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Vps13D functions in a Pink1-dependent and
Parkin-independent mitophagy pathway
James L. Shen, Tina M. Fortier, Ruoxi Wang, and Eric H. Baehreckea

Defects in autophagy cause problems in metabolism, development, and disease. The autophagic clearance of mitochondria,
mitophagy, is impaired by the loss of Vps13D. Here, we discover that Vps13D regulates mitophagy in a pathway that depends on
the core autophagy machinery by regulating Atg8a and ubiquitin localization. This process is Pink1 dependent, with loss of
pink1 having similar autophagy and mitochondrial defects as loss of vps13d. The role of Pink1 has largely been studied in
tandem with Park/Parkin, an E3 ubiquitin ligase that is widely considered to be crucial in Pink1-dependent mitophagy.
Surprisingly, we find that loss of park does not exhibit the same autophagy andmitochondrial deficiencies as vps13d and pink1
mutant cells and contributes to mitochondrial clearance through a pathway that is parallel to vps13d. These findings provide a
Park-independent pathway for Pink1-regulated mitophagy and help to explain how Vps13D regulates autophagy and
mitochondrial morphology and contributes to neurodegenerative diseases.

Introduction
Autophagy, the delivery of intracellular cargo to lysosomes,
plays an important role in cell homeostasis and health. Cells use
autophagy as a way to recycle intracellular contents and waste
for energy maintenance. Various human diseases, including
neurodegenerative conditions and cancer, have been linked to
defects in autophagy (Jiang and Mizushima, 2014). For example, a
decrease in autophagic flux and failure to clear autophagy sub-
strates contributes to Parkinson’s disease and amyotrophic lateral
sclerosis pathogenesis (Hou et al., 2020; Vicencio et al., 2020).
Knowledge of the role of autophagy in the development of these
diseases, however, is limited by an incomplete understanding of
the molecular mechanisms and factors that regulate autophagy.

Elegant studies in yeast characterized a core autophagy ma-
chinery that comprises the autophagy-related (atg) genes that
are functionally conserved in higher eukaryotes. This autophagy
machinery regulates the engulfment of intracellular cargoes,
often marked by ubiquitination, through the formation of a
double-membrane autophagosome structure. Autophagosomes
fuse with lysosomes to degrade the engulfed cargoes, completing
the autophagy process (Nakatogawa et al., 2009). While most
studies have characterized the role of autophagy in starvation
and cell stress, they are not able to account for the role of au-
tophagy in other processes, such as development and cell death.
For example, it has been reported that autophagy can occur
without core autophagy machinery components, such as atg6/
BECN1, atg3, and atg7 (Scarlatti et al., 2008; Chang et al., 2013;

Tsuboyama et al., 2016). This is surprising because these genes
are crucial for starvation-induced autophagy (Nakatogawa et al.,
2009). Furthermore, selective forms of autophagy that recruit
specific intracellular cargoes possess unique regulatory path-
ways that are unaccounted for in the current model of the core
autophagy machinery (Lazarou et al., 2015; Rakovic et al., 2019;
Chino and Mizushima, 2020).

Selective autophagy is important for the removal of specific
organelles (Anding and Baehrecke, 2017). One such organelle
that is removed by autophagy is the mitochondrion, which has
crucial roles in cell metabolism and death (Friedman and
Nunnari, 2014). The Pink1/Parkin pathway regulates mitoph-
agy, the autophagic removal of mitochondria. Pink1 acts as a
SerThr kinase that phosphorylates ubiquitin chains on the outer
mitochondrial membrane and recruits the E3 ubiquitin ligase
Park/Parkin to mitochondria, marking mitochondria for degra-
dation through the autophagy pathway (Ordureau et al., 2014;
Koyano et al., 2014; Wauer et al., 2015). Studies of this pathway
in cell lines have expanded our understanding of mitophagy and
how this process contributes to multiple diseases, such as Par-
kinson’s disease and Alzheimer’s disease (Palikaras et al., 2018,
Wang et al., 2019). However, the initial mechanistic studies of
Pink1/Parkin-dependent mitophagy were conducted in HeLa
cells, which required exogenous expression of Parkin (Lazarou
et al., 2015). Mitophagy under physiological conditions in ani-
mals is more complex and often utilizes different mechanistic
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pathways that cannot be explained by these existing models. For
example, pink1- and parkin-independent mitophagy is known to
occur in multiple cell lines and tissues (Lee et al., 2018; Bhujabal
et al., 2017; McWilliams et al., 2018; Allen et al., 2013; von
Stockum et al., 2018). These studies reveal that there is much
to learn regarding the relationship among Pink1, Parkin, and
mitophagy under physiological conditions.

The context-dependent removal of specific autophagic car-
goes is important for animal development and health. For ex-
ample, macrophages must specifically target foreign microbes
for autophagy following phagocytosis to control infection and
utilizes regulatory pathways not used in starvation-induced
autophagy (Pilli et al., 2012). This example demonstrates the
need to investigate selective autophagy in the context of ap-
propriate physiological stimuli. The development of Drosophila
larvae to prepupae involves the autophagic removal of larval
organs (Chang et al., 2013). In larval intestine cells, mitochondria
are rapidly cleared through mitophagy, and previous studies
have used this system to screen for genes required for mitoph-
agy under physiological conditions, including pink1 and park (Liu
et al., 2016). One gene required for this process is vps13d, which is
required for proper mitochondrial morphology and clearance
(Anding et al., 2018). vps13d is an essential gene, with vps13d loss-
of-function mutants being lethal during development in both flies
and mammals (Anding et al., 2018). vps13d also ranks as one of the
most important genes for survival in cells lines (Blomen et al.,
2015; Wang et al., 2015; Dempster et al., 2019; Meyers et al.,
2017). Furthermore, mutations in vps13d have been linked to sev-
eral diseases, most notably a familial neurological movement
disorder involving chorea, dystonia, and ataxia (Seong et al., 2018;
Gauthier et al., 2018; Nakada et al., 2015). In contrast to other
Vps13 family members, only Vps13D is required for autophagy in
flies, is essential, and contains a ubiquitin binding (UBA) domain
that is required for proper mitochondrial morphology and clear-
ance (Anding et al., 2018). However, the functional role that
Vps13D plays in the autophagic machinery and the relationship to
any well-defined mitophagy pathways are currently unknown.

Here, we identify a context-dependent function of Vps13D in
the core autophagy machinery as a regulator of ubiquitin and
Atg8a localization. We find that in the developing Drosophila
larval intestine, Pink1 regulates mitochondrial clearance up-
stream of Vps13D. Unlike Pink1, Parkin does not regulate mi-
tophagy in a Vps13D-dependent manner and instead influences
mitochondrial clearance through a parallel pathway that is re-
quired for the clearance of a smaller subset of mitochondria
within the cell. Importantly, our findings characterize a new
form of Pink1-dependent and Parkin-independent mitophagy
regulated by Vps13D. These results establish a mechanistic
model for the role that Vps13D plays in mitophagy and help to
explain the function of vps13d in development and disease.

Results
Vps13D regulates Atg8a and ubiquitin localization during
developmental autophagy
Autophagy genes are required for the clearance of intracellular
cargoes, including mitochondria, in Drosophila larval intestine

cells (Chang et al., 2013; Anding et al., 2018). The poorly un-
derstood role of Vps13D in autophagy prompted us to consider
how Vps13D interacts with the autophagy machinery to influ-
ence this process in larval intestine cells.

Atg8a (LC3/GABARAP in mammals) is an important regula-
tor of autophagosome formation and mitophagy (Lazarou et al.,
2015). We thus sought to examine the localization of Atg8a and
mitochondria in vps13d mutants. vps13d (MiMic) loss-of-function
intestine cells that lack GFP were generated through mosaic cell
clone induction (GFP was pseudo-colored red to best visualize
contrast in other color channels). Intestines that were isolated
2 h after prepupa formation were then stained with an antibody
specific for endogenous Atg8a (Fig. S1 A). Compared with red-
labeled heterozygous control cells, vps13d loss-of-function mu-
tant intestine cells had an abnormal retention and localization of
Atg8a. Atg8a puncta in these mutant cells were enlarged and
seemed to localize around ATP5a-labeled mitochondria that
failed to be degraded (Fig. 1, A and B).

To determine whether the Atg8a localization phenotype in
vps13d mutant cells was due to a defect in the autophagy ma-
chinery, we investigatedwhether this phenotype was influenced
by loss of any core autophagy genes. atg6 loss-of-function mu-
tants, atg6 (Δ), were generated in intestine cells that were ho-
mozygous for the vps13d (ΔUBA)mutant allele that lacks the UBA
domain. Staining with the Atg8a antibody revealed that loss of
atg6 in the cells lacking GFP (labeled green in all future instances
unless indicated), which were therefore atg6 and vps13d double
mutants, suppressed the altered Atg8a localization phenotype
compared with neighboring vps13d (ΔUBA) control cells ex-
pressing GFP (Fig. 1, C and D). These data indicate that the
unique Atg8a localization phenotype in vps13d mutant cells re-
quires Atg6, an upstream regulator of autophagy, and suggest
that a functional link exists between the core autophagy ma-
chinery and Vps13D. Consistent with this hypothesis, atg6 (Δ)
mutant cells that lack GFP exhibit a significant decrease in
Vps13D protein puncta in intestine cells 2 h after prepupa for-
mation (Fig. 1, E and F). Like Atg6, Atg1/ULK acts as an initiator
of autophagy early in the core autophagy machinery (Suzuki
et al., 2007). In contrast to Atg8a, Atg6, and Atg1 localization
were not affected by loss of vps13d (Fig. S1 B). Consistent with
these findings, atg13 loss-of-function mutant cells lacking GFP
also had decreased Vps13D protein puncta (Fig. S1 C).

Autophagy is required for removal of mitochondria from
Drosophila larval intestine cells (Chang et al., 2013). Consistent
with these previous findings, atg6 (Δ) mutant intestine cells
lacking GFPwere unable to clear mitochondria 2 h after prepupa
formation (Fig. S1 D). Generation of atg13 and atg6 (Δ)mutants in
intestine cells in early third instar larvae, before the onset of
pupariation and autophagy in the larval intestine (Chang et al.,
2013), did not affect Vps13D puncta levels (Fig. S1, E and F),
suggesting a context- and stage-specific relationship between
Vps13D and these core autophagy genes.

