PLOS GENETICS

RESEARCH ARTICLE

Bendless is essential for PINK1-Park mediated
Mitofusin degradation under mitochondrial
stress caused by loss of LRPPRC

Rajit Narayanan Cheramangalam'®, Tarana Anand'®, Priyanka Pandey?,
Deepa Balasubramanian', Reshmi Varghese?, Neha Singhal', Sonal Nagarkar Jaiswal ®?*,
Manish Jaiswal®'*

1 Tata Institute of Fundamental Research, Hyderabad, India, 2 CSIR—Centre For Cellular and Molecular
Biology, Hyderabad, India

. @ These authors contributed equally to this work.
* sonalnj@ccmb.res.in (SNJ); manish @tifrh.res.in (MJ)
Check for
updates
Abstract
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mitochondria in contrast with the tubular network in healthy flies. Importantly, a mito-
chondrial quality control mechanism inhibits the fusion of globular mitochondria and
thus they remain segregated from each other. Suppression of the mitochondrial quality
control mechanism results in large globular mitochondria entering the mitochondrial net-
work, however, with a detrimental impact on the viability of cells. Overall, this study high-
lights the existence of protective responses which act by altering mitochondrial dynamics
under mitochondrial stress.

Introduction

Mitochondria are dynamic organelles and their size varies in response to various cellular cues
such as developmental [1] and stress signals [2]. This change in mitochondrial size is crucial
for cellular adaptations. For example, cellular stress due to amino acid deprivation [3] or oxi-
dative stress leads to mitochondrial hyperfusion [4]. This form of stress-induced mitochon-
drial hyperfusion (SIMH) is beneficial as it improves ATP production [5] and protects
mitochondria from autophagy [3]. Several mitochondrial disease linked mutations have been
shown to alter mitochondrial morphology such as mutations in COX10 [6] and TFAM [7]
show accumulation of enlarged mitochondria, possibly due to SIMH, however the mechanism
of such responses remain elusive. On the other hand, mitochondrial fragmentation occurs as a
beneficial process under different cellular signals. For example, increased mitochondrial fis-
sion allows for clearance of damaged mitochondria in embryonic stem cells providing them
increased resistance to apoptotic signals [8]. Mitochondrial fission enables segregation of dam-
aged mitochondria to enable their removal through mitophagy [9-13], as well as reduced ROS
production [14] and promoting cell survival. Hence, while a normal balance of fission-fusion
exists physiologically, a change in metabolic needs or other forms of stress can tilt the balance
towards either one process and this generally is required to trigger an adaptive cellular
response.

Changes in mitochondrial shape and size, i.e., mitochondrial dynamics, requires regulation
of GTPases essential for mitochondrial dynamics. While the Dynamin 1-like (DNM1/Drp1)
protein mediates fission, Mitofusins (Mfnl and Mfn2 in mammals, Marf in Drosophila) and
Optic Atrophy 1 (OPA1) mediate the fusion of mitochondrial outer and inner membranes,
respectively. Several post-translational modifications, such as phosphorylation, acetylation and
ubiquitination are crucial for the activity of these proteins, and thereby play an important role
in determining mitochondrial size [15,16]. Indeed misregulation of mitochondrial dynamics
proteins—Mitofusin, Opal or Drpl are all associated with metabolic and neurodegenerative
diseases [17].

The E3 ubiquitin ligase Parkin (Park in Drosophila, PARK2 in humans) and the kinase
PINKI1, which are linked to autosomal recessive early-onset Parkinsonism, are known to regu-
late mitochondrial quality control [18]. Studies in human cancer cell lines have shown that dis-
sipation of the mitochondrial membrane potential (MMP), increased oxidative stress or
mitochondrial unfolded protein response (UPR™) results in the stabilization of PINK1 on the
outer mitochondrial membrane (OMM). PINKI1 stabilization on the OMM leads to Park
recruitment, polyubiquitination of OMM proteins and mitophagy [10,19-21]. Several in vivo
studies have also shown a conserved role for PINK1-Park in mitophagy [22-29]. While
PINK1-Park mediated mitophagy has been extensively studied in cells, how the PINK1-Park
pathway is activated under physiological conditions in vivo remains elusive [30]. Additionally,
in vivo studies suggest a pro-fission role of PINK1-Park [31-36], perhaps through the turnover
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of Mitofusin levels as loss of Pinkl or Park shows increased Marf levels [10,37]. As most of
these studies utilize PINKI and PARK2 mutants to study defects in mitochondrial dynamics,
the mechanism by which they are regulated in vivo under various physiological conditions
remains unresolved. Additionally, it is unclear as to how the PINK1-Park pathway may acti-
vate mitophagy, alter mitochondrial dynamics or selectively target certain OMM proteins in
response to various cellular cues.

To study the regulation of Mitofusin/Marf in vivo, we undertook an unbiased genetic
mosaic screen in Drosophila. Through this screen, we discovered that mutations in lrpprc2
(referred as ppr in figures) and bendless (ben) causes downregulation and upregulation of Marf
levels respectively. Lrpprc2 is a homolog of human LRPPRC that is required for mitochondrial
mRNA stability and translation and thus mutations in LRPPRC affect mitochondrial oxidative
phosphorylation [38,39]. Loss of LRPPRC results in a neurometabolic disorder—French-Cana-
dian Leigh Syndrome [40,41]. Studies in worms, mouse and human cells have also shown that
loss of LRPPRC is associated with large mitochondrial size [42,43]. We found that loss of
Irpprc2 results in proteasome-mediated Marf degradation in a PINK1-Park dependent mecha-
nism. Further, we also discovered that mutations in bendless (ben), which encodes a
K63-linked E2 ubiquitin conjugase, is essential for Marf degradation in Irpprc2 mutants. We
additionally demonstrate an essential role for Ben in regulating PINK1 stability, which in turn
is required for maintaining steady state Marf levels in healthy cells. Finally, we show that in
Irpprc2 mutants, Ben suppresses excessive mitochondrial fusion and prevents neuronal death
under mitochondrial stress.

Results
Loss of Irpprc2 results in reduced Marf levels

To identify novel regulators of mitochondrial dynamics, we performed a blind screen using a
collection of Drosophila EMS induced X-chromosome lethal mutations [44,45]. This collection
was initially generated to identify mutants with neurodegenerative phenotypes and has previ-
ously uncovered mutations in Marf [46] and several other genes required for mitochondrial
function [39,47]. We screened these mutants for misregulation of Marf protein using an HA-
tagged Marf genomic construct (Marf:HA). We used the FLP-FRT mediated mitotic recombi-
nation strategy to create mutant clones (non-GFP cells) in a heterozygous background (GFP
expressing cells) in the developing wing disc epithelium [48] (SIA-S1A’ Fig). This allowed us
to compare Marf levels in mutant and wildtype cells within the same tissue.

From this screen, we found that mutant clones of two Irpprc2 alleles (Irpprc2” and Irpprc2")
show reduced Marf:HA levels compared to surrounding wildtype cells (Figs 1A-1A”, 1E and
S1B-S1B”). To confirm this observation, we used an independent Marf genomic rescue line,
Marf:mCherry, and found reduced Marf::mCherry staining in Irpprc2* mutant clones (S1C—
S1C” Fig). To test if the reduction in Marf::HA or Marf::mCherry is caused by reduced mito-
chondrial content, we checked the levels of an OMM protein Tom?20 using an endogenous
tagged line (Tom20:mCherry). We did not observe a downregulation of Tom20:mCherry
staining in Irpprc2* mutant clones (Fig 1B-1B” and 1E). Taken together, these data suggest
that downregulation of Marf in Irpprc2 mutants is not due to reduced mitochondrial content.
Additionally, we also checked the levels of other proteins involved in mitochondrial dynamics
—Opal and Drpl—using genomic tags. While we found the levels of Opal::HA to be slightly
increased in Irpprc2* mutant clones (Fig 1C-1C” and 1E), Drp1::HA levels remained unaltered
(Fig 1ID-1 D” and 1E). As mutations in [rpprc2/LRPPRC result in mitochondrial defects due to
reduced stability of mtRNA [38,39,49], Marf reduction in Irpprc2 mutants could be an adapta-
tion to segregate defective mitochondria by suppressing their fusion.
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Fig 1. Irpprc2 mutants show Marf downregulation. (A-D”) Irpprc2* mutant clones (non green cells, A-D and dashed
white line, A-D’and A”-D”), wing discs immunostained for Marf::HA (red, A-A”), Tom20::mCherry (red, B-B”),
Opal:HA (red, C-C”) and Drpl::HA (red, D-D”) (genomic rescue tags). A”-D” are magnified images of insets shown
in A’-D’. Scale bar represents 20pm. (E) Quantification for relative fluorescence intensities of Marf:HA (n = 8),
Tom20:mCherry (n = 8), Opal::HA (n = 16) and Drp1:HA (n = 17) in Irpprc2* mutant clones. Graphs represent
average intensity values normalized to that of control cells. Two-tailed unpaired t-test between control and lrpprc2*
mutant cells. Significance represented by p<0.001***, n.s.—non significant.

https://doi.org/10.1371/journal.pgen.1010493.g001
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Since reduced Marf is expected to suppress mitochondrial fusion, we decided to check
mitochondrial morphology in Irpprc2* mutants. The cells in the wing discs are very compact
making it difficult to analyze mitochondrial morphology. Hence, we checked mutant clones in
the peripodial membrane, which is a squamous epithelium overlying wing discs. We used
anti-Complex V staining to mark mitochondria. Interestingly, we found that mitochondrial
size is increased in Irpprc2* mutant clones (S1D-S1D” and S1E Fig). This is consistent with
earlier findings that showed enlarged mitochondrial size in LRPPRC knockdown in mouse
liver [42], C.elegans and mammalian cell culture [43]. As many studies have shown that mito-
chondrial stress can result in increased mitochondrial size [3,5,43,50], we suspect a similar
mechanism results in increased mitochondrial size in Irpprc2 mutant cells, while an indepen-
dent mitochondrial quality control mechanism may suppress their fusion by reducing Marf
levels.

