874, ThermoFisher). In

brief, after CCCP treatment, the cells harvested from a 10 cm plate

(~ 3 × 104 cells) were first resuspended in reagent A. Cell membrane

was then lysed using a reagent-based method by adding reagent B.

After removing cell debris by low-speed centrifugation, the mito-

chondrial fractions were collected in pellets with high-speed centrifu-

gation. The remaining supernatant is cytosol fraction. Mitochondrial

fractions were further subject to Western blots or lipidomic analysis.

Western blots

HeLa or YFP-Parkin HeLa were seeded onto 10 cm or 6 cm dishes,

transfected as outlined above, and treated as described. For western

blot analysis, whole cell lysates were collected using 170 mM NETN

buffer, incubated at 4°C for 30 min, spun, supernatant collected, and

protein concentration measured using the BCA assay (Thermo Scien-

tific). Samples were normalized, diluted in XT buffer with a reducing

agent (BioRad), and boiled for 5 min at 100°C. 4–20% TGX gels

(BioRad) were used, followed by transfer to nitrocellulose mem-

branes. Primary antibodies were added to 2% BSA, incubated over-

night at 4°C, followed by rinsing, secondary antibody incubation for

1 h at room temperature, rinsing, and developing using either ECL

PicoWest (Thermo Scientific) or ECL Pro Lightning (Perkin-Elmer).

Films were scanned, cropped, and adjusted for brightness and con-

trast in Photoshop. Density of bands was measured using Image J.

Lipid extraction and LC/MS analysis

Lipid extraction of purified mitochondria (form HeLa-Parkin cells

transfected with DAGR-YFP, which preserved DAG from being

metabolized) was performed using a modified Bligh-Dyer method as

previously decried (Tan et al, 2012). For LC/MS analysis, the dried

lipid extracts were dissolved in chloroform/methanol (2:1, v/v) and

injected for normal phase LC/MS analysis on an Agilent 1200 Quater-

nary LC system equipped with an Ascentis Silica HPLC column

(5 lm, 25 cm × 2.1 mm, Sigma-Aldrich, St. Louis, MO). Mobile

phase A consisted of chloroform/methanol/aqueous ammonium

hydroxide (800:195:5, v/v/v); mobile phase B consisted of; mobile

phase C consisted of. The elution program consisted of the following:

100% mobile phase A (chloroform/methanol/aqueous ammonium

hydroxide; 800:195:5, v/v/v) was held isocratically for 2 min and

then linearly increased to 100% mobile phase B (chloroform/

methanol/water/aqueous ammonium hydroxide; 600:340:50:5, v/v/

v/v) over 14 min and held at 100% B for 11 min. The LC gradient

was then changed to 100% mobile phase C (chloroform/methanol/

water/aqueous ammonium hydroxide; 450:450:95:5, v/v/v/v) over

3 min and held at 100% C for 3 min, and finally returned to 100% A

over 0.5 min and held at 100% A for 5 min. The LC eluent (with a

total flow rate of 300 ll/min) was introduced into the ESI source of a

high-resolution TripleTOF5600 mass spectrometer (Sciex, Framing-

ham, MA). Instrumental settings for negative ion ESI/MS analysis of

lipid species were as follows: IS = �4,500 V; CUR = 20 psi;

GSI = 20 psi; DP = �55 V; and FP = �150 V. The MS/MS analysis

used nitrogen as the collision gas. Data analysis was performed using

Analyst TF1.5 software (Sciex, Framingham, MA).

Data availability

All data supporting the findings of this study are available from the

authors upon request. No data were generated, which require depo-

sition in public databases.

Expanded View for this article is available online.
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