The Atg5/12/16 complex is required for lipidation of Atg8a
and recruitment to the forming autophagosome (Shpilka et al.,
2011). We used transcription activator-like effector nucleases to
generate a frameshift mutation in all isoforms of Atg16, resulting
in a strong loss-of-function mutant allele, atg161. Cells lacking
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Figure 1. Vps13D regulates Atg8a localization around mitochondria during autophagy. (A) vps13d (MiMic) loss-of-function intestine cells (nonred) from
2-h-old prepupae have increased mitochondrial ATP5a puncta (purple) and enlarged Atg8a (green) puncta compared with neighboring control cells (red; top
panels). Atg8a puncta tend to surround the ATP5a puncta in vps13d (MiMic) mutant cells (bottom panels). (B) Quantification of the size of Atg8a puncta
surrounding ATP5a puncta in vps13d (MiMic) intestine cells (n = 6) compared with heterozygote controls (n = 22). (C) atg6 (Δ), vps13d (ΔUBA/ΔUBA) double-
mutant intestine cells (nongreen) 2 h after pupariation have suppressed formation of enlarged Atg8a puncta (red) seen in control neighboring atg6 (Δ)/+, vps13d
(ΔUBA/ΔUBA) single-mutant cells (green). (D) Quantification of Atg8a puncta size in atg6 (Δ), vps13d (ΔUBA/ΔUBA) double-mutant cells (n = 7) compared with
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atg161 accumulated the autophagy cargo receptor Ref2p and
possessed decreased Atg8a lipidation and puncta formation in
starved fat body cells (Fig. S1, G and H). Unlike atg1 and atg6 loss-
of-function mutants, which act early in the core autophagy
machinery (Suzuki et al., 2007), atg161 mutant cells lacking GFP
did not affect Vps13D puncta 2 h after prepupa formation (Fig. 1,
G and H). Knockdown of other components of the Atg8a con-
jugation machinery, including atg3, atg7, atg5, and atg12, also did
not affect Vps13D localization 2 h after prepupa formation (Fig.
S1, I–L). These findings suggest that while Vps13D puncta for-
mation depends on Atg1 and Atg6, it either does not require or
functions upstream of core autophagy machinery components re-
quired for Atg8a conjugation. To determine which of these possi-
bilities was more likely, we conducted double-mutant analyses
between the vps13d (ΔUBA)mutant and atg161. Comparedwith vps13d
(ΔUBA) single-mutant cells that possess enlarged Atg8a puncta, loss
of atg16 suppressed the Atg8a localization phenotype (Fig. 1, I and J).
Taken together, these findings suggest that vps13d acts downstream
of Atg1 and Atg6 but upstream of Atg8a conjugation pathways in
Drosophila intestine cells 2 h after puparium formation.

Vps13D was previously found to localize to late endosomes
and lysosomes (Anding et al., 2018). Therefore, we also consid-
ered the possibility that Vps13D could regulate autophagy at a
later stage associated with autophagosome and lysosome fusion,
a process that is mediated by Syx17 (Itakura et al., 2012; Takáts
et al., 2013). To determine whether a relationship exists between
Vps13D and Syx17, we analyzed Vps13D protein localization
(purple) in intestine cells with reduced Syx17 function (green)
and did not detect any change in Vps13D localization (Fig. S2 A).
In addition, we analyzed Syx17 protein localization (red) in
vps13d mutant intestine cells (nongreen) and did not detect a
change in Syx17 localization (Fig. S2 A). These findings suggest
that Vps13D does not regulate autophagy through Syx17-mediated
autophagosome and lysosome fusion.

The functional requirements of both the ubiquitin E1–
activating enzyme Uba1 and UBA domain encoding Vps13D
protein for autophagy illustrate the importance of ubiquitin in
Drosophila intestine cells (Chang et al., 2013; Anding et al., 2018).
Therefore, we investigated the relationship between ubiquitin
and Vps13D during autophagy in intestine cells. As expected, we
detected an increase in the amount of ubiquitinated proteins in
whole-animal lysates between early third instar larvae and 2 h
after puparium formation (Fig. S2 B). The Vps13D UBA domain
preferentially interacts with K63 ubiquitin in vitro (Anding
et al., 2018). To verify that Vps13d interacts with ubiquitin
in vivo, we used a Drosophila strain in which the vps13d gene was
endogenously tagged with 3×FLAG on the C terminus (vps13d-

3×FLAG). Unlike vps13d mutants, these flies are viable and fer-
tile and complement the early lethal phenotype of vps13d (MiMic)
flies. Importantly, immunoblotting revealed a distinct band
in the vps13d-3×FLAG lysates at the predicted size of Vps13D-
3×FLAG that was absent in the w1118 control lysates (Fig. S2 C).
Immunoprecipitation of the FLAG epitope followed by Western
blot analysis of the eluate using a ubiquitin antibody did not
reveal ubiquitinated protein binding with Vps13D-3×FLAG in the
early third instar stage in either the control w1118 or the vps13d-
3×FLAG lysates (Fig. 2 A). By contrast, we detected a significant
increase in ubiquitinated protein interactingwith Vps13D-3×FLAG
compared with the controlw1118 eluate 2 h after pupariation (Fig. 2,
B and C). Consistent with these biochemical results, Vps13D and
ubiquitin colocalized to a greater extent 2 h after pupariation than
in early third instar w1118 intestines (Fig. 2, D and E). Significantly,
deletion of the UBA domain in vps13d suppressed the colocalization
of Vps13D and ubiquitin (Fig. 2, D and E). Additionally, ubiquitin
puncta in vps13d (ΔUBA) mutant cells were larger than ubiquitin
puncta in control intestine cells under identical conditions
(Fig. 2 D). These enlarged ubiquitin puncta colocalized with
mito-GFP, a marker for mitochondria (Fig. S2 D).

Ubiquitin is associated with cargoes that are targeted to au-
tophagosomes for degradation, including mitochondria (Nakatogawa
et al., 2009). Therefore, we hypothesized that the increased size of
ubiquitin puncta in vps13d mutant cells could be explained by
changes in protein bound to ubiquitin (conjugated ubiquitin)
on mitochondria because of a failure in the clearance of these
autophagic substrates. To test this possibility, we compared
vps13d (MiMic) loss-of-function mutant intestine cells stained
with an antibody specific for conjugated ubiquitin, the ubiq-
uitin (FK2) antibody. In early third instar larvae, we did not
detect a significant difference in conjugated ubiquitin between
vps13dmutant cells (lacking nuclear RFP) and control cells (Fig. 2,
F and G). By contrast, conjugated ubiquitin puncta were enlarged
in vps13d mutant compared with control cells 2 h after puparium
formation (Fig. 2, F and G). Interestingly, the colocalization of
conjugated ubiquitin with mito-GFP revealed ubiquitin puncta
that appeared to encircle mitochondria that failed to be cleared in
vps13d mutant cells (Fig. 2, F and G), a localization pattern that is
similar to Atg8a (Fig. 1 A). These results indicate that Vps13D in-
fluences the localization of Atg8 and conjugated ubiquitin that are
associated with mitochondrial clearance.

Vps13D regulates mitophagy through a Pink1-dependent
mechanism
The influence of Vps13D on Atg8a, ubiquitin, and clearance of
mitochondria prompted us to consider whether established

atg6 (Δ)/+, vps13d (ΔUBA/ΔUBA) single-mutant cells (n = 20). (E) atg6 (Δ) loss-of-function intestine cells (nongreen) stained with antibody against Vps13D (red)
were compared with neighboring heterozygous control cells (green) in 2-h-old prepupae. (F) Quantification of the amount of Vps13D puncta in atg6 (Δ) loss-of-
function intestine cells (n = 5) compared with neighboring control cells (n = 13). (G) atg161 loss-of-function intestine cells (nongreen) have similar levels of
Vps13D puncta (red) compared with neighboring heterozygote control cells (green) in 2-h-old prepupae. (H) Quantification of Vps13D puncta in atg161 cells
(n = 9) compared with neighboring heterozygous control cells (n = 22). (I) atg161, vps13d (ΔUBA/ΔUBA) double-mutant intestines cells have suppressed for-
mation of enlarged Atg8a puncta compared with atg161/+, vps13d (ΔUBA/ΔUBA) single-mutant cells 2 h after pupariation. (J) Quantification of Atg8a puncta size
in atg161, vps13d (ΔUBA/ΔUBA) double-mutant intestines cells (n = 19) compared with atg161/+, vps13d (ΔUBA/ΔUBA) single-mutant cells (n = 14). Scale bars in A
(top panel), C, E, G, and I are 40 μm. Scale bars in A (bottom panel) are 5 μm. Columns in B, D, F, H, and J were compared using two-tailed t test without Welch’s
correlation, with error bars representing SEM. Representative of three or more independent biological experiments.
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Figure 2. Vps13D interacts with and regulates ubiquitin localization. (A) Western blot of input and eluates from a FLAG immunoprecipitation (IP) of
control w1118 and vps13d-3×flag early third instar larvae extracts that were probed with antibodies against ubiquitin. (B)Western blot of input and eluates from
a FLAG IP of control w1118 and vps13d-3×flag 2-h-old prepupal extracts that were probed with antibodies against ubiquitin. Vps13D-3×FLAG levels were too low
to be detected in the input with lysate conditions suitable for IP but were present in lysates from harsher lysis conditions (Fig. S2 B). (C) Quantification of the
ratio of ubiquitinated proteins from 31 to 171 kD in the IP compared with input for w1118 and vps13d-3×FLAG lysates (n = 6 independent experiments). (D) w1118

and vps13d (ΔUBA) intestines were dissected from early third instar and 2 h after pupariation and costained with antibodies against Vps13D (red) and ubiquitin
(green). vps13d (ΔUBA) intestines had larger and more spherical ubiquitin puncta (arrows). (E) Quantification of the Pearson correlation coefficient between
Vps13D and ubiquitin in w1118 early third instar intestine cells (n = 25), 2 h after pupariation w1118 (n = 50), and vps13d (ΔUBA) (n = 44) intestine cells. (F) vps13d
(MiMic) loss-of-function intestine cells (lacking red nuclei) have similar conjugated ubiquitin (purple) localization to neighboring heterozygote control cells (red
nuclei; top panels) in early third instar larvae. By contrast, vps13d (MiMic) cells have enlarged conjugated ubiquitin (FK2) puncta compared with neighboring
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mitophagy pathway genes have phenotypes that are similar to
vps13d in intestine cells. Pink1 functions as a mitochondrial stress-
sensing kinase that facilitates the targeting of mitochondrial-
associated proteins for ubiquitination by Parkin and clearance
during mitophagy (Lazarou et al., 2015). To determine whether
Pink1 is required for mitochondrial clearance by autophagy in
intestine cells, we generated pink1B9 loss-of-function mutant
cell clones (lacking RFP) and stained with antibodies specific
for the autophagy cargo receptor Ref2p/p62 and mitochondrial
ATP5a. Cells lacking pink1 function had increased Ref2p/p62
and ATP5a puncta compared with neighboring control cells
(Fig. 3, A, B, D, and E). In addition, pink1mutant cells also failed
to reduce in size (Fig. 3 C), an indicator of autophagy deficiency
in intestine cells (Chang et al., 2013). Curiously, Ref2p puncta
did not seem to localize around mitochondria in either pink1
or vps13d mutant cells (Fig. S3 A), suggesting that Pink1 and
Vps13Dmay regulate clearance of other autophagic cargoes that
are associated with Ref2p. Combined, these data indicate that
pink1 influences markers of autophagy and mitochondrial
clearance in a manner that is similar to the loss of vps13d.