UPS dependent Marf degradation in Irpprc2 mutants

Reduced Marf levels in Irpprc2 mutant clones could be because of increased protein turnover
via selective autophagy or ubiquitin-proteasomal system (UPS). We tested the possibility of
autophagic degradation of Marf. We fed the larvae chloroquine, an inhibitor of autophago-
some-lysosome fusion [51], and found that Marf::HA levels remain reduced in Irpprc2* clones
(Fig 2B-2B”). To check whether chloroquine treatment itself alters Marf levels, we check
endogenous Marf:mCherry levels in wing discs of chloroquine fed larvae and untreated larvae.
We observe no effect of chloroquine treatment on Marf::mCherry levels (S2A-S2A” Fig). We
found that the levels of p62, a protein degraded primarily via autophagy, was also not altered
in Irpprc2® mutant clones in larval wing discs (S2C-S2C” Fig). Thus we conclude that autop-
hagy is neither enhanced nor likely the cause of Marf reduction in Irpprc2 mutant clones.

To investigate the role of UPS in Marf downregulation in Irpprc2 mutants, we fed the larvae
with the proteasomal inhibitor MG132 [52,53]. MG132 treatment by itself leads to a subtle
increase (Mean intensity normalized to DMSO treated cells—1.203 + 0.06015) in endogenous
Marf::mCherry levels which could be owing to reduced basal turnover of Marf by UPS (S2B-
S2B” Fig). In Irppre2® mutant clones of DMSO fed larvae, Marf:-HA levels were low as com-
pared to the neighboring wildtype cells. However, MG132 fed larvae show no change in Marf::
HA levels between wildtype and Irpprc2* mutant clones (Fig 2A-2A” and 2C-2C”). We further
expressed a dominant negative form of Prosf6 to inhibit UPS activity [54] and tested its effect
on Marf::HA levels in Irpprc2* mutant clones. Similar to MG132 treatment, we found that
Marf::HA levels were restored in Irpprc2* clones upon Prosp6" overexpression (Fig 2D-2D”).
These results suggest UPS-mediated degradation of Marf results in Marf reduction in lrpprc2*
clones.

PINK1 and Park dependent Marf regulation in Irpprc2 mutants

Several E3 ubiquitin ligases have been linked to Mitofusin degradation. For example, Mitofu-
sin degradation by HUWEI occurs under genotoxic stress or under altered fat metabolism
conditions [55,56], while Mitofusin degradation by Park occurs on mitochondrial membrane
depolarization [9,11]. In Drosophila too, HUWE1, MULLI and Park have been shown to
degrade Marf [37,55,57]. On testing these E3 candidates we found a downregulation of Marf::
HA levels in Irpprc2* HUWEI® double mutant clones (S3A-S3A” Fig) and lrpprc2* mutant
clones in MUL1*® mutant background (S3B-S3B” Fig) similar to our observation in lrpprc2*
clones (Fig 3A-3A”). Interestingly, Irpprc2* mutant clones in park?’ mutant background did
not show Marf:HA downregulation suggesting Park, and not HUWE1 or MULL, is required
for Marf downregulation in Irpprc2* (Fig 3B-3B”). Since park is known to function
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Fig 2. Irpprc2 mutants show UPS mediated Marf degradation. (A-C’) Irpprc2* mutant clones (non green cells, A, B and C and dashed
white line, A, B’and C’), wing discs immunostained for Marf::HA (red) after feeding larvae with DMSO(A-A’), chloroquine(B-B’) or
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MG132(C-C). (D-D’) lrppcmA mutant clones (non green cells, D and dashed white line, D) on overexpression of Prosp6’ under
Actin>Gal4, wing discs immunostained for Marf::HA (red). Scale bar represents 20um. (A”, B”, C” and D”) Quantification for relative
fluorescence intensities of Marf::HA in lrppcmA mutant clones on treatment with, DMSO (A”,n = 24), chloroquine (B”,n = 23), MG132 (C”,
n = 10) and on overexpression of ProsB6" under Actin>Gal4 (D”;n = 15). Graphs represent intensity values normalized to that of control
cells. Two tailed unpaired t-test between control and Irpprc2* mutant cells. Significance represented by n.s. non significant, p<0.00

https://doi.org/10.1371/journal.pgen.1010493.9002

Rk

downstream to PinkI [58,59], and previously a role for PINK1 and Park in Marf downregula-
tion has been established [10], we tested whether PINK1 is also required for Marf degradation
in Irpprc2* mutant clones. We generated Irpprc2”* Pink1® double mutant clones and found that
these clones do not show reduction in Marf::HA levels (Fig 3C-3C”), suggesting that mito-
chondrial impairment in Irpprc2 mutant cells could cause PINK1-Park activation and subse-
quently Marf downregulation. Our observations may relate to reports of downregulation of
Mifn1l and Mfn2 upon CCCP treatment as a mechanism to suppress mitochondrial fusion
prior to PINK1-Park mediated mitophagy [9,11].

UPR™" may not be sufficient to induce Marf downregulation

The role of the PINK1-Park pathway in mitochondrial quality control is well known. However,
the exact mechanism of PINK1-Park activation in in vivo contexts remains unclear. We first
checked PINKI1 levels in Irpprc2* mutant clones using a genomically tagged PINK1::Myc line,
we found no significant difference in total PINK1::Myc levels between lrpprc2* mutant clones
and neighboring wildtype cells (S3C-S3C” Fig). In cancer cell lines, dissipation of MMP and
increased oxidative stress have been shown to activate PINK1-Park on the OMM leading to
mitophagy [19,60]. However, we have earlier shown that Irpprc2 mutants do not have
increased oxidative stress as compared to control [39]. We checked MMP in lrpprc2* mutant
clones using TMRE, a dye that reversibly stains mitochondria in a membrane potential-depen-
dent manner. We observed that TMRE intensity in lrpprc2* mutant clones is similar to that of
wildtype cells (S3D-S3D” Fig). These observations rule out the possibility that PINK1-Park is
activated due to oxidative stress or altered MMP in Irpprc2 mutants.

Mitochondrial unfolded protein response (UPR™), which is a cellular response to altered
mitochondrial proteostasis, has also been shown to activate PINK1-Park leading to mitophagy
[61]. Therefore, we tested for UPR™" activation in Irpprc2 mutants by checking levels of
Hsp60, which is reported to be increased due to elevated UPR™ [62]. We found increased lev-
els of Hsp60A protein in Irpprc2 mutant clones suggesting elevated UPR™" (S4A-S4A” Fig).
Activation of UPR™" upon the loss of LRPPRC has also been observed in C.elegans and mam-
malian cells and could be evolutionarily conserved [63]. Increased UPR™ could activate
PINK1-Park, leading to Marf degradation. We genetically suppressed the UPR™" response
pathways and checked its impact on Marf levels in Irpprc2 mutants. We generated lrpprc2*
mutant clones in the background of crc, foxo or dve knock downs, which are transcription fac-
tors mediating UPR™" [64-67]. None of these interventions affected Marf:HA downregulation
in Irpprc2”® clones, suggesting that the activation of these UPR™
PINK1-Park activation (S4B-S4D” Fig). However, these interventions would not change the
altered mitochondrial proteostasis in Irpprc2 mutants, which can still activate PINK1-Park.