We next investigated the influence of pink1 function on the
localization of Atg8a and ubiquitin with ATP5a as a marker of
mitochondria. Antibody staining against Atg8a revealed enlarged
puncta surrounding enlarged mitochondrial ATP5a puncta (Fig. 3,
D–G), and these Atg8a puncta could be suppressed by knockdown of
atg6 (Fig. S3 B), similar to vps13d mutant cell Atg8a puncta (Fig. 1, C
and D). Antibody staining against conjugated ubiquitin also revealed
that pink1 mutant cells had enlarged conjugated ubiquitin puncta
(Fig. 3, H and I). In contrast to vps13dmutant cells, pink1mutant cell
ubiquitin puncta did not localize to the periphery of mitochondria
(Fig. 3 J), suggesting potential differences between Pink1 andVps13D.

Transmission electron microscopy (TEM) was used to in-
vestigate mitochondrial clearance and ultrastructure in control
w1118, pink1 loss-of-function mutant, and vps13d (ΔUBA) mutant
intestine cells 2 h after prepupa formation. Both pink1 and vps13d
(ΔUBA) mutant cells possessed uncleared mitochondria that
were larger thanw1118 controls, which possess mitochondria with
an area of ∼0.1 μm2 (Fig. 3, K and L). vps13d (ΔUBA) mutant
mitochondria were on average larger than pink1 mutant mito-
chondria (Fig. 3, K and L). In addition, pink1 mutant cells pos-
sessed a larger percentage of mitochondria having an area <0.1
μm2 than vps13d (ΔUBA)mutants (Fig. 3 M). Both pink1 and vps13d
mutant cells also had cup-shaped and electron-lucent structures
adjacent to mitochondria, which appeared to be stalled phago-
phores of autophagosomes (Fig. S3, C and D). These data
together with autophagy pathway genetic analyses and the
enlarged Atg8a structures surrounding ATP5a in pink1 and
vps13d loss-of-function mutants are consistent with Pink1 and
Vps13D regulating autophagosome phagophore expansion.

The similarities in vps13d and pink1 mutant cell phenotypes
prompted us to investigate their functional relationship.
Therefore, we conducted double-mutant genetic analyses to
determine whether vps13d and pink1 are in a common pathway
that regulates mitochondria structure and removal. We com-
pared mitochondrial size in TEM sections of pink1 mutant with
pink1;vps13d double-mutant intestine cells. These mutants had
similar mitochondria area 2 h after puparium formation (Fig. 4,
A and B). Furthermore, these single- and double-mutant geno-
types had a similar proportion of remaining mitochondria that
are <0.1 μm2 (Fig. 4 C), even though vps13d (ΔUBA) single mu-
tants have larger mitochondria and fewer mitochondria that
are <0.1 μm2 than control and pink1B9 single-mutant intestines
(Fig. 3, K–M). These data indicate that the combined loss of both
vps13d and pink1 fails to enhance single-mutant mitochondrial
size phenotype, thus suggesting that Vps13D functions in the
same pathway as Pink1 in the regulation of mitochondrial size.

We sought to determine whether Vps13D and Pink1 act within
the same pathway to regulate mitophagy. We used the Mito-QC
system to analyze mitophagy, which utilizes mitochondria-
localized tandem mCherry and GFP fluorescent tags, to label
mitochondria outside of autolysosomes with both mCherry
and GFP (yellow) and mitochondria inside autolysosomes with
only red mCherry as the acidic environment of the autolyso-
some quenches GFP signal (McWilliams et al., 2016; Lee et al.,
2018). In control cells that are wild type for pink1 and hetero-
zygous for vps13d, most of the GFP signal from the Mito-QC
was quenched, leaving only red mCherry puncta 2 h after
prepupa formation (Fig. 4, D and E) and indicating that mi-
tophagy was active. By contrast, pink1mutants and pink1;vps13d
double-mutant cells retained both GFP and mCherry (yellow)
signal that was absent in the control (Fig. 4, D and E), indi-
cating that mitophagy was impaired. However, it is worth
noting that the morphology of the retained GFP and mCherry
(yellow) signal differed between these single and double mutants.
The pink1 mutants appeared as either filamentous structures or
large, round, and punctate structures. By contrast, vps13dmutants
only had the enlarged punctate structures (Fig. 4 D). Importantly,
the distribution of the large and round yellow puncta were the
same in pink1 and pink1;vps13d double-mutant cells (Fig. 4, D and E).
Together with our TEM data (Fig. 4, A–C), these findings suggest
that Vps13D and Pink1 function in a common pathway to regulate
mitochondrial morphology and clearance.

To further investigate the relationship between Vps13D and
Pink1, we determined how they influence Atg8a puncta in in-
testine cells 2 h after puparium formation. Like vps13d mutant
intestine cells (Fig. 1, A and B), pink1 mutant intestine cells
possess abnormal and enlarged Atg8a localization (Fig. 3, D, F,
and G). Both vps13d mutant (labeled by nuclear RFP) and pink1;

control cells (middle panels) in 2-h-old prepupae. A portion of these puncta tend to encircle the mitochondria (green) in vps13d (MiMic)mutant cells at 2 h after
pupariation (bottom panels). (G)Quantification of the size of conjugated ubiquitin (FK2) puncta in vps13d (MiMic) intestine cells in early third instar and 2 h after
pupariation (E3 and 2H, respectively, n = 6) intestine cells compared with control cells (E3, n = 12; 2H, n = 15). Scale bars in D and F are 40 μm with the
exception of the enlarged images, which are 5 μm. Identical time point columns in C were compared using two-tailed t test without Welch’s correlation.
Columns in E and G were compared using one-way ANOVA with Tukey’s post hoc analysis. Error bars are SEM. Representative of three or more independent
biological experiments.
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Figure 3. pink1mutant cells have autophagy and mitochondrial phenotypes that are similar to vps13dmutant cells. (A) pink1B9 loss-of-function mutant
(−/−) intestine cells (nonred) fail to reduce in size and have increased Ref2p puncta (green) compared with neighboring control pink1B9/+ heterozygous (+/−)
cells (red) 2 h after pupariation. (B) Quantification of Ref2p puncta in pink1B9mutant (−/−) cells (n = 6) compared with heterozygous control (+/−) cells (n = 15).
(C) Quantification of cell size in pink1B9 mutant (−/−) cells (n = 9) compared with control (+/−) cells (n = 11). (D) pink1B9 loss-of-function mutant (−/−) intestine
cells (nonred) have increased mitochondrial ATP5a (purple) puncta and exhibit enlarged Atg8a puncta (green) compared with heterozygous (+/−) control cells
(red) 2 h after pupariation (top panels). Atg8a puncta in mutant cells tend to encircle mitochondrial ATP5a puncta (bottom panels). (E) Quantification of the
amount of ATP5a puncta in pink1B9 mutant (−/−) cells (n = 9) compared with neighboring control (+/−) cells (n = 11). (F) Quantification of the size of Atg8a
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vps13d double-mutant (lacking nuclear RFP) intestine cells pos-
sessed similar Atg8a puncta size and amounts (Fig. 4, F–H).
These findings suggest that pink1 and vps13d function in the same
pathway to regulate Atg8a localization.

Pink1 senses mitochondrial stress and facilitates ubiquitina-
tion of mitochondria-associated proteins to facilitate mitophagy
(Ordureau et al., 2014; Koyano et al., 2014; Wauer et al., 2015). In
contrast to Atg8a localization, pink1 and vps13d mutant intestine
cells differ in conjugated ubiquitin localization (Fig. 2, F and G;
and Fig. 3, H and J). To further examine the relationship between
these two regulators of mitochondrial clearance, we compared
conjugated ubiquitin localization in either pink1 mutant, vps13d
mutant, or pink1;vps13d double-mutant cells. In contrast to vps13d
mutant cells, pink1;vps13d double-mutant cells exhibited the same
pattern of conjugated ubiquitin localization as pink1 single-
mutant cells that was not associated with the perimeter of mi-
tochondria (Fig. 5, A and B). Furthermore, there was no additive
increase in the remaining mitochondria in pink1 single-mutant
cells compared with pink1;vps13d double-mutant cells 2 h after
pupariation (Fig. S4 A), further suggesting that Vps13D regulates
mitochondrial clearance in a Pink1-dependent manner.

Pink1 can directly phosphorylate ubiquitin conjugated to
proteins at the Ser65 residue, resulting in a conformation
change that inhibits deubiquitination and can lead to further
ubiquitination (Ordureau et al., 2014; Koyano et al., 2014; Wauer
et al., 2015). vps13d mutant intestine cells were stained with an
antibody specific for ubiquitin phosphorylated at Ser65. Like
conjugated ubiquitin, phosphorylated ubiquitin localized around
the periphery of mitochondria (labeled by ATP5a) in vps13dmutants
but was absent in pink1;vps13d double mutants (Fig. 5, C and D).
These data indicate that pink1 function is required for localization of
conjugated and phosphorylated ubiquitin near the perimeter of
mitochondria in vps13d mutant cells and suggests that pink1 is up-
stream of vps13d. To test this hypothesis, we analyzed Vps13D pro-
tein puncta localization in pink1mutant intestine cells. pink1mutant
cells (lacking RFP) had reduced Vps13D protein puncta compared
with neighboring RFP-labeled control cells (Fig. 5, E and F). Like
with loss of core autophagy proteins, loss of Pink1 did not affect
Vps13D puncta in early third instar larval intestine cells (Fig. S4 B),
suggesting that the relationship between Pink1 and Vps13D is stage
and context dependent. Taken together, these results suggest that
Pink1 and Vps13D can function in a common pathway to regulate
mitophagy, with Pink1 acting upstream of Vps13D.