Since, to the best of our knowledge, there is no reported method to suppress mitochondrial
proteostasis defects, we asked whether inducing mitochondrial proteostasis defects is sufficient
to cause Marf degradation. To induce mitochondrial proteostasis defects, we expressed a
mutant form of ornithine transcarbamylase (AOTC) that accumulates in an unfolded state in
the mitochondrial matrix and is shown to trigger UPR™ in flies [67]. We expressed AOTC in
the posterior half of the wing disc (marked by RFP) using En>Gal4 (En>Gald/+; UAS-AOTC/

pathways may not be causing
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Fig 3. PINK1-Park are required for Marf degradation in Irpprc2 mutants. (A-A’) Irpprc2* mutant clones (non green cells, A and
dashed white line, A’), wing discs immunostained for Marf::HA (red). (B-B’) lrppcmA mutant clones (non green cells, B and dashed white
line, B) in park*?! background, wing discs immunostained for Marf::HA (red). (C-C’) Irpprc2* Pink1® double mutant clones (non green
cells, C and dashed white line, C’), wing discs immunostained for Marf::HA (red). Scale bar represents 20pum. (A”, B” and C”)
Quantification for relative fluorescence intensities of Marf:HA in Irpprc2* mutant clones (A”, n = 13), Irpprc2* mutant clones in park®?!
background (B”, n = 14) and Irpprc2* Pink1® double mutant clones (C”, n = 13). Graphs represent average intensity values normalized to
that of control/park®?' cells. Two-tailed unpaired t-test between control/park*?! and mutant cells. Significance represented by n.s.—non
significant, p<0.01**, p<0.001***.
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+) and found that AOTC expression shows increased Hsp60 levels indicating UPR™ (Mean
increase is 1.166 + 0.0313 times) (S4E-S4E” Fig). However, the Hsp60 level increase was to a
lesser extent compared to lrpprc2 mutant clones (Mean increase is 1.376 + 0.02939 times). We
checked Marf::HA levels on wildtype OTC and AOTC expression using En>Gal4 and found
no change in Marf::HA levels in the posterior half (marked by RFP) as compared to the ante-
rior half of the wing discs for both (S4F-54G” Fig). Although these observations do not rule
out a role for mitochondrial proteostasis in activating PINK1-Park pathway in lrpprc2
mutants, our data suggest that UPR™ induced by expression of AOTC is not sufficient to cause
Marf degradation.

Bendless, a K63-linked E2 ubiquitin conjugase, is a regulator of Marf

In addition to Irpprc2, through the genetic mosaic screen we also identified ben as a regulator
of Marf. We found a subtle but consistent increase in Marf::HA levels in mutant clones of two
independent EMS allele of ben (ben™ and ben®) (Figs 4A-4A”, S5C-S5C” and S5G), which is
similar to that of parkAZ Tand PinkI’ mutant clones (S5A-S5B” Fig). We further confirmed
increased Marf levels in ben mutants by western blot using whole larval extracts (Fig 4E-4E’).
In a previous study, ben knockdown by RNAi did not alter Marf levels [68] possibly due to
inefficient knockdown—the efficacy of RNAi may not be comparable with the two indepen-
dent loss of function alleles we used. Ben is a fly homologue of the E2 conjugase UBE2N/
UBC13 with a marked similarity from yeast to humans (S5E Fig). We ruled out the possibility
that the increase in Marf::HA levels upon loss of Ben is due to increased mitochondrial content
as there was no difference in Tom20::mCherry levels between ben mutant clones and control
(Fig 4B-4B”). Further, we did not find an increase in Marf mRNA levels in ben mutants sug-
gesting that the increase in Marf protein levels is not a consequence of increased transcription
(Fig 4F). These data suggest that Ben regulates Marf levels post-transcriptionally.

Next, we asked whether Ben overexpression can induce Marf degradation. To test this, we
generated a C-terminal V5-tagged Ben (UAS-ben::V5) transgenic line for tissue-specific
expression of ben. We first confirmed that the fusion protein is biologically functional by com-
plementing the lethality associated with the ben® mutant allele (S5F Fig). We then expressed
ben::V5 in the posterior half of the wing disc (marked by green) using the En>Gal4 and found
that ben:: V5 overexpression did not affect Marf::HA levels (Fig 4C-4C”). Additionally, we
overexpressed an N-terminal HA-tagged Ben (UAS-HA::ben) using En>Gal4 and found no
change in Marf::mCherry levels (S6A-S6A” Fig). These data suggest that Ben is necessary but
not sufficient for Marf regulation. Since loss of ben, PinkI or park results in mild upregulation
of Marf, we hypothesize that Ben acts in the PINK1-Park pathway to regulate the steady state
levels of Marf.

Bendless is essential for Marf downregulation in Irpprc2 mutants

Given that Marf undergoes proteolytic degradation in Irpprc2 mutants, we wanted to check if
Ben is involved in Marf degradation not only basally but under mitochondrial stress as well,
similar to PINK1 and Park. We thus created Irpprc2 and ben double mutant clones and found
that Irpprc2® ben® and Irpprc2* ben® double mutant clones showed no reduction in Marf:HA
levels, unlike Irpprc2* mutant clones (Figs 4D-4D” and S5D-S5D”). This suggests that Ben is
essential for Marf degradation in Irpprc2 mutant cells.

Ben is required for PINK1 mediated Marf degradation

To study the role of Ben in PINK1-Park mediated regulation of Marf, we tested the functional
interaction between ben and PinkI. Since PINK1-Park activity is suppressed on PINK1
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Fig 4. Ben is required for Marf degradation in Irpprc2 mutants. (A-B’) ben mutant clones (non green cells, A, B and dashed white line,
A’, B’), wing discs immunostained for Marf::HA (red, A-A’), Tom20::mCh (red, B-B’). (C-C’) Overexpression of ben::V5 using En>Gal4,
wing discs immunostained for Ben::V5 (green) and Marf::HA (red). (D-D’) lrppcmA ben” double mutant clones (non green cells, D and
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dashed white line, D’), wing discs immunostained for Marf::HA (red). Scale bar represents 20pm. (A”, B”, C” and D”) Quantification for
relative fluorescence intensities of Marf::HA in ben” mutant clones (A” n = 15), Tom20::mCherry in ben” mutant clones (B”, n = 7), Marf:
HA levels on Ben::V5 overexpression (C”, n = 6) and in Irppre2* ben” double mutant clones (D”, n = 16). Graphs represent average
intensity values normalized to that of control cells. Two-tailed unpaired t-test between control and mutant cells/cells expressing UAS-ben::
V5. (E) Representative western blot for ben mutant (y w ben® FRT19A) and control (y w FRT19A) larval lysate probed for Marf::HA and
Actin. (E’) Quantification for intensity of Marf::HA band normalized to Actin band intensity for ben* mutant and control larvae (n = 5).
Two-tailed unpaired t-test between control and ben” mutant larvae. (F) Quantification of Marf mRNA levels in third instar ben mutant (y
w ben™ FRT19A) larvae compared to control (: 'y w FRT19A) (n = 4). Two tailed unpaired t-test between control and ben® mutant larvae.
Error bars represent S.E.M. Significance represented by n.s.—non significant, p<0.05*, p<0.01**, p<0.0001***.

https://doi.org/10.1371/journal.pgen.1010493.g004

degradation [69], we expected that PINK1 overexpression could activate Marf downregulation
in wing discs. Thus, we overexpressed PINK1 in the posterior half (marked by REP) of the
discs (En>Gal4/UAS-Pink1, UAS-RFP or UAS-GFP) and checked the levels of Marf::HA along
with other mitochondrial proteins Tom20::mCherry and Complex V. We observed a marked
reduction in Marf::HA levels on Pink1 overexpression (Fig 5B-5B”) as compared to Tom20::
mCherry and Complex V (Figs 5A-5A” and S7C-S7C”). Pinkl mutants show increased Marf::
HA levels (S5B-S5B” Fig), while overexpression of Pinkl shows a decrease, it suggests that
PINKI1 is both necessary and sufficient to downregulate Marf. Further, the decrease in Marf:
HA is significantly lower on Pinkl overexpression as compared to in Irpprc2* mutant clones
(Mean normalized intensity of Irpprc2”* and PinkI overexpression are 0.7581 + 0.02080 and
0.5796 + 0.05410 respectively) and hence overexpression of PinkI could mask the downregula-
tion observed in Irpprc2 mutants (S7E-S7F Fig). Interestingly, Pinkl overexpression in the
wing discs may not have a significant impact on mitophagy as the mitochondrial content,
(Tom20::mCherry and Complex V levels, Figs 5A-5A" and S7C-S7C”) is not affected.

To test the functional interaction between Ben and PINK1, we created ben”* mutant clones
in both wildtype and Pink1 overexpression backgrounds in the same imaginal discs and found
that Pink1 overexpression does not induce Marf::HA downregulation in ben” mutant clones
(Fig 5C-5C”). Similarly, overexpression of PINK1 in ben mutant wing discs does not cause
Marf downregulation (S7A-S7A’ Fig). These data suggest that Ben is essential for PINK1
mediated Marf reduction.

Further, we tested the effect of Park overexpression on Marf levels. We found overexpres-
sion of HA tagged Park (En>Gal4/UAS-HA::Park) results in reduced Marf::mCherry levels
(Fig 5D-5D7), while Complex V levels remain unaltered (S7D-S7D” Fig). We then overex-
pressed Park in ben” mutant discs—interestingly we found loss of ben could not suppress
reduction of Marf::mCherry due to Park overexpression (Fig 5E-5E”) suggesting that overex-
pression of Park can override loss of ben. Overall, these experiments suggest that Ben is essen-
tial for PINK1 mediated regulation of Marf and acts genetically upstream to Park.

Ben regulates PINKI1 stability

To understand how Ben regulates PINK1, we first checked Ben and PINK1 protein interaction
using co-immunoprecipitation. We used the UAS-Ben:: V5 and genomically tagged PINKI.::
Myc fly lines (w;PINKI::Myc/+;Actin>Gal4/UAS-ben::V5) and pulled down PINKI1:Myc. As
shown in Fig 6A, probing for Ben::V5 on pull down of PINK1::Myc shows presence of Ben::V5
indicating Ben and PINK1 directly interact. Further, we checked the effect of loss of ben on
PINK1 levels. We performed western blots using whole larval extracts from control and ben®
mutants containing genomic tagged PINK1::Myc. We found a significant downregulation of
full length PINK1:Myc in ben” mutants, but an increase in low molecular weight PINK1:Myc
bands (Fig 6B-6C’). This suggests that Ben is required for stabilizing full length PINK1. The
low molecular weight bands might be products of PINK1 degradation by mitochondrial
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Fig 5. ben is required for PINK1 mediated Marf degradation. (A-A’and B-B’) Overexpression of PinkI using
En>Gal4, wing discs marked with UAS-GFP/RFP (blue, A and B) and immunostained for Tom20::mCherry (red,
A-A’) and Marf::HA (red, B-B’). (C-C’) ben” mutant clones (non green cells, C and dashed yellow line, C’) in
background of overexpression of PinkI using En>Gal4, wing discs marked with UAS-RFP (blue, C) and
immunostained for Marf::HA (red, C-C). (D-D’ and E-E’) Overexpression of Park using En>Gal4, wing discs
immunostained for HA (green, D and E) and Marf:mCherry (red) in control (D-D’) and ben” mutant (E-E’) wing
imaginal discs. Scale bar represents 20um. (A”-E”) Quantification for relative fluorescence intensities of Tom20::
mCherry in UAS-PinkI cells (A”, n = 7), Marf:HA in UAS-PinkI cells (B”, n=9), in ben” mutant clones in wildtype
background (C”, n =9), ben” mutant clones in UAS-Pink1 background (C”, n = 9) and Marf::mCherry in UAS-HA::
Park cells in control (D”, n = 12) and ben” mutant (E”, n = 9). Graphs represent average intensity values normalized to
that of control cells. Two-tailed unpaired t-test between control and cells overexpressing UAS-Pink1/UAS-HA::Park in
A”, B”, D”and E”. A one-way ANOVA-Bonferroni’s multiple comparison test was used to calculate the significance
between the samples in graph C”. Significance represented by n.s.- non significant, p<0.01**, p<0.0001***,

https://doi.org/10.1371/journal.pgen.1010493.9005

proteases as described by Thomas et.al. [70]. Taken together, our data suggests that Ben is
required for the stability of PINK1 which mediates the homeostatic turnover of Marf (Fig 6D).

Ben regulates mitochondrial dynamics under mitochondrial stress

Given the role of Ben in Marf regulation under steady state conditions as well as in Irpprc2
mutants, we sought to investigate and compare mitochondrial morphology between control,
ben, Irpprc2 and Irpprc2 ben double mutants. First, we compared mitochondrial morphology
in mutant clones in peripodial cells of wing discs using mitotracker red staining and live imag-
ing (Fig 7A-7D). We found that the mitochondrial morphology in ben mutant cells is compa-
rable to wildtype cells—they both show a filamentous network of mitochondria. A previous
study, however, has shown increased mitochondrial size due to ben knockdown in the fat body
—the difference in the phenotype could be due to tissue specific differences in mitochondrial
physiology [71]. In Irpprc2* mutant cells, we observe filamentous mitochondria along with
large aggregated mitochondria and ring-shaped mitochondria (Fig 7A-7F). Further, we found
that the large aggregated mitochondria and ring-shaped mitochondrial phenotype are wors-
ened in Irpprc2”* ben™ double mutant cells (Fig 7C-7F). Compared to fixed samples (S1D-
S1D” Fig), live imaging showed more tubular and networked mitochondria (Fig 7A-7D). This
difference in mitochondrial morphologies could be owing to the difference in sample prepara-
tions as also documented earlier [72]. However, in both scenarios Irpprc2* mutants consis-
tently show presence of large mitochondria as compared to wildtype cells. We further
investigated mitochondrial morphology in larval muscles using Complex V antibody staining
and we found wildtype and ben” mutants show a comparable filamentous network of mito-
chondria (Figs 7G-7H and S8A-S8B); Irpprc2 mutants show distinctive large globular mito-
chondria along with filamentous and ring shaped mitochondria (Figs 7I and S8C); Irpprc2 ben
double mutants rarely show filamentous mitochondria, instead, we observed a significant
increase in the size and frequency of large globular and ring-shaped mitochondria as com-
pared to Irpprc2 (Figs 7] and S8D). We also observed that in lesser frequency mitochondria in
Irpprc2” ben”™ double mutants form clusters, especially around the nucleus which is not
observed in either Irpprc2* or ben® mutants (S8D Fig). To report these mixed phenotypes we
have documented several images for each genotype in Figs 7 and S8.

To further resolve the mitochondrial morphology and quantify various features of individ-
ual mitochondria in larval muscles we used mitochondrial photoactivatable GFP (Mito-
PA-GFP). This allows visualization of individual mitochondria and its network within a cell by
activating GFP fluorescence, using 405 nm laser, in a region of interest [73,74]. We found a
comparable filamentous network of mitochondria in control and ben” mutants as they show
similar branch numbers and aspect ratios (Fig 8A-8B” and 8E-8G). In Irpprc2®* mutants we
observed globular shaped mitochondria characterized by larger area and lower aspect ratio.
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Fig 6. Ben regulates PINKI1 stability. (A) Representative western blot of PINK1::Myc immunoprecipitation followed
by staining for PINK1::Myc and Ben::V5 (B) Representative western blot for ben mutant (y w ben® FRT19A; Pink::
Myc) and control (y w FRT19A; PinkI::Myc) larval lysate probed for PINK1::Myc and Actin. (B’) Quantification for
intensity of full length (FL) PINK1:Myc band normalized to Actin band intensity for ben* mutant and control larvae
(n = 8). Two-tailed unpaired t-test between control and mutant larvae. (C) Representative western blots for control (y
w FRT19A), control with PINK1::Myc (y w FRT19A; Pink1:Myc) and ben mutant (y w ben” FRT19A; PinkI::Myc)
larval lysate probed for Myc and Actin. (C’) Ratio of PINK1::Myc bands of ben* mutant and control with PINK1::Myc
larvae (n = 8). PINKI::Myc band was normalized to Actin. One sample two-tailed t-test of the ratios of PINK1::Myc
bands was done Theoretical mean, 1.0, represented as blue dashed lines. Same samples were used to quantify results as
in Fig 6B. Error bars represent S.E.M. Significance represented by p<0.05*, p<0.01**, p<0.0001***, n.s—non
significant. (D) Schematic depicting Ben-PINKI regulation and Ben-PINK1-Parkin mediated steady-state turnover of
Marf. Created using Biorender.com.

https://doi.org/10.1371/journal.pgen.1010493.9006
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Fig 7. Ben is required for maintaining mitochondrial morphology in Irpprc2 mutants. (A-D) Wing disc stained for
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one peripodial cell, the center line represents the mean value (n = 18). (F) Dot plot representing the number of large
aggregated mitochondria present in one peripodial cell, the center line represents the mean value (n = 18). Error bars
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represent S.E.M. A one-way ANOVA-Tukey’s multiple comparison test was used to calculate the significance between
the samples in graph (E) and (F). Significance represented by n.s—non significant, p<0.05*, p<0.01**, p<0.0001***
(G-J) Confocal sections of third instar larval muscles immunostained for Complex V (gray) in control(G), ben (H),
Irpprc2(I) and Irpprc2* ben” (J) larvae. Representative individual mitochondrial morphology is marked by different
colors: filamentous (red), large globular (yellow) and ring (blue). Scale bar represents 5um.

https://doi.org/10.1371/journal.pgen.1010493.9007

Irpprc2”* mutants also show marked reduction in mitochondrial network as characterized by
reduced branch number (Fig 8C-8C” and 8E-8G). In lrpprc2* ben” double mutants we
observed the presence of globular shaped mitochondria characterized by larger area and lower
aspect ratio (Fig 8D-8D” and 8E-8G). As compared to Irpprc2”, in which globular mitochon-
dria remain isolated, in Irpprc2* ben” we observed globular mitochondria are interconnected
(Fig 8D-8D”). This is also reflected in the increase in branch numbers in the case of lrpprc2*
ben double mutants when compared to Irpprc2* mutants (Fig 8G). Overall, our results sug-
gest that mitochondrial dysfunction in lrpprc2 may induce the formation of globular mito-
chondria and Ben mediated regulation of Marf suppresses their fusion (Fig 9E).