Vps13D and Parkin function in parallel pathways downstream
of Pink1
Pink1 phosphorylates both ubiquitin and Parkin, leading to
ubiquitination of mitochondrial-associated proteins and re-
cruitment of the core autophagy machinery for mitophagy
(Ordureau et al., 2014; Koyano et al., 2014; Wauer et al., 2015;
Lazarou et al., 2015). The relationship between Pink1 and Vps13D
prompted us to hypothesize that Vps13D and Park, the Drosophila
homologue of Parkin, function in the same pathway to regulate
mitophagy. We expected park25 loss-of-function mutant intes-
tine cells to have the same phenotype as pink1 and vps13dmutant
cells 2 h after prepupa formation. While park25 mutant cells
failed to clear mitochondria as indicated by abundant ATP5a
staining compared with heterozygous control cells, homozygous
park mutant cells had neither enlarged ATP5a puncta nor ab-
normal Atg8a as were detected in vps13d mutant cells (Fig. 6,
A–C). In addition, park mutant cells lacked the enlarged conju-
gated ubiquitin puncta that were observed in homozygous vps13d
mutant cells (Fig. 6, D and E). Furthermore, the ATP5a puncta
size was smaller in park mutants than in pink1 mutants (P =
0.0019; Fig. 3 I and Fig. 6 E). Significantly, unlike pink1 mutants,
park mutants did not affect Vps13D puncta in intestine cells
(Fig. 6, F and G). Combined, these data suggest that Vps13D and
Park act in parallel pathways to regulate mitophagy.

The evaluation of mitochondrial size by immunofluorescence
is difficult when puncta signals are saturated, as small puncta in
close proximity may be interpreted as single large puncta. Thus,
TEM was used to study the influence of Park on mitochondria
size. vps13dmutant intestine cells had larger mitochondria and a
higher proportion of mitochondria remaining with an area ≥0.1
μm2 comparedwith parkmutant intestine cells 2 h after prepupa
formation (Fig. 6, H–J). Significantly, parkmutant intestine cells
had smaller mitochondria than pink1 mutant cells (P < 0.0001)
and had a smaller proportion of mitochondria with an area ≥0.1
μm2 (P < 0.0001; Fig. 3, K–M; and Fig. 6, H–J). While both Park
and Vps13D regulate mitochondrial clearance, these data indi-
cate that they function in parallel pathways.

Park functions downstream of Pink1 (Narendra et al., 2010;
Youle and Narendra, 2011). In addition, Vps13D appears to act
downstream of Pink1 and in parallel to Park (Figs. 5 and 6). Thus,
we hypothesized that Pink1 regulates both Vps13D- and Park-
mediated clearance of mitochondria in intestine cells. We used
Mito-QC to investigate the functions of vps13d and park in

puncta in pink1B9 mutant (−/−) cells (n = 7) compared with neighboring control (+/−) cells (n = 13). (G) Quantification of the number of ATP5a puncta having at
least 50% of the perimeter encircled by Atg8a in pink1B9/pink1B9 mutant (−/−) cells (n = 7) compared with vps13d (MiMic) mutant intestine cells (n = 6).
(H) pink1B9/pink1B9 loss-of-function mutant (−/−) intestine cells (nonred) have enlarged conjugated ubiquitin (FK2) puncta (purple) compared with hetero-
zygous neighboring control cells (red) 2 h after pupariation (top panels). These enlarged puncta do not seem to encircle mitochondria labeled by mito-GFP
(green; bottom panels). (I) Quantification of conjugated ubiquitin (FK2) puncta size in pink1B9/pink1B9 mutant (−/−) cells (n = 9) compared with control (+/−)
cells (n = 11). (J) Quantification of the number of mito-GFP puncta having a perimeter at least 50% encircled by conjugated ubiquitin in pink1B9/pink1B9 mutant
(−/−) cells (n = 9) compared with vps13d (MiMic) mutant cells (n = 6). (K) Representative TEM images from sections of control w1118, pink1B9 (-), and vps13d
(ΔUBA) male larval intestine cells 2 h after pupariation. Images on top and bottom are lower and higher resolution images, respectively. (L) Quantification of
mitochondria area in w1118 (n = 202), pink1B9 (n = 188), and vps13d (ΔUBA) (n = 185) intestine cells 2 h after pupariation. (M) Quantification of the percentage of
mitochondria <0.1 μm or ≥0.1 μm in w1118 (n = 202), pink1B9 (-) (n = 188), and vps13d (ΔUBA) (n = 185) intestine cells 2 h after pupariation. Fisher’s exact test
values are as follows:w1118 vs. pink1B9, P < 0.0001;w1118 vs. vps13d (ΔUBA), P < 0.0001; and pink1B9 vs. vps13d (ΔUBA), P < 0.0001. Scale bars in A, D, and H are 40
μmwith the exception of the enlarged images in D and H, which are 5 μm. Scale bars in K are 2.0 μm (top panels) and 0.5 μm (bottom panels). Columns in B, C,
E–G, I, and J were compared using two-tailed t test without Welch’s correlation. Columns in L were compared using one-way ANOVA with Tukey’s post hoc
analysis. Error bars are SEM. Representative of three or more independent biological experiments.
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Figure 4. Vps13D functions in a mitophagy pathway with Pink1. (A) Representative TEM images of male pink1B9 (−);vps13d (ΔUBA/+) single-mutant and
pink1B9 (−);vps13d (ΔUBA/ΔUBA) double-mutant intestine cells 2 h after pupariation. (B) Quantification of mitochondria area in pink1B9 (−);vps13d (ΔUBA/+)
single-mutant (n = 187) and pink1B9;vps13d (ΔUBA/ΔUBA) double-mutant (n = 181) intestine cells 2 h after pupariation. (C) Quantification of the percentage of
mitochondria <0.01 μm and ≥0.1 μm in pink1B9 (−);vps13d (ΔUBA/+) single-mutant (n = 187) and pink1B9 (−);vps13d (ΔUBA/ΔUBA) double-mutant (n = 181)
intestine cells 2 h after pupariation using Fisher’s exact test (P = 0.7507). (D) Mito-QC was expressed using the Myo31DFNP0001 driver in pink1B9 (−);vps13d
(ΔUBA) mutant intestine cells from 2-h-old male prepupae. pink1 (+);vps13d (ΔUBA)/+ heterozygote control cells possessed mostly red puncta without cor-
responding green puncta, reflecting mitochondria in autolysomes (mitolysosomes). By contrast, pink1B9 (−);vps13d (ΔUBA)/+ single-mutant, pink1 (+);vps13d
(ΔUBA/ΔUBA) single-mutant, and pink1B9 (−);vps13d (ΔUBA)/ΔUBA) double-mutant intestine cells all exhibited red and green structures, reflecting mitochondria
that failed to be cleared by mitophagy. These structures were either filamentous (arrowheads) or enlarged and punctate (arrows). Enlarged punctate structures
were defined as having an area of at least 1.0 μm2. (E) Quantification of the amount of red and green structures that presented as enlarged puncta in pink1
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mitophagy. The early lethality of vps13d (ΔUBA) and park25 dou-
ble mutants required the use of park mutants expressing vps13d
RNAi in intestine cells for these analyses. While park hetero-
zygous control intestine cells did not retain GFP, indicating ac-
tive mitophagy 2 h after prepupa formation, park mutant
intestine cells retained GFP signal in a filamentous distribution
(Fig. 7 A). In contrast to park mutant cells, cells with reduced
vps13d function retained GFP signal in enlarged, round puncta
(Fig. 7 A), similar to the Mito-QC phenotype in vps13d mutant
cells (Fig. 4 D). Importantly, intestine cells with reduced function
of both park and vps13d had an additive phenotype with both fil-
amentous and enlarged round puncta (Fig. 7, A and B). This
phenotype is similar to the Mito-QC phenotype in pink1 mutant
intestine cells (Fig. 4, C and D). To verify that the Mito-QC dis-
tribution we detected in different mutants were representative
of mitochondria in intestine cells, we stained Mito-QC–expressing
intestine cells with antibody against mitochondrial ATP5a protein,
and detected Mito-QC and ATP5a colocalization (Fig. S5 A).
Quantification of the number of mCherry-positive and GFP-
negative puncta, which represent mitochondria in autolysosomes
(mitolysosomes; Lee et al., 2018), revealed that deficiency in
either Vps13D, Park, or Pink1 reduced mitolysosome formation
in intestine cells 2 h after pupariation. Significantly, deficien-
cies in both Vps13D and Park resulted in a decrease in mitolyso-
somes with the same severity as deficiency in Pink1 alone (Fig. 7
C). These findings are consistent with Pink1 regulating mitophagy
upstream of parallel Vps13D and Park pathways.

To further explore the relationship among Pink1, Vps13D, and
Park, we analyzed Park protein puncta localization using a Park-
specific antibody (Fig. S5 B). While pink1 loss-of-function (lacking
RFP) and park loss-of-function mutant cells each had a significant
decrease in Park protein puncta (Fig. 7, D and E; and Fig. S5 B),
vps13d (MiMic) loss-of-function mutant cells (lacking RFP) had no
impact on Park puncta (Fig. 7, F and G). Furthermore, Park puncta
localized to mitochondrial ATP5a puncta even in vps13d mutant
intestine cells (Fig. S5 C). Since both Park and Vps13D protein
puncta are reduced in pink1mutant cells, these data are consistent
with Pink1 regulation of mitophagy upstream of both Vps13D
and Park.

Discussion
Vps13D plays an important role in mitochondrial morphology
and mitophagy during development (Anding et al., 2018). Mu-
tations in Vps13D have also been identified as causes of familial
neurological movement disorders (Seong et al., 2018; Gauthier
et al., 2018). However, little is known about the mechanistic

relationship between Vps13D and the regulation of autophagy,
mitophagy, and associated diseases. Here, we identify a role of
Vps13D in the core autophagy machinery and Pink1-regulated
mitophagy. Vps13D functions downstream of Pink1 and parallel
to Park to regulate ubiquitin and Atg8a localization around
mitochondria during mitophagy. Thus, we define a new form of
Pink1-regulated mitophagy that acts through Vps13D. A hy-
pothesized model for how Vps13D functions relative to Pink1,
Park, and the core autophagy machinery is shown in Fig. 8.

Ubiquitin and regulators of ubiquitin localization and con-
jugation function in autophagy. In response to mitochondrial
damage, Pink1 phosphorylates ubiquitin and Parkin, leading to
expansion of ubiquitinated chains on the mitochondrial outer
membrane (Ordureau et al., 2014; Koyano et al., 2014; Wauer
et al., 2015). Previous studies have indicated that autophagy
receptors, including p62 and OPTN, can interact with ubiquiti-
nated chains on mitochondria and through physical interactions
with Atg8a, function as bridges between mitochondria and the
autophagic machinery to facilitate mitophagy (Lazarou et al.,
2015; Kirkin and Rogov, 2019). We show that Vps13D interacts
with ubiquitinated proteins and regulates ubiquitin localization
in a context-dependent manner. In vps13dmutant cells, ubiquitin
is able to localize to mitochondria. The accumulation of enlarged
conjugated ubiquitin puncta around mitochondria suggests a
problem with the processing of ubiquitin after localization to
cargo. In addition, Pink1 is required for the localization of con-
jugated and phosphorylated ubiquitin around mitochondria in
Vps13D mutants (Fig. 5, A–D). Thus, Vps13D seems to play a role
that is downstream of Pink1 activity but upstream of the clear-
ance of ubiquitinated mitochondria.