Accelerated retinal degeneration and abnormality in wing patterning in
Irpprc2 ben double mutants

Mutations in human LRPPRC cause Leigh Syndrome, a neurometabolic disease [40] and loss
of Irppre2 in Drosophila causes activity induced retinal degeneration [39]. As Irpprc2 ben dou-
ble mutants exacerbate the mitochondrial morphology phenotypes, we suspected that the loss
of ben may enhance retinal degeneration. To test this, we made eye specific ben®, Irpprc2* and
Irpprc2”* ben”™ double mutant clones using the ey-FLP system [44]. We found that lrpprc2
mutant and ben” mutant eyes show normal morphology upon eclosion. However, lrpprc2*
ben” double mutant eyes show severe retinal degeneration suggesting that loss of ben could
accelerate retinal degeneration in Irpprc2* (Fig 9A-9D). This suggests that Marf regulation by
Ben is a neuroprotective mechanism. Additionally, we also investigated adult wing phenotype
in Irpprc2 ben double mutants. We used Ubx-FLP to generate large clones in the developing
wing. Most of the wings in Irpprc2* and ben” single mutants were normal, with occasional
minor defects in bristle pattern in both mutants (S9A-S9C Fig). However, in lrpprc2* ben”
double mutants we see the following: most flies eclose with improperly folded wings, addition-
ally these mutant wings show wing patterning defects such as presence of ectopic veins and
dark patches on the wing blade (S9D Fig). Together these data suggest a protective role of
Bendless upon mitochondrial stress and this becomes prominent in the case of neurons, possi-
bly due to their high energy requirements.

Discussion

To identify novel regulators of mitochondrial fusion in an in vivo system, we screened fly
mutants for altered Marf levels and identified mutations in Irpprc2 causing reduction in Marf
levels (Fig 1A). We found that in Irpprc2 mutants, Marf is degraded by the UPS (Fig 2C-2D)

in a PINK1-Park dependent mechanism (Fig 3A-3C). In the screen, we also identified muta-
tions in the E2 conjugase ben, causing subtle Marf upregulation (Fig 4A). We found that Ben is
essential for PINK1 stability (Fig 6B), regulates Marf levels (Fig 4D) and mitochondrial mor-
phology (Figs 7D, 7] and 8D) in Irpprc2 mutants. We also found that a combined loss-of-func-
tion mutation of Irpprc2 and ben in the eyes results in accelerated retinal degeneration (Fig
9D) and developmental abnormalities in wings (S9D Fig). Indicating that under mitochondrial
stress induced by loss of Irpprc2, Ben mediated regulation of mitochondrial dynamics is a pro-
tective response (Fig 9E).
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Fig 8. Ben limits mitochondrial branching in Irpprc2 mutants. (A-D”) Third instar larval muscles expressing UAS-mito-
dsRed (red) and UAS-mito-PA-GFP (green marks photoactivated mitochondrial regions) under C57>Gal4 in control(A),
ben(B), lrpprc2*(C) and lrpprc2* ben (D) larvae. Yellow dashed lines mark the insets. Scale bar represents 15um in A-D
and 5um for insets. (E) Bar graph representing average area of individual mitochondria. (F) Bar graph representing average
aspect ratio of mitochondria. (G) Bar graph representing total branch number. Error bars represent S.E.M. A one-way
ANOVA-Tukey’s multiple comparison test was used to calculate the significance between the samples in graph (E-G).
Significance represented by n.s—non significant, p<0.05*, p<0.01**, p<0.0001***.

https:/doi.org/10.1371/journal.pgen.1010493.9g008
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Fig 9. Loss of Ben enhances eye degeneration in Irpprc2 mutants. (A-D) Mutant eye clones from young flies of
control(A), ben™(B), Irpprc2*(C), and Irpprc2* ben™ (D) genotypes. The images within the figure panels are created by
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rise to aberrant mitochondria. Created using Biorender.com.
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Increased mitochondrial size and globular mitochondrial phenotype, as observed in Irpprc2
mutants (Figs S1E, 7C and 8E), have been observed in certain metabolic diseases [75,76].
Increased mitochondrial size has also been observed upon loss of lrpprc2 homologs in C.ele-
gans, mouse and human cell lines [42,43] as well as in other mutants where the ETC is com-
promised [62,77,78]. The mechanism of such responses, and how these unusual shaped
mitochondria contribute to cell physiology and disease progression, is not clear. As SIMH has
been observed in a bid to increase oxidative phosphorylation under various cellular and mito-
chondrial stresses [5,79,80], we hypothesize that reduced ETC activity and mitochondrial
stress in Irpprc2 [38,39,43] can induce mitochondrial enlargement (Figs 6D and S1E), similar
to SIMH, through an unknown mechanism. Since SIMH increases ATP synthesis and inhibits
mitophagy [3,5,81,82], increased mitochondrial size could be a compensatory adaptation in
Irpprc2 mutants in response to a bioenergetic deficit or mitochondrial stress. Further, globular
shaped mitochondria could also be a favorable adaptation as it is recently shown that, in com-
parison to elongated mitochondria, globular mitochondria contain densely packed cristae
membranes with high curvature. As ATP synthase is known to localize at intense curvature in
cristae, globular mitochondria might possess better energetic capabilities [83,84]. Further
ultrastructural analysis along with mitochondrial activity assays may shed light on this
possibility.

Despite the increased mitochondrial size (S1E Fig), we observed Marf downregulation in
Irpprc2 mutants (Fig 1A). We hypothesize that, while an adaptive mechanism may induce
SIMH (cellular response), MQC may induce Marf degradation to suppress the fusion of dys-
functional mitochondria (mitochondrial response) (Fig 8D). Indeed we observed that Marf
reduction in Irpprc2 mutants is correlated with the presence of large globular mitochondria
that remain isolated (Fig 8E-8G). A similar scenario of isolation of dysfunctional mitochon-
dria prior to mitophagy has been proposed earlier [9-11]. Alternatively, increased mitochon-
drial size in Irpprc2 mutant cells may induce the PINK1-Park pathway to limit mitochondrial
fusion by Marf degradation. A similar hypothesis was also proposed by Yamada et al. wherein
loss of Drp1 results in Parkin dependent Mitofusin downregulation [85].

We found that Marf degradation in Irpprc2 mutant clones in developing wing primordium
is dependent on Park (Fig 3B). We also observed a subtle increase in Marflevels in park and
Pinkl1 mutant clones (S5A-S5B Fig) (also see [37]). This suggests that PINK1-Park play a
homeostatic role in Marf turnover in wildtype tissue, while mitochondrial impairments—as in
Irpprc2 mutants [39]—may further amplify its activity to reduce Marf levels (Fig 1A) possibly
to segregate damaged mitochondria [86]. We also find that PINK1 or Park overexpression is
sufficient to induce Marf degradation without triggering mitophagy (Figs 5B, 5D, S7C and
S7D). In vivo studies have shown PINK1-Park to function both in mitophagy [22-29] and
mitochondrial dynamics [31-35], but the physiological or cellular contexts that may determine
various downstream activities of PINK1-Park are not known [30,87,88]. In Irpprc2 mutants we
observe PINK1-Park mediated Marf degradation in the absence of mitophagy. Hence, Irpprc2
mutants could provide a novel and physiologically relevant in vivo system to study PINK1-
Park mediated Marf regulation under mitochondrial stress.

In steady state conditions, PINKI is imported into the mitochondria and cleaved by mito-
chondrial peptidases, it then retro translocates to the cytoplasm and is degraded by UPS to
limit PINK1-Park activity [70,89,90]. The initial remarkable discovery by Narendra et al. that
CCCP which dissipates MMP, induces PINK1-Park-dependent mitophagy in cancer cells pro-
vided an unparalleled assay to investigate the mechanism further [19,91]. Further studies also
show that increased oxidative stress or UPR™ stabilizes full-length PINK1, which then recruits
Park leading to ubiquitination of OMM proteins and mitophagy [10,19,61,92,93]. Given no
change in MMP (S3D Fig) and oxidative stress in Irpprc2 mutants [38,39,49], we suspected
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that impaired mitochondrial proteostasis activates PINK1-Park to downregulate Marf. How-
ever, activation of UPR™ by AOTC expression did not result in Marf degradation suggesting
that activation of UPR™ alone may not be sufficient to activate PINK1-Park mediated Marf
degradation in vivo (S4G Fig). Identification of the nature of the mitochondrial stressors lead-
ing to PINK1-Park activation in Irpprc2 will require further investigation.

Several regulators of PINKI1 stability and activity have been identified. For example, CHIP-
mediated K48-ubiquitination promotes PINK1 turnover [94], while BAG2, a chaperon, pre-
vents ubiquitination and promotes PINK1 stability [95,96]. We found that Marf degradation
in Irpprc2 mutants or by PinkI overexpression is completely suppressed in the absence of the
K63-linked E2 conjugase Ben (Figs 4D, 5C and S5D). However, park overexpression could
cause Marf downregulation even in the absence of ben (Fig 5E). This suggests that Ben regu-
lates PINK1 mediated Marf degradation and that Park may not be directly regulated by Ben.
Previous studies have observed that the mammalian homolog of Ben, UBE2N, is dispensable
for mitophagy but facilitates the clustering of mitochondria during CCCP-induced mitophagy
[68,97,98]. We also found that the loss of ben does not alter developmental mitophagy during
larval midgut remodeling (S7B Fig), which has been shown to be dependent on PINK1-Park
[22,23].

K63 ubiquitination of PINK1 by the Traf6-SARMI complex is shown to stabilize PINK1 on
depolarized mitochondria in mammalian cells [99]. As Ben protein interacts with PINK1 (Fig
6A) and loss of ben results in reduced PINK1 levels (Fig 6B), Ben is likely to increase the stabil-
ity of PINK1 by K63 ubiquitination. Indeed, human PINK]I, in cell culture systems, is known
to be ubiquitinated at K137 by both K48 and K63 linkages [100]. While K48 chains are linked
with PINK1 degradation; the significance of the K63 linkage is not obvious. K63 ubiquitination
is suggested to protect proteins from proteasomal degradation [101]. Overall, Ben-mediated
K63 ubiquitination could be responsible for PINK1 stability and remains to be tested. We
hypothesize that absence of Ben could lead to increased import of PINK1 into the mitochon-
dria hence reducing its full-length levels, even on overexpression of Pinkl. A similar observa-
tion was made by Sekine et. al. with reference to Tom7 [102]. Wherein loss of Tom?7, a
component of the TOMM complex, resulted in mitochondrial import of PINK1 and cleavage
by OMAL1 [102]. Additionally, whether Ben regulates PINK1 activity needs further study.

Ben-PINKI1-Park regulation of Marf appears to be a homeostatic function which is further
activated in response to aberrant mitochondrial function. Compared to lrpprc2, lrpprc2 ben
mutants show increased number of ring shaped, globular and large aggregated mitochondria.
We also observed that large globular mitochondria are interconnected in lrpprc2 ben double
mutants whereas globular mitochondria remain isolated in Irpprc2 mutants, possibly due to the
reduction of Marf. This Ben-PINK1-Parkin mediated Marf degradation in Irpprc2 appears to be
a cell protective mechanism as Irpprc2 ben double mutants show accelerated retinal degenera-
tion and worsened adult wing phenotype as compared to lrpprc2 mutant (Figs 9 and S9). Given
that mutations in LRPPRC result in Leigh syndrome, it is likely that Ben/Ubc13-PINK1-Park
may regulate Mfnl and Mfn2 in Leigh syndrome as well in other mitochondrial diseases.
Indeed, altered mitochondrial dynamics has been reported in many mitochondrial diseases
[76,103-105]. Thus, further studies on the mechanisms of Ben/Ubc13-PINK1-Park activation
will be crucial for understanding mitochondrial quality control in mitochondrial disease.

Material and methods
Drosophila culture

Flies were cultured on standard media containing sucrose, malt, yeast and corn flour at room
temperature. Crosses were maintained at 25°C. Crosses involving RNAi were maintained at
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28°C. Drosophila larvae expressing UAS-Prosfi6’ were maintained at 25°C till 3" instar stage
and were then transferred to 28°C for 24 hours before dissection, to avoid cell death observed
on prolonged inhibition of proteasomal activity. To activate the FLP-FRT system, heat shock
was given during first instar larval stages at 37°C for 1hr. Genotypes used are as listed in
Table 1.

For drug treatments, 3™ instar larvae were transferred to food containing 3mg/ml chloro-
quine [106], 100pM MG132, or DMSO (vehicle control) for 24 hours prior to dissection. For
western blot and qPCR, 3" instar larvae were used. We observed that development of Irpprc2*
mutant larvae is substantially delayed. Therefore, we used size matched 3 instar Irpprc2*
mutant larvae that are obtained after 14-15 days post hatching.

Generation of transgenic flies

ben sequence was amplified from genomic DNA. These PCR amplified ben ORF sequences
were then inserted into a pUAST vector containing attB sites, flanking the insert using EcoR-
I-Xhol. pUAST vectors containing UAS-ben::V5/UAS-HA::ben were injected into embryos
containing attP2 landing site and integrase. Transgenic flies were selected based on the pres-
ence of w™C. Primers used: P{UAS.ben:: V5.w ™} Fwd-5-GGAATTCGCCACCATGTCCA
GCC TGCCACGTC-3’ and Rev-5-CCGCTCGAGTTACGTAGAATCGAGACCGAGGAGA
GGGTTAGGGATAGGCTTACCGTCTTCGACGGCATAT-3". P{UAS-HA::ben.w™}:

Fwd-5-GGAATTCGCCACCATGTACCCATACGACGTCCCAGACTACGCTATGTCC
AGCCTGCCACGTC-3’ and Rev-5-CCGCTCGAGTCAGTCTTCGACGGCATAT-3".

Opal::3FLAG-2HA genomic construct was generated using the P(acman) system [107].
Briefly, the 3FLAG-2HA tag was amplified from C-terminal tag fusion vector pL452-C-
3FLAG-2HA and inserted at the C terminal of Opal through recombineering in the P(acman)
clone CH322-27B08, which was subsequently injected into y' w'''%; PBac{y+-attP-3B}
VKO00033 flies.

Immunofluorescence and imaging

Larvae were dissected in 1X PBS, followed by fixing in 4% paraformaldehyde (Himedia—TCL-
119 - 100ml) for 30 minutes at room temperature and three washes in 1X PBS with 0.2% Tri-
tonX-100 (Himedia—MB031, 1X PBST). Primary antibodies were incubated overnight at 4°C.
Followed by blocking in 5% normal goat serum (Himedia—RM10701) for 1h at room temper-
ature and then secondary antibody incubation followed by washing and dissection. Samples
were mounted in Vectashield (VectorLabs—H100) and imaged under 40X or 63X oil immer-
sion Leica Stellaris 5 or Olympus FV3000 confocal microscopes. Images were processed using
Fiji. All antibody dilutions and the blocking solution were made in 1X PBST; details of anti-
bodies and their dilutions used are listed in Table 2.

Eye and wing phenotype imaging

Mutant eyes were created by crossing heterozygous mutant flies with w cI(1) FRT19A /Dp(1;
Y); ey-FLP flies. The eye images were then acquired on a Leica M205FA Stereo Zoom
microscope.

Wing clones were made by crossing heterozygous mutant flies with using UbiGFP frt19A;
Ubx-FLP. The flies were anesthetised and fixed in 70% ethanol and stored at 4°C. For mount-
ing, the wings were dissected from the flies and transferred to 100% ethanol. The wings were
then mounted in DPX (Sigma 06522-100mL). The DPX media was allowed to evenly spread
by applying weight on the coverslip and incubating the slides at 60°C. The samples were
imaged using transmitted light in a Leica- DMi8 inverted microscope using a 4X objective.
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Table 1. Drosophila genotypes used in the study.

Genotype Source
Fig1
y! lrppre2 * w* P{neoFRT}19A FBst0067166[39],
[44]
Marf::HA (Genomic tag on Chromosome IIT) [46]
Ubiquitin>GFP hsFLP [122], P{neoFRT}19A Hugo Bellen
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Marf::HA(III) This study
Tom20-mCherry (Genomic construct Chromosome III) [109]
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Tom20-mCherry This study
w;; pacman Opal::HA::Flag VK31 (III) (Opal:HA) This study
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Opal::HA::Flag VK31 This study
' w*; Pw[+mC] = FLAG-FIAsH-HA-Drp1}3, Ki[1] FBst0042208
[110]
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; P{w[+mC] = FLAG-FIAsH-HA-Drp1}3, Ki[1] This study
Fig 2
y! lrppre2# w* P{neoFRT}19A FBst0067166
[39],[44]
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Marf::HA(III) This study
wy; Actin>Gal4 Hugo Bellen
ws; Actin>Gal4, Marf:HA (III) This study
y" Irppre2 * w* P{neoFRT}19As; Actin>Gald, Marf:HA (I11) This study
w*; P{UAS-Prosbeta6[1].B}2B (1I) FBst0006786
[54]
Ubiquitin>GFP, hsFLP P{neoFRT}19A; P{UAS-Prosbeta6[1].B}2B (II) This study
Fig 3
y! Irppre2* w* P{neoFRT}19A FBst0067166
[39],[44]
w* Pink1® FBst0051649
[58]
y" Irpprc2* Pink1® P{neoFRT}19A This study
w¥; park®?! (I11) FBst0051652
[111]
y" Irpprc2 * w* P{neoFRT}19As; park™' Marf:HA This study
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; park™” This study
w*P{w[+mC] = Marf-gHA}2 (Genomic construct Chromosome II) FBst0067156
[46]
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A; P{Marf:HA}2 This study
Fig 4
3! w' ben® P{neoFRT}19A FBst0057057
[44]
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Marf::HA (III) This study
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Tom20::mCherry (III) This study
y' w¥; Plen2.4-GAL4}el6E FBst0030564
w; P{Marf:HA}2 P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = UAS-RFP.W}2 This study
w ;;P{UAS.ben::V5.w+mC} This study
y" Irppre2 * w* P{neoFRT}19A FBst0067166
[39],[44]
YL lrpprc2® w' ben™ PfneoFRT}19A This study
Fig 5
w*P{w[+mC] = Marf-gHA}2 (Genomic construct Chromosome II) FBst0067156
[46]