Previous work suggests that the recruitment of the core au-
tophagy machinery to mitochondria during mitophagy depends
on ubiquitination of mitochondrial outer membrane proteins
following Pink1 recruitment (Lazarou et al., 2015). By contrast,
we observed that recruitment of Atg8a to mitochondria is in-
dependent of Pink1 function (Fig. 3, D and G). These findings
indicate that Pink1-regulated ubiquitination and Atg8a recruit-
ment can act in separate pathways. Other groups have reported
similar phenomena in human cell lines, where Atg8/LC3s can be
recruited to mitochondria independent of ubiquitination events
(Padman et al., 2019). In Drosophila, Vps13D appears to function
downstream of these biochemical changes during mitophagy, as
Vps13D mutant cells accumulate conjugated ubiquitin and Atg8a
around the periphery of mitochondria (Fig. 1 A; Fig. 2 F; and
Fig. 3, G and J). Thus, Vps13D could act as a mediator between
ubiquitinated cargo and the core autophagy machinery once
localized to mitochondria.

(+);vps13d (ΔUBA)/+ heterozygote control (n = 17), pink1B9 (−);vps13d (ΔUBA)/+ single-mutant (n = 14), pink1 (+);vps13d (ΔUBA/ΔUBA) single-mutant, and pink1B9

(−);vps13d (ΔUBA)/ΔUBA) double-mutant (n = 14) cells 2 h after pupariation. (F) pink1B9/pink1B9 (−/−);vps13d (ΔUBA/ΔUBA) double-mutant intestine cells (nonred)
have similar levels and size of Atg8a puncta (green) compared with pink1B9/+ (+/−);vps13d (ΔUBA/ΔUBA) single-mutant cells (red) 2 h after pupariation.
(G) Quantification of Atg8a puncta number in pink1B9/pink1B9 (−/−);vps13d (ΔUBA/ΔUBA) double-mutant cells (n = 11) compared with neighboring pink1B9/+
(+/−);vps13d (ΔUBA/ΔUBA) single-mutant cells (n = 15). (H)Quantification of Atg8a puncta size in pink1B9/pink1B9 (−/−);vps13d (ΔUBA/ΔUBA) double-mutant cells
(n = 11) compared with pink1B9/+ (+/−);vps13d (ΔUBA/ΔUBA) single-mutant cells (n = 15). Scale bars in A are 0.5 μm. Scale bars in D and F are 40 μm with the
exception of the enlarged images in D, which are 5 μm. Columns in B, G, and H were compared using two-tailed t test without Welch’s correlation. Columns in E
were compared using one-way ANOVA with Tukey’s post hoc analysis. Error bars are SEM. Representative of three or more independent biological
experiments.
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It remains unclear how loss of Vps13D results in accumula-
tion of Atg8a and conjugated ubiquitin around mitochondria.
Studies of yeast vps13, which is highly conserved with vps13d,
suggest that the proteins in the vps13 family serve as lipid
transporters between membranes at organelle contact sites

(Lang et al., 2015). Furthermore, proteins in the Vps13 family all
contain conserved Chorein_N domains with strong homology
to the Chorein_N domain of Atg2 (Kumar et al., 2018), a core
autophagy protein that acts as a tether between the ER and
the forming autophagosome known as the phagophore. Atg2

Figure 5. Loss of Pink1 suppresses ubiquitin localization to mitochondria in vps13dmutant cells. (A) pink1B9 (−);vps13d (ΔUBA/+) single-mutant intestine
cells have conjugated ubiquitin puncta (purple) that do not encircle mitochondria labeled by mito-GFP (green) as frequently as intestines from pink1 (+);vps13d
(ΔUBA/ΔUBA) single mutants 2 h after prepupae formation (top panels). Loss of Pink1 in a vps13d (ΔUBA/ΔUBA) background, resulting in a pink1B9 (−);vps13d
(ΔUBA/ΔUBA) double mutant (bottom panels) suppresses the conjugated ubiquitin localization to mitochondria phenotype in vps13d mutant intestine cells
(middle panels) 2 h after pupariation. (B) Quantification of the number of mito-GFP puncta with at least 50% of the perimeter encircled by conjugated ubiquitin
in pink1B9 (−);vps13d (ΔUBA/+) (n = 15), pink1 (+);vps13d (ΔUBA/ΔUBA) (n = 11), and pink1B9 (−);vps13d (ΔUBA/ΔUBA) (n = 12) mutant intestines 2 h after pu-
pariation. (C) pink1 (+);vps13d (ΔUBA/ΔUBA) single-mutant intestine cells have Ser65 phosphorylated ubiquitin (pUb) puncta (purple) surrounding mitochondria
labeled by ATP5a (green) 2 h after puparium formation. pink1B9 (−); vps13d (ΔUBA/ΔUBA) double-mutant intestine cells do not have Ser65 pUb puncta sur-
rounding mitochondria 2 h after prepupae formation. (D) Quantification of the number of ATP5a puncta with at least 50% of the perimeter encircled by Ser65
pUb in pink1 (+);vps13d (ΔUBA/ΔUBA) single-mutant (n = 15) and pink1B9;vps13d (ΔUBA/ΔUBA) double-mutant (n = 15) intestines 2 h after pupariation. (E) pink1B9/
pink1B9 (−/−) mutant intestine cells (nonred) have decreased Vps13D puncta (green) compared with pink1B9/+ (+/−) heterozygous control neighboring cells
(red). (F) Quantification of Vps13D puncta in pink1B9/pink1B9 (−/−) cells (n = 6) compared with control (+/−) cells (n = 14). Scale bars in A, C, and E are 40 μm
with the exception of the enlarged images in A and C, which are 5 μm. Columns in B were compared using one-way ANOVA with Tukey’s post hoc analysis.
Columns in F were compared using two-tailed t test without Welch’s correlation, with error bars representing SEM. Representative of three or more inde-
pendent biological experiments.
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Figure 6. Vps13D and Park function in separate mitochondrial clearance pathways. (A) park25/park25 (−/−);vps13d (ΔUBA/+) single-mutant intestine cells
(middle panels) and park25/+ (+/−);vps13d (ΔUBA/ΔUBA) single-mutant intestine cells (bottom panels) 2 h after pupariation are unable to clear mitochondria as
shown by ATP5a staining (purple) compared with park25/+ (+/−);vps13d (ΔUBA/+) heterozygous control cells (top panels). vps13d (ΔUBA) mutants have ATP5a
that appear larger and less filamentous (purple arrows) and larger Atg8a puncta (green arrows) encircling the enlarged ATP5a puncta (purple arrows), which
are not present in the park25mutant cells. (B)Quantification of ATP5a puncta size in park25/+ (+/−);vps13d (ΔUBA/+) heterozygous control (n = 13), park25/park25
(−/−);vps13d (ΔUBA)/+ (n = 12), and park25/+ (+/−);vps13d (ΔUBA/ΔUBA) (n = 12) intestine cells. (C) Quantification of Atg8a puncta size in park25/+ (+/−);vps13d
(ΔUBA/+) heterozygous control (n = 13), park25/park25 (−/−);vps13d (ΔUBA)/+ (n = 12), and park25/+ (+/−);vps13d (ΔUBA) (n = 12) intestine cells. (D) park25/+
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facilitates the transfer of phospholipids to the expanding auto-
phagosome membrane (Osawa and Noda, 2019). Replacement of
the Atg2 Chorein_N domain with the Chorein_N domain of
Vps13 resulted in the same autophagic activity as wild-type Atg2
(Osawa et al., 2019). However, the presence of this Chorein_N
domain in all members of the Vps13 family is not sufficient to
explain an autophagy-specific function, as Vps13D is the only
member of the Vps13 family that is required for autophagy in
flies. Rather, Vps13D is the only Vps13 family member with a
UBA domain (Anding et al., 2018), and this UBA domain is re-
quired for clearance of mitochondria (Fig. 6, A and C). Although
speculative, it is possible that Vps13D binds to ubiquitinated
cargo, in this case Pink1-regulated ubiquitination of factors that
are juxtaposed to mitochondria, and then this proximity could
allow the transfer of lipids to the growing autophagosome
membranes around mitochondrial cargoes. Without Vps13D,
autophagosome components such as Atg8a simply accumulate
in the vicinity of mitochondria.

Pink1-mediated phosphorylation of ubiquitin and Parkin
leads to the rapid ubiquitination of outer mitochondrial mem-
brane proteins, leading to local recruitment of the autophagy
machinery (Ordureau et al., 2014; Koyano et al., 2014; Wauer
et al., 2015). While phosphorylation of both ubiquitin and Parkin
are required for Parkin-mediated mitophagy (Koyano et al.,
2014), it is unknown whether this is the sole purpose of ubiq-
uitin phosphorylation. The accumulation of phosphorylated
ubiquitin around mitochondria in vps13d mutants is consistent
with Pink1 regulating Vps13D-mediated mitophagy through
phosphorylation of ubiquitin (Fig. 5, C and D). Structural studies
of phosphorylated ubiquitin chains suggest that phosphorylated
ubiquitin is more resistant to deubiquitinating enzymes, sug-
gesting that Pink1 phosphorylation of ubiquitin chains on outer
mitochondrial membrane proteins by Pink1 can enhance protein
ubiquitination even without Parkin (Wauer et al., 2015). Thus,
one possible model is that phosphorylation of outer mitochon-
drial membrane ubiquitin chains in a Pink1-dependent manner
stabilizes these ubiquitin chains. Vps13D then preferentially in-
teracts with these phosphorylated ubiquitin chains, potentially
through the UBA domain, facilitating additional processing
through the autophagic machinery. Without Vps13D, these con-
jugated ubiquitin chains accumulate on the outer mitochondrial

membrane, consistent with the conjugated ubiquitin phenotype
observed in Vps13Dmutant cells (Fig. 2, F and G; and Fig. 5, A and
B). Another potential Pink1 substrate could be Vps13D itself, as
phosphorylation of Vps13D was significantly decreased in a pink1
mutant mouse model for Parkinson’s disease (Auburger et al.,
2019).

Pink1 can recruit proteins to mitochondria in a Parkin-
independent manner (Lazarou et al., 2015). Furthermore, Pink1
physically interacts with and recruits Atg6 to mitochondria and
ER membrane contacts to mediate mitophagy (Michiorri et al.,
2010). Significantly, this recruitment of Atg6 is independent of
Parkin (Gelmetti et al., 2017). In addition, proteomic studies have
suggested that Vps13D interacts with proteins present at the
mitochondria and ER interface (Hung et al., 2017; Antonicka
et al., 2020). Thus, Vps13D puncta could reflect recruitment
to the mitochondria and ER interface that is driven by Pink1
and Atg6 without requiring Park. In support of this model, we
have recently shown that Vps13D functions as a conserved
regulator of mitochondria and ER contact (Shen et al., 2021).
However, given that Park localizes to remaining mitochondria
in vps13d-deficient cells (Fig. S5 C), we cannot rule out the
possibility that there may be some crosstalk between Vps13d-
and Park-mediated mitophagy pathways. While Park is re-
quired for ubiquitin accumulation, loss of Park does not have
the same ubiquitin phenotypes as loss of Pink1 or Vps13D
(Fig. 3 H and Fig. 6 D). These findings could be explained by
contributions from other ubiquitin ligases involved in Vps13D-
mediated mitophagy. Further studies that investigate the role
of Park localization to mitochondria and other ubiquitin ligases
in Vps13D-deficient genetic backgrounds will help to clarify
this mechanism.

Mutations in pink1 and vps13d are both associated with neu-
rological disease and abnormal mitochondrial morphology.
These diseases also share some symptoms, such as tremors and
dystonia (Seong et al., 2018; Gauthier et al., 2018; Armstrong
and Okun, 2020). Our findings suggest that there may be a link
between the pathology of Vps13D- and Pink1-related diseases.
However, thorough comparisons are difficult since only 19 pa-
tients from 12 families with confirmed vps13d-associated neuro-
logical symptoms have been characterized (Seong et al., 2018;
Gauthier et al., 2018). A more thorough characterization of

(+/−);vps13d (ΔUBA/ΔUBA) single-mutant cells have larger conjugated ubiquitin (FK2) puncta (purple) than park25/park25 (−/−);vps13d (ΔUBA/+) single-mutant
and park25/+ (+/−), vps13d (ΔUBA/+) heterozygous control intestine cells 2 h after pupariation. (E) Quantification of conjugated ubiquitin (FK2) size in park25/+
(+/−);vps13d (ΔUBA/+) heterozygous control (n = 11), park25/park25 (−/−);vps13d (ΔUBA)/+ (n = 12), and park25/+ (+/−);vps13d (ΔUBA/ΔUBA) (n = 11) intestine cells
2 h after pupariation. (F) park25/park25 (−/−) mutant intestine cells have similar levels of Vps13D puncta (purple) compared with heterozygous park25/+ (+/−)
control intestine cells 2 h after pupariation. (G) Quantification of Vps13D puncta in park25/park25 (−/−) mutant intestine cells (n = 11) compared with park25/+
(+/−) control cells (n = 13). (H) Representative TEM images of park25/+ (+/−);vps13d (ΔUBA)/+ heterozygous control, park25/park25 (−/−);vps13d (ΔUBA/+) single-
mutant, and park25/+ (+/−);vps13d (ΔUBA/ΔUBA) single-mutant intestine cells 2 h after pupariation. (I) Quantification of mitochondrial area from TEM images of
park25/+ (+/−);vps13d (ΔUBA)/+ heterozygous control cells (n = 192), park25/park25 (−/−);vps13d (ΔUBA/+) single-mutant (n = 186), and park25/+ (+/−);vps13d
(ΔUBA/ΔUBA) single-mutant (n = 184) intestine cells 2 h after pupariation. (J) Quantification of the percentage of mitochondria <0.1 μm and ≥0.1 μm from TEM
images from park25/+ (+/−);vps13d (ΔUBA)/+ heterozygous control (n = 192), park25/park25 (−/−);vps13d (ΔUBA/+) single-mutant (n = 186), and park25/+
(+/−);vps13d (ΔUBA/ΔUBA) single-mutant (n = 184) intestine cells 2 h after pupariation. vps13d mutant intestine cells have larger mitochondria and fewer
remaining mitochondria ≤0.1 μm2 than park mutant and control intestine cells. Columns were compared using Fisher’s exact test with the following values:
park25/+;vps13d (ΔUBA)/+ vs. park25/park25;vps13d (ΔUBA/+), P = 0.9109, park25/+;vps13d (ΔUBA)/+ vs. park25/+;vps13d (ΔUBA/ΔUBA), P < 0.0001, and park25/
park25;vps13d (ΔUBA/+) vs. park25/+;vps13d (ΔUBA/ΔUBA), P < 0.0001. Scale bars in A, D, and F are 40 μmwith the exception of the enlarged images in A, which
are 5 μm. Scale bars in H are 0.5 μm. Columns in B, C, E, and I were compared using one-way ANOVA with Tukey’s post hoc analysis. Columns in G were
compared using two-tailed t test without Welch’s correlation. Error bars are SEM. Representative of three or more independent biological experiments.
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Figure 7. Vps13D and Park function in parallel Pink1-regulated mitophagy pathways. (A) Mito-QC was expressed in intestine cells from park25/park25

(−/−) prepupae with and without expression of vps13d RNAi. park25/+ (+/−) heterozygous control cells expressing control uas-flp (to account for off-target
effects of UAS expression) possessed mostly red puncta without corresponding green puncta, reflecting mitochondria in autolysomes (mitolysosomes). By
contrast, park25/park25 (−/−) expressing flp, park25/+ (+/−) expressing vps13d RNAi, and park25/park25 (−/−) expressing vps13d RNAi intestine cells all exhibited
red and green structures 2 h after pupariation, reflecting mitochondria that failed to be cleared by mitophagy. park25/park25 (−/−) cells had almost exclusively
filamentous structures (arrowheads), park25/+ (+/−) expressing vps13d RNAi cells had almost exclusively enlarged punctate structures (arrows), and park25/
park25 (−/−) expressing vps13d RNAi intestine cells had both filamentous and enlarged punctate structures. (B) Quantification of the number of enlarged (>1.0
μm2) punctate structures in (left to right) park25/+ (+/−) heterozygous control (n = 24), park25/park25 (−/−) expressing flp (n = 16), park25/+ (+/−) expressing
vps13d RNAi (n = 15), and park25/park25 (−/−) expressing vps13d RNAi (n = 15) intestine cells. (C) Number of mitolysosomes (mCherry-only puncta) were
quantified in the following intestine cell genotypes 2 h after pupariation (left to right): park25/+ (+), pink1 (+), luc RNA-expressing (+) intestine cells (n = 14);
park25/+ (+), pink1 (+), vps13d RNAi–expressing (-) intestine cells (n = 13); park25/park25 (-), pink1 (+) mutant, luc RNAi–expressing (+) intestine cells (n = 13);
park25/park25 (-), pink1 (+), vps13d RNAi–expressing (-) intestine cells (n = 13); and pink1 (-), luc RNAi–expressing (+) intestine cells (n = 11). P < 0.0001 for
quantification of mitolysosomes in park25/+ (+), pink1 (+), luc RNAi–expressing (+) intestine cells with all other genotypes. (D) pink1B9/pink1B9 (−/−) loss-of-
function mutant intestine cells (nonred) have reduced Park protein puncta (green) compared with neighboring pink1B9/+ (+/−) heterozygous control cells (red)
2 h after pupariation. (E) Quantification of Park protein puncta in pink1B9/pink1B9 (−/−) intestine cells (n = 9) compared with neighboring pink1B9/+ (+/−) control
cells (n = 15). (F) vps13d (MiMic) loss-of-function mutant intestine cells (nonred) have similar levels of Park protein puncta (green) compared with neighboring
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vps13d patient symptoms and clinical findings will be required
to fully understand the clinical implications of the relationship
between Pink1 and Vps13D.

Materials and methods
Drosophila strains
Drosophila melanogaster strains used in this study are listed in
Table S1. w1118 were used as controls. All flies were raised on
standard cornmeal/molasses/agar media at 25°C.

Cell lines
All cells used in this study are listed in Table S2. Cells were
cultured at 37°C in 5% CO2 in DMEM supplemented with 5% FBS
and penicillin/streptomycin as previously described (Anding
et al., 2018).

atg161 and vps13d-3×FLAG design
The atg161 loss-of-function mutant was designed using tran-
scription activator-like effector nuclease (Katsuyama et al.,
2013). The vps13d-3×FLAG strain was edited using CRISPR/Cas9
(Gratz et al., 2014). All germline injections were done by the
University of Massachusetts Medical School CRISPR Core. Oli-
gonucleotides used in this study are listed in Table S3. For atg161,

the following template DNA sequence was used: 59-TCGCCGATG
AGGCCGCCAACGAACTGGGCGGGACTGGAGTTGCGCTGCAAG
GA-39 to produce a 5-bp deletion of CCCAG (2870–2874 in the
genomic region), producing a frameshift in the 244th amino acid
of Atg16 and affecting all isoforms of Atg16. A single female fly
containing the insertion was collected and validated by DNA
sequencing. For vps13d-3×flag, the following single guide RNA
targeting sequence was used: 59-TTTATAAAATGCAATAGGT-39.
A 2-kb region flanking the C terminus of genomic vps13d was
amplified by PCR, and site-directed mutagenesis was used to
insert the 3×flag sequence in frame immediately before the stop
codon. This fragment was inserted into a TOPO vector via TOPO
cloning and sequenced to ensure that no additional mutations
were present and was used to tag the C terminus of vps13d with
3×flag. A single female fly containing the insertion was collected
and validated by DNA sequencing.

Induction of mosaic RNAi and mutant cell clones
Mosaic fluorescent-negative mutant cell clones were induced as
described (Anding et al., 2018). To induce mosaic pink1B9, atg13,
atg6 (Δ), atg161, and vps13d (MiMic) loss-of-function mutant cell
clones, we used the hsflp, FRT19A,mRFP; hsflp;;FRT2A,Ubi-nlsRFP,
hsflp;;FRT82B, Ubi-nlsGFP, and hsflp;;FRT80B, ubi-nlsGFP flies and
crossed them with the mutant alleles with the respective FRT

heterozygous control (red) cells 2 h after pupariation. (G) Quantification of Park protein puncta in vps13d (MiMic) intestine cells (n = 9) compared with
heterozygous control cells (n = 11). Scale bars in A, D, and F are 40 μmwith the exception of the enlarged images in A, which are 5 μm. Columns in B and C were
compared using one-sided ANOVA test with Tukey’s post hoc analysis, while E and G were compared using two-tailed t test without Welch’s correlation. Error
bars are SEM. Representative of three or more independent biological experiments.

Figure 8. Hypothesized model for Parkin- and Vps13D-
mediated mitophagy. Parkin-mediated mitophagy (left) in-
volves a feed-forward ubiquitin loop mechanism initiated by
Pink1 and amplified by Parkin, leading to downstream recruit-
ment of the autophagy machinery (Ordureau et al., 2014;
Lazarou et al., 2015). Vps13D-mediated mitophagy (right) in-
volves upstream coordination of both Pink1 and the autophagy
machinery in a Parkin-independent manner, leading to the re-
cruitment of Vps13D. Created with BioRender.
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site. 8-h egg lays were heat shocked for 90 min at 37°C. Mosaic
analyses were conducted only where indicated; otherwise, whole
mutant animal or midgut-specific RNAi was used. In experiments
where entire pink1B9 mutant animals were used, only males were
selected and compared to ensure no sex-specific differences. Un-
less otherwise stated, in all experiments where mutant or RNAi-
expressing phenotypes were compared with other single- or
double-mutant cell phenotypes, either a heterozygous mutant
genetic background or background expressing a nontarget up-
stream activating sequence (UAS) element was used as a control.