(Continued)
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Table 1. (Continued)

Genotype Source

w; P{Marf:HA]2 P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = UAS-RFP.W}2 This study

w's P{w[+mC] = UAS-Pink1.C}A FBst0051648
[58]

Tom20-mCherry (Genomic construct Chromosome III) [109]

w; P{w[+mW .hs] = en2.4-GAL4}el6E, P{w[+mC] = UAS-GFP.W}2 Hugo Bellen

w; P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = UAS-GFP.W}2; Tom20-mCherry This study

(Genomic construct Chromosome IIT)

y1 w' ben P{neoFRT}19A; P{Marf::HA}2 P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = This study

UAS-RFP.W}2

Ubiquitin>GFP, hsFLP [122],P{neoFRT}19A;P{w[+mC] = UAS-Pink1.C}A This study

Ubiquitin>GFP, hsFLP [122],P{neoFRT}19A Hugo Bellen

y1 w*; P{en2.4-GAL4}el6E FBst0030564

Marf::mCherry (Genomic rescue construct, Chromosome III) Hugo Bellen

w;;P{UAS-HA-park.Y} FBal0301084
[57]

Ubiquitin>GFP, hsFLP [122],P{neoFRT}19A; Plen2.4-GAL4}el6E; P{UAS-park.8HA} This Study

y' w' ben® P{neoFRT}19A;Marf:mCherry (Genomic rescue construct, Chromosome III) This Study

Fig 6

P{Pink1-9Myc} (Pink1:Myc) (II) FBtp0022940
[58]

)% W' ben™ P{neoFRT}194; P{Pink1-9Myc} This study

y' w* P{neoFRT}19A; P{PinkI-9Myc} This study

w;P{Pink1-9Myc}; Actin>Gal4 This study

w*;P{UAS.ben::V5.w+mC} This study

Fig 7

y' w* P{neoFRT}19A [44]

¥y w' ben® P{neoFRT}19A FBst0057057
[44]

y! Irppre2 * w* P{neoFRT}19A FBst0067166
[39],[44]

y! lrpprc2# ben® P{neoFRT}19A This study

Ubiquitin>GFP hsFLP [122], P{neoFRT}19A Hugo Bellen

Fig 8

w;;P{GawB}C57, P{UAS-DsRed.mito} Hugo Bellen

W;; P{UASp-mito-PA-GFP} [73]

yl w' ben P{neoFRT}19A;;P{GawB}C57, P{UAS-DsRed.mito} This study

y! Irppre2 * w* P{neoFRT}19A;;P{GawB}C57, P{UAS-DsRed.mito} This study

y1 Irppre2 A ben® P{neoFRT}19A;P{GawB}C57, P{UAS-DsRed.mito} This study

Fig 9

y' w* P{neoFRT}19A [44]

¥y w' ben® P{neoFRT}19A FBst0057057
[44]

y! Irppre2* w* P{neoFRT}19A FBst0067166
[39]

y" Irppre2 * ben™ P{neoFRT}19A This study

cI' w" FRTI19A/ Dp(L;Y)y+ v+; ey-FLP [44]

S1 Fig

y! Irppre2* w* P{neoFRT}19A FBst0067166
[39]

(Continued)
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Table 1. (Continued)

Genotype Source
y! lrppre2 E w* P{neoFRT}19A FBst0067167
[39]
P{Ubi-mRFP.nls}, w* P{hsFLP}, P{neoFRT}19A FBst0031418
w*;P{w[+mC] = Marf-gHA}2 (Genomic construct Chromosome II) FBst0067156
[46]
P{Ubi-mRFP.nls}, w* P{hsFLP}, P{neoFRT}19A; P{Marf-gHA}2 This study
Marf::mCherry (Genomic rescue construct, Chromosome III) Hugo Bellen
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Marf::mCherry (III) This study
y' w* P{neoFRT}19A [44]
Ubiquitin>GFP hsFLP [122], P{neoFRT}19A Hugo Bellen
S2 Fig
Marf::mCherry (Genomic rescue construct, Chromosome III) Hugo Bellen
y! lrppre2* w* P{neoFRT}19A FBst0067166
[39],[44]
Ubiquitin>GFP hsFLP [122], P{neoFRT}19A Hugo Bellen
$3 Fig
y' w* HUWEI® PfneoFRT}19A FBst0052343
[44]
Irpprc2 * HUWEI® P{neoFRT}19A This study
Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Marf::HA (III) This study
MULI*® (111) FBal0301081
[57]
y! Irppre2 * w* P{neoFRT}19A;; MULI® This study
Ubiquitin >GFP, hsFLP [122], P{neoFRT}19A;; MUL1*® This study
P{Pink1-9Myc} (Pink1:Myc) (II) FBtp0022940
[58]
Ubiquitin >GFP, hsFLP [122], P{neoFRT}19A; P{Pink1-9Myc} (Pink1:Myc) (II) This study
S4 Fig
y! Irppre2 * w* P{neoFRT}19A FBst0067166
[39],[44]
Ubiquitin>GFP hsFLP [122], P{neoFRT}19A Hugo Bellen
w18, Pfw[+mW.hs] = en2.4-GAL4Je16E, P{w[+mC] = UAS-RFP.W}2 FBst0030577
w; P{Marf:HA}J2 P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = UAS-RFP.W}2 This study
yl lrpprc2 Ay P{neoFRT}19A;P{Marf:HA}2 P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = | This study
UAS-RFP.W}2
y' v's Ply[+t7.7] v[+t1.8] = TRiP.JF02007}attP2 (RNAi against crc) FBst0025985
Ubiquitin >GFP, hsFLP [122], P{neoFRT}19A;; P{y[+t7.7] v[+t1.8] = TRiP.JF02007}attP2 This study
(RNAI against crc)
w!; P{GD1425}v3781 (RNAi against dve) FBti0084290
Ubiquitin >GFP, hsFLP [122], P{neoFRT}19A;; P{GD1425}v3781 (RNAIi against dve) This study
y' v'; P{y[+t7.7] v[+t1.8] = TRiP.JF02734}attP2 (RNAi against foxo) FBst0027656
Ubiquitin >GFP, hsFLP [122], P{neoFRT}19A;; P{y[+t7.7] v[+t1.8] = TRiP.JF02734}attP2 This study
(RNAi against foxo)
y' w¥; Plen2.4-GAL4}el6E FBst0030564
w[*]; P{w[+mC] = UAS-2xEGFP}AH2 FBti0026662
P{en2.4-GAL4}el6E, P{iw[+mC] = UAS-2xEGFP}AH2 Hugo Bellen
P{UAS-rOTC.P} (UAS-OTC) FBal0291051
[67]
P{UAS-rOTC.d} (UAS-AOTC) FBal0291052
[67]

(Continued)
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Table 1. (Continued)

Genotype Source

S5 Fig

P[FRT(WhS)]ZA FBst0001997

park*?! PFRT(w")}2A This study

P{hsFLP}1, y1 w* P{UAS-mCD8::GFP.L}Ptp4ELL4; P{tubP-GAL80}LL9 P{FRT(whs)}2A FBst0044404

PinkI” P{neoFRT}19A This study

Ubiquitin>GFP, hsFLP [122], P{neoFRT}19A;; Marf::HA (III) This study

¥y w' ben® PneoFRT}19A FBst0057058
[44]

P{Ubi-mRFP.nls}, w P{hsFLP}, P{neoFRT}19A; P{Marf::HA}2 This study

¥t lrpprc2® w'ben® P{neoFRT}19A This study

yl w*;;P{W[+mC] = tubP-GAL4}LL7 (I1I) FBti0012687

w 5;P{UAS.ben::V5.w+mC} This study

S6 Fig

W P{UAS-HA::ben.w+mC} This study

Marf::mCherry (Genomic rescue construct, Chromosome III) Hugo Bellen

y1 w*; P{en2.4-GAL4}el6E FBst0030564

w[*]; Pfw[+mC] = UAS-2xEGEPJAH?2 EBti0026662

P{en2.4-GAL4}el6E, P{w[+mC] = UAS-2xEGFP}AH2 Hugo Bellen

S7 Fig

w's Piw[+mC] = UAS-Pink1.C}A FBst0051648
[58]

w; P{Marf:HA]2 P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = UAS-RFP.W}2 This study

! W' ben™ P{neoFRT}194; P{Marf::HA}2 P{w[+mW hs] = en2.4-GAL4}el6E, P{w[+mC] = This study

UAS-RFP.W}2

W P{sqh-EYFP-Mito}(III) FBst0007194

P{Ubi-mRFP.nls}, w P{hsFLP}, P{neoFRT}19A;; P{sqh-EYFP-Mito}(III) This study

y! lrppre2* w* P{neoFRT}19A FBst0067166
[39],[44]