Dissection and immunolabeling of Drosophila larval intestines
White prepupae were collected and allowed to develop on wet
filter paper for 2 h before dissection. Intestines were im-
munostained, as previously described, with modifications
(Anding et al., 2018). Intestines were removed in cold PBS before
being placed in 4% paraformaldehyde solution for fixation at 4°C
overnight. Where applicable, RNAi was expressed throughout
the entire intestine using the Myo31DFNP0001 driver. For
Atg8a/GABARAP staining, samples were placed in 1:1 4% para-
formaldehyde/heptanes for 20 min before being incubated in
methanol for 1 min at room temperature for fixation. After fix-
ation, intestines were washed twice with PBS and then twice
with 0.1% PBS with Triton X-100 (PBSTx) before blocking in 5%
normal goat serum for 90 min and incubation with primary
antibody in 0.1% PBSTx overnight. Intestines were then stained
with secondary antibody for 3 h before nuclei staining and
mounting. All antibodies used in this study are listed in Table S4.
The following primary antibodies were used: rabbit anti-ref(2)p
(1:1,000; from Gabor Juhasz, Biological Research Centre of the
Hungarian Academy of Sciences, Budapest, Hungary), mouse
anti-ATP synthase complex V (1:1,000, ab14748; Abcam), rabbit
anti-ubiquitin (1:1,000, ab19247; Abcam), mouse anti-ubiquitin-
FK2 (1:100, PW8810; Enzo Life Sciences), rabbit anti-Atg8a/
GABARAP (1:100, #13733; Cell Signaling Technology), rabbit
anti-Park (1:100, from Alex Whitworth, MRC Mitochondrial
Biology Unit, University of Cambridge, Cambridge, UK), rab-
bit anti-pSer65 Ubiquitin (1:100, ABS1513-I; Millipore Sigma),
mouse anti-Vps13D (1:50; Anding et al., 2018), and rat anti-
Syx-17 (1:100, from Gabor Juhasz). The following secondary
antibodies were used: anti-mouse Alexa Fluor 647 (A-21235; In-
vitrogen), anti-rabbit Alexa Fluor 546 (A-11035; Invitrogen), anti-
rabbit Oregon Green 488 (O-6381; Molecular Probes), anti-rat Alexa
Fluor 546 (A-11081; Thermo Fisher Scientific), and anti-mouseAlexa
Fluor 546 (A-11030; Invitrogen). Nuclei were stained with Hoescht
(Invitrogen), and samples were mounted with VECTASHIELD
(Vector Laboratories). Only enterocytes in the anterior midgut and
gastric caecawere imaged. Images were acquired using a Zeiss LSM
700 Axio Observer confocal microscope with Plan apochromat 63×/
1.40 NA and EC Plan-Neofluar 40×/1.30 oil immersion objective at
room temperature using Zen software (Zeiss). Signals in images
were thresholded to only include distinct puncta.

TEM
TEMwas conducted as previously described, with modifications
(Anding et al., 2018). Intestines were dissected in PBS
(GIBCO) 2 h after pupariation and fixed in a solution of 2.5%

glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cac-
odylate buffer, pH 7.4 (Electron Microscopy Sciences) for 1 h at
room temperature followed by overnight fixation at 4°C in fresh
fix. Intestines were washed in 0.1 M sodium cacodylate buffer,
pH 7.4; postfixed in 1% osmium tetroxide in distilled water for
1 h at room temperature; and washed in distilled water. Prep-
arations were stained en bloc in 1% aqueous uranyl acetate
overnight at 4°C in the dark, washed in distilled water, dehy-
drated through a graded ethanol series, treated with propylene
oxide, and infiltrated in SPI-Pon Araldite for embedding. Ul-
trathin sections were cut on a Leica UC7 microtome. Sections
were stained with uranyl acetate and lead citrate and examined
on a Philips CM10 TEM. Images were taken down the length of
the anterior region of the midgut to ensure an unbiased ap-
proach. For each genotype, at least three intestines were em-
bedded and sectioned for analyses and quantification. We
reviewed all images and selected representative images for
analyses.

Western blot and immunoprecipitation
Tissue was lysed in 1× Laemli sample buffer diluted in radio-
immunoprecipitation assay (RIPA) lysis buffer (10 mM Tris-Cl,
pH 8.0; 1 mM EDTA, pH 8.0; 0.5 mM EGTA; 2.4 mM sodium
deoxycholate; 140 mM sodium chloride) at a ratio of 10 μl lysis
buffer per intestine and 30 μl per whole prepupa. Samples were
homogenized in solution using a plastic pestle for 30 s before
being boiled at 99°C for 6 min. Samples were run on 7.5% pol-
yacrylamide gel, transferred onto 0.45-μm polyvinylidene fluo-
ride membranes (Millipore Sigma), and probed with antibodies
using standard protocols. Cells were cultured in 24-well plates
and lysed at 80%–90% confluency using the same 1× Laemli
sample buffer by removing media, washing with PBS, and in-
cubating with 150 μl lysis buffer for 15 min with rotation. Pri-
mary antibodies used were mouse anti-FLAG (1:1,000; Millipore
Sigma), anti-ubiquitin-P4D1 HRP (sc-8017; Santa Cruz Biotech-
nology), rabbit anti-Atg8a/GABARAP (1:1,000, #13733; Cell Sig-
naling Technology), mouse anti-actin (1:1,000, Proteintech), and
mouse anti-ATP5a (1:1,000; Abcam).

For immunoprecipitations, 2-h-old prepupae were lysed in
RIPA lysis buffer supplemented with 1 mM N-ethylmaleimide,
1 mM PMSF, and Halt Protease Inhibitor Cocktail (Thermo
Fisher Scientific) at a ratio of 16 prepupae per 250 μl lysis buffer.
Prepupae were crushed with a plastic pestle for 30 s and incu-
bated on ice for 30 min before being centrifuged at 4°C at
13,000 rpm for 10 min. Supernatant was filtered through 0.45-
μm cellulose acetate filters (Millipore Sigma). 30 μl of filtered
supernatant was diluted in 10 μl of 4× Laemli sample buffer (Bio-
Rad), boiled for 6 min at 99°C, and used as input. 200 μl of
filtered supernatant (∼1 mg protein) was used for immuno-
precipitation. 40 μl of anti-FLAG M2 magnetic bead slurry
(Millipore Sigma) warmed to room temperature was washed
twice with RIPA buffer before incubation with filtered super-
natant for 2 h at 4°C on a rotator. For all control lysates, 1 μg of
3×FLAG peptide was added to account for nonspecific binding
due to the 3×FLAG epitope. Following incubation, the superna-
tant was discarded, and the beads were washed four times with
1 mL 0.1% PBSTx. Beads were eluted with 20 μl 1× Laemli sample
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buffer diluted in RIPA lysis buffer and boiled for 6 min at 99°C.
20 μl of input and eluate was run on 7.5% polyacrylamide gel for
Western blot analysis.

Quantification and statistical analyses
All quantification of cell size and puncta in immunofluorescence
images were conducted using ImageJ software. Sample sizes (n)
in immunofluorescence image quantifications represent num-
ber of cells. For quantification of puncta number, size, and
number of puncta encircled, images were first thresholded to
the brightest 2.5% of puncta with the exception of conjugated
ubiquitin (FK2) puncta, which were thresholded to the brightest
5.0% of puncta due to dull puncta in control cells. Gaussian blur
with 0.8 sigma was applied to reduce background noise. Quan-
tification of mitolysosomes from Mito-QC was based on the
approach described in Lee et al. (2018). Images of mCherry-
positive puncta and mCherry and GFP–positive puncta for
each sample were thresholded to the brightest 2.5% of puncta.
The area of mCherry-positive puncta was then subtracted by the
area of mCherry and GFP–positive puncta using the Image Cal-
culator function in ImageJ. The remaining mCherry-only
puncta, representative of mitolysosomes, were then quantified
using the same criteria as previous quantifications of puncta
number.

TEM analyses of mitochondria area was manually calculated
by individually analyzing mitochondria using ImageJ. Regions
for analyses were randomly selected from sections for each
sample. For each analysis, at least 100mitochondria from at least
20 sections from three individual animals were used for quan-
tification. Sample sizes (n) in TEM quantifications represent
number of mitochondria.

All experiments are representative of three independent
replicates. No statistical methods were used to predetermine
sample sizes. Preliminary experiments were conducted to ach-
ieve similar sample sizes as previously published studies using
our model systems. Animals were not excluded for statistical
analyses. Researchers were not blinded. Unless otherwise stated,
two-tailed t test P values were calculated without Welch’s cor-
relation. For comparisons among three or more genotypes, one-
sided ANOVA tests were conducted with Tukey’s post hoc
analysis. Data distribution was assumed to be normal, but this
was not formally tested. P > 0.05 were considered nonsignifi-
cant. All bars are means, and error bars are SEM, unless oth-
erwise stated.

Online supplemental material
Fig. S1 shows specificity of the Atg8a antibody, examines Atg1
and Atg6 localization in a vps13d-deficient background, compares
Vps13D puncta formation in other core autophagy gene–
deficient cells and time points, and demonstrates that the atg161

mutant is a strong loss-of-function mutant. Fig. S2 compares
ubiquitinated protein levels in early third instar larvae com-
pared with 2-h-old prepupae, shows that vps13d was successfully
tagged with 3×FLAG, and shows pan-ubiquitin and mitochon-
dria colocalization in a vps13d (ΔUBA)mutant background. Fig. S3
characterizes Ref2p localization, abnormal Atg8a puncta sup-
pression by Atg6a depletion, and stalled autophagosome

formation in pink1 and vps13d mutants. Fig. S4 quantifies mito-
GFP levels in pink1 and pink1; vps13d mutants and shows that
Vps13D puncta are not affected in pink1B9 loss-of-function mu-
tant cells in early third instar larvae. Fig. S5 shows that ATP5a
and the Mito-QC reporter colocalize in vps13d and park mutant
cells, specificity of the Park antibody and localization in vps13d-
deficient cells, and the relationship between Syx17 and Vps13D.
Table S1 lists Drosophila lines used in this study. Table S2 lists the
Drosophila lines used for each experiment. Table S3 lists primers
and oligonucleotides used in this study. Table S4 lists antibodies
used in this study.

Acknowledgments
We thank the Baehrecke laboratory, G. Juhasz, L. Pallanck, T.
Tomoda, A.J. Whitworth, the Vienna Drosophila Resource Cen-
ter, the Bloomington Stock Center, the Kyoto Drosophila Genetic
Resource Center, and the Electron Microscopy Core Facility at
the University of Massachusetts Medical School for advice, flies,
antibodies, and technical support.

This work was supported by National Institutes of Health
grants R35GM131689 to E.H. Baehrecke and F30CA239374 to
J.L. Shen.

The authors declare no competing financial interests.
Author contributions: J.L. Shen and E.H. Baehrecke designed

experiments. J.L. Shen and T.M. Fortier performed experiments.
R. Wang provided resources. J.L. Shen and E.H. Baehrecke wrote
the manuscript, and all authors commented on it.

Submitted: 15 April 2021
Revised: 27 June 2021
Accepted: 11 August 2021

References
Allen, G.F., R. Toth, J. James, and I.G. Ganley. 2013. Loss of iron triggers

PINK1/Parkin-independent mitophagy. EMBO Rep. 14:1127–1135. https://
doi.org/10.1038/embor.2013.168

Anding, A.L., and E.H. Baehrecke. 2017. Cleaning house: Selective autophagy
of organelles. Dev. Cell. 41:10–22. https://doi.org/10.1016/j.devcel.2017
.02.016

Anding, A.L., C. Wang, T.-K. Chang, D.A. Sliter, C.M. Powers, K. Hofmann,
R.J. Youle, and E.H. Baehrecke. 2018. Vps13D encodes a ubiquitin-
binding protein that is required for the regulation of mitochondrial
size and clearance. Curr. Biol. 28:287–295.e6. https://doi.org/10.1016/j
.cub.2017.11.064

Antonicka, H., Z.-Y. Lin, A. Janer, M.J. Aaltonen, W. Weraarpachai, A.-C.
Gingras, and E.A. Shoubridge. 2020. A high-density human mito-
chondrial proximity interaction network. Cell Metab. 32:479–497.e9.
https://doi.org/10.1016/j.cmet.2020.07.017

Armstrong, M.J., and M.S. Okun. 2020. Diagnosis and treatment of Parkinson
disease: A review. JAMA. 323:548–560. https://doi.org/10.1001/jama
.2019.22360

Auburger, G., S. Gispert, S. Torres-Odio, M. Jendrach, N. Brehm, J. Canet-
Pons, J. Key, and N.-E. Sen. 2019. SerThr-phosphoproteome of brain
from aged PINK1-KO+A53T-SNCA mice reveals pT1928-MAP1B and
pS3781-ANK2 deficits, as hub between autophagy and synapse changes.
Int. J. Mol. Sci. 20:3284. https://doi.org/10.3390/ijms20133284
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Figure S1. Vps13D puncta localization is not affected in early third instar larvae autophagy mutant cells or by loss of Atg8a conjugating pathway
components. (A) atg8a (MiMic) intestine cells (nonred) stained with Atg8a-specific antibody have depleted Atg8a puncta (green) compared with heterozygous
control cells (red) 2 h after pupariation. (B) Top: vps13d (MiMic) loss-of-function mutants (nonnuclear red) do not have bright, enlarged, Myo31DFNP0001-
driven GFP-Atg6 puncta (green) that localize around ATP5a puncta (purple) compared with neighboring control cells (nuclear red). Bottom: vps13d (MiMic) loss-
of-function mutants (nongreen) do not have altered Atg1 puncta (red) compared with neighboring control cells (green). (C) atg13 loss-of-function intestine cells
(nongreen) have fewer Vps13D puncta (red) compared with neighboring heterozygous control cells (green) 2 h after pupariation. (D) atg6 (Δ) loss-of-function
intestine cells (nongreen) retain ATP5a puncta (purple) compared with neighboring heterozygous control cells (green) 2 h after pupariation. (E) atg13 loss-of-
function mutant intestine cells (nongreen) from early third instar larvae do not have altered Vps13D puncta (red) compared with neighboring heterozygous
control cells (green). (F) atg6 (Δ) loss-of-function mutant intestine cells from early third instar larvae (nongreen) do not have altered Vps13D puncta (red)
compared with neighboring heterozygous control cells (green). (G) atg161 fat body cells (nongreen) from early third instar larvae starved for 4 h have decreased
Atg8a puncta (red) compared with neighboring heterozygous control cells (green). (H) Fat body dissected from homozygous atg161/atg161 mutant early third
instar larvae starved for 4 h have increased Ref2p/p62, increased Atg8a-I, and decreased Atg8a-II compared with heterozygote atg161/+ controls. (I) atg5 RNAi-
expressing intestine cells (green) do not have altered Vps13D puncta (red) compared with neighboring control cells (nongreen) 2 h after pupariation. (J) atg12
RNAi-expressing intestine cells (green) do not have altered Vps13D puncta (red) compared with neighboring control cells (nongreen) 2 h after pupariation.
(K) atg3 RNAi-expressing intestine cells (green) do not have altered Vps13D puncta (red) compared with neighboring control cells (nongreen) 2 h after pu-
pariation. (L) atg7 RNAi-expressing intestine cells (green) do not have altered Vps13D puncta (red) compared with neighboring control cells (nongreen) 2 h after
pupariation. Scale bars in A–G and I–L are 40 μm. Representative of three or more independent biological experiments.
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Figure S2. Proteins are ubiquitinated during pupariation in Drosophila and lysis of Vps13D-3×FLAG requires harsh conditions. (A) Top: syx17 RNAi-
expressing larval intestine cells (GFP) did not have a difference in Vps13D puncta (purple) compared with control cells (non-GFP) 2 h after pupariation. Bottom:
vps13d (MiMic) loss-of-function larval intestines cells (non-GFP) did not have a difference in Syx17 puncta (red) compared with control cells (green). (B)Whole-
animal lysates from early third instar larval and 2 h after pupariation were lysed in harsh lysis conditions (1× Laemli buffer) and immunoblotted with antibody
against ubiquitin and actin. (C) Control w1118 and vps13d-3×FLAG 2-h-old prepupae were lysed in harsh lysis conditions and immunoblotted with antibody
against FLAG and actin. (D) vps13d (ΔUBA) intestines expressing mitochondrial localized mito-GFP (green) throughout the intestine 2 h after pupariation were
stained with a pan-ubiquitin–specific antibody (red). Scale bars in A and D are 40 μm with the exception of enlarged images, which are 5 μm.
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Figure S3. Loss of atg6 suppresses pink1 loss-of-function Atg8a puncta phenotype. (A) Mutant vps13d (ΔUBA/ΔUBA) and pink1B9 (-) intestine cells have
increased Ref2p puncta (green) that do not tend to localize around mitochondria labeled by ATP5a (purple) compared with control vps13d (ΔUBA/+) intestine
cells 2 h after pupariation. (B) atg6 RNAi-expressing pink1B9 (-) intestine cells have suppression of the enlarged Atg8a puncta (red) that encircle mito-GFP
(green) compared with control luc RNAi-expressing pink1B9 (-) mutant cells (arrows) 2 h after pupariation. Scale bars are 40 μm with the exception of those in
enlarged figures and insets, which are 5 μm. (C) pink1B9 (−) loss-of-function mutant larval intestine cells (right) occasionally have stalled autophagosomes
surrounding mitochondria (defined as an electron-lucent compartment surrounding at least 50% of the perimeter of a mitochondria) 2 h after pupariation.
These structures are almost absent in control w1118 (+) intestine cells (left) 2 h after pupariation. The percentage of mitochondria with (w/) and without (w/o)
stalled autophagosomes were quantified in w1118 (n = 118) and pink1B9 (n = 97) intestines 2 h after pupariation (bottom), and the P value was determined by
Fisher’s exact test. (D) Representative TEM image of mitochondria with stalled autophagosome (defined as an electron-lucent compartment surrounding at
least 50% of the perimeter of a mitochondria) in vps13d (ΔUBA/ΔUBA) (−/−) intestine cells 2 h after pupariation (right). Almost no mitochondria with stalled
autophagosomes were seen in control vps13d (ΔUBA/+) (+/−) intestine cells 2 h after pupariation (left). The percentage of mitochondria with (w/) and without
(w/o) stalled autophagosomes were quantified in vps13d (ΔUBA/+) (n = 83) and vps13d (ΔUBA/ΔUBA) (n = 91) intestines 2 h after pupariation (bottom), and the P
value was determined by Fisher’s exact test. Representative of three or more independent biological experiments.
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Figure S4. Loss of vps13d does not add to pink1mitochondrial clearance phenotype, and loss of pink1 in early third instar intestine cells do not have
altered Vps13D puncta. (A) Quantification of mito-GFP puncta remaining in pink1 (+);vps13d (ΔUBA/+) intestine cells (n = 12); pink1B9 (-);vps13d (ΔUBA/+)
intestine cells (n = 12); and pink1B9 (-);vps13d (ΔUBA/ΔUBA) intestine cells (n = 11) 2 h after pupariation. Columns were compared using one-way ANOVA with
Tukey’s post hoc analysis. (B) pink1B9/pink1B9 (−/−) loss-of-function mutant intestine cells (nonred) in early third instar larvae do not have altered Vps13D
puncta (green) compared with heterozygous control (+/−) cells (red). Scale bars in B are 40 μm. Error bars are SEM. Representative of three or more in-
dependent biological experiments.
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Figure S5. Mito-QC represents retained mitochondria in vps13d and parkmutants. (A) Colocalization of mitochondrial ATP5a (purple) with the Mito-QC
GFP component (green), representing mitochondria that have not reached the autolysosome, expressed in vps13d (ΔUBA/ΔUBA) and park25/park25 (−/−)mutant
intestine cells 2 h after pupariation. In both mutant intestines, ATP5a colocalized with nonautolysosomal Mito-QC puncta (GFP). (B) park25/park25 (−/−) loss-of-
function mutant intestine cells stained with a Park-specific antibody had reduced Park protein puncta compared with heterozygous park25/+ (+/−) control cells
2 h after pupariation. Scale bars are 40 μm with the exception of those in enlarged figures and insets, which are 5 μm. Representative of three or more
independent biological experiments. (C) vps13d (MiMic) loss-of-function larval intestine cells (nonnuclear RFP) have ATP5a (purple) and Park (green) puncta that
colocalize (merge inset) 2 h after pupariation. Scale bars are 40 μm with the exception of those in insets, which are 5 μm.
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Four tables are provided online as separateWord files. Table S1 lists Drosophila lines used in this study. Table S2 lists the Drosophila
lines used for each experiment. Table S3 lists primers and oligonucleotides used in this study. Table S4 lists antibodies used in
this study.
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