Ubiquitin>GFP hsFLP [122], P{neoFRT}19A Hugo Bellen

w' S, Pfw[+mW.hs] = en2.4-GAL4}el6E, Pfw[+mC] = UAS-RFP.W}2 FBst0030577

y1 Irppre2 Ay P{neoFRT}19A;P{Marf::HA}2 P{w[+mW.hs] = en2.4-GAL4}el6E, P{w[+mC] = | This study

UAS-RFP.W}2

Ubiquitin>GFP, hsFLP [122],P{neoFRT}19A;;P{w[+mC] = UAS-Pink1.C}A This study

w;P{UAS-HA-park.Y} FBal0301084
[57]

S8 Fig

y1 w P{neoFRT}19A [44]

Yy w' ben® P{neoFRT}19A FBst0057057

y! lrppre2“ w' P{neoFRT}19A FBst0067166
[39],[44]

¥t lrpprc2® w'ben™ P{neoFRT}19A This study

$9 Fig

y' w* P{neoFRT}19A [44]

y' w* ben® P{neoFRT}19A FBst0057057
[44]

V! Irppre2 w* P{neoFRT}19A FBst0067166
[39]

y! Irppre2* ben™ P{neoFRT}19A This study

Ubiquitin>GFP hsFLP [122], P{neoFRT}19A; Ubx-FLP Hugo Bellen

https://doi.org/10.1371/journal.pgen.1010493.t001
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Table 2. Antibodies used in this study.

Antibody Catalog Dilution
Mouse HA Cell Signaling Technology- 2367S 1:500 IF
Rabbit HA Cell Signaling Technology- 3724S 1:500 IF
Mouse Complex V Abcam- 176569 1:500 IF

1:2500 WB
Rabbit V5 Cell Signaling Technology- 132028 1:500 IF

1: 5000 WB
Rabbit mCherry Cell Signaling Technology- 435908 1:500 IF
Rabbit Actin Cell Signaling Technology- 4967S 1:5000 WB
Mouse Actin Invitrogen- MA5- 15739 1:5000 WB
Rabbit Tubulin Novus Biologicals- NB100-56459 1:1000 WB
Rabbit Hsp60A [112] 1:200 IF
Rabbit Hsp60 Cell Signaling Technology- 4870S 1:500 IF
Mouse Myc Tag Cell Signaling Technology-2276S 1:1000 WB

1:500 IF
Mouse Myc Tag NB600-302 1:1000 WB
Rabbit p62 Abcam- ab178440 1:500 IF
Anti-Mouse 488 Invitrogen- A11029 1:500 IF
Anti Mouse 555 Invitrogen- A21424 1:500 IF
Anti-Mouse 633 Invitrogen- A21052 1:500 IF
Anti-Rabbit 488 Invitrogen- A32731 1:500 IF
Anti-Rabbit 555 Invitrogen- A32732 1:500 IF
Anti-Rabbit 647 Invitrogen- A32733 1:500 IF
Anti-Rabbit HRP Novus Biologicals- NB7160 1:5000 WB
Anti-Mouse HRP Novus Biologicals- NB7539 1:5000 WB

IF- Immunofluorescence WB- Western Blot

https://doi.org/10.1371/journal.pgen.1010493.t002

Western blot

3™ instar larvae were crushed in RIPA lysis buffer [50mM Tris,150mM NaCl, 0.2% Triton X
100 and 1X protease and phosphatase inhibitor cocktail (Thermo Fisher—A32965, A32957
respectively)], followed by centrifugation at 16,000g for 10 mins at 4°C. Clear fat-free superna-
tant was used for total protein estimation by BCA assay (Thermo Scientific—23227). Lysate was
mixed with equal volume of 1X Laemmli buffer (0.004% bromophenol blue, 20% glycerol, 4%
SDS and 0.125M Tris-HCI pH 6.8) having 5% beta-mercaptoethanol and heated at 98°C for 5
minutes, centrifuged, and 25ug of protein was loaded in each well and resolved on 4-15% gradi-
ent Tris-Glycine gel (Bio-Rad—4561086). Semi-dry transfer was done onto 0.2um Nitrocellu-
lose membrane as per Trans-BlotTurbo Kit (Bio-Rad—1704270) for seven minutes. Blocking in
either 5% Blotto (Santa Cruz sc—2325) or 5% BSA made in 1X TBS with 0.1% Tween-20 (1X
TBSTw20) for 1 hour at room temperature followed by primary antibody incubation overnight
at 4°C. After washing thrice in 1X TBSTw20, membranes were incubated in HRP conjugated
secondary antibodies (Table 2) for 2 hours at room temperature. After washing, they were
developed using Clarity Western ECL Substrate (Bio-Rad—1705061) and visualized using Vil-
ber-Lourmat chemidoc. Band intensities were quantified using Fiji and normalized with Actin.

Co-immunoprecipitation

25-30 adult flies were homogenized thoroughly in 200ul of co-immunoprecipitation (co-IP)
buffer (40mM HEPES pH 7.5, 120mM NaCl, ImM EDTA, 10mM pyrophosphate, 10mM

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 26/37


https://doi.org/10.1371/journal.pgen.1010493.t002
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

glycerophosphate, 50mM NaF, 1mM orthovanadate and 0.3% CHAPS) and incubated for 30
mins on ice. Then centrifuged at 16,000g for 10 mins at 4°C and the supernatant was aspirated
out carefully. Protein estimation was done by using the BCA method (Thermo Scientific—
23227). To the remaining beads 300ul co-IP buffer was added and incubated with equilibrated
35ul Myc beads (Sigma—E6654) for 4 hrs at 4°C. It was then centrifuged and the supernatant
discarded. Beads were washed thrice with the co-IP buffer. The beads were then incubated
with 50ul anti-Myc peptide and incubated for 4 hrs at 4°C. After that the sample was centri-
fuged and supernatant having elute was collected carefully in fresh tube and processed for
Western blot as given above.

Real-time PCR

3" instar larvae were used for RNA isolation using TRIzol (Ambion life tech—15596018)
method. cDNA conversion for 1ug of RNA was carried out using a cDNA conversion kit
(Thermo Fisher—4368814). qPCR was carried out in 96 well plates in three technical replicates
for each of the three biological replicates. Marf qPCR was done using the iTaq SYBR Green
supermix (Bio-Rad -1725121) using LightCycler 96 (Fig 5F).

Following primers were used:

Marf-Fwd-5-CGAGTGCCAGGAATCGGTTA-3’, Marf-Rev5’-ATCTGAAAGCCCTCGG
CAAT-3, RP49-Fwd-5-TCCTACCAGCTTCAAGATGAC-3,

RP49-Rev-5-CACGTTGTGCACCAGGAACT-3.

TMRE and mitotracker red staining

3™ instar larvae were dissected in Schneider’s Insect media (Himedia—IML003-500ml). The
larvae were transferred to media containing 100nM TMRE (Thermo Fisher—T669) or 200nM
MitoTracker Red FM (Invitrogen-M22425) in Schneider’s insect media and incubated for 20
mins. The wing discs were dissected and mounted in Schneider’s media using a coverslip. The
tissues were live imaged using Leica Stellaris 5 confocal microscope at 63X oil objective. For
mitochondrial morphology analysis, the number of ring shaped and aggregated mitochondria
in each cell were counted manually using the Fiji-cell counter Plugin. The numbers per cell
were then plotted. The averages were compared using one-way ANOVA-Bonferroni’s Multiple
Comparison Test.

Mitochondrial morphology analysis

Wing discs immunostained for Complex V were imaged using Leica Stellaris 5 confocal micro-
scope at 63X oil objective. The mitochondria were segmented on Fiji using the Trainable
Weka segmentation plugin [108]. The segmented images were then used to find out the mito-
chondrial area using Particle Analyze Tool on Fiji.

Blind test: for qualitative assessment of mitochondrial morphology in larval muscle, we
renamed a set of images containing mitochondria from larval muscles with random numbers.
The images from different genotypes (control, ben™, Irpprc2*, and Irppre2* ben™) were pooled
and were assessed for the presence of different mitochondrial morphologies, including pres-
ence or absence of mitochondria network, large globular mitochondria, ring-shaped mito-
chondria and mitochondrial aggregates. Multiple images were used for the assessment, 40
images from 11 larvae for control, 24 images from 7 larvae for ben”, 27 images from 7 larvae
for Irpprc2*, and 32 images from 9 larvae for Irpprc2”*ben”.
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Mitochondrial morphology analysis using mito-PA-GFP

Third instar larvae expressing C57>Gal4, UAS-mito-dsRed, and UAS-mito-PA-GFP were
fileted in Schneider’s Drosophila Medium. Before imaging, fresh Schneider’s medium with
5mM glutamate was added to block neurally evoked muscle contractions. Imaging was done
using Leica Stellaris 5 confocal using a 63X water dipping objective. To activate GFP, a 405nm
laser at 100% power was used at designated ROIs for 10 iterations. After activation, 5 images
were acquired at 3min intervals in RFP and GFP channels. The images were segmented using
the Fiji-Trainable Weka segmentation plugin. The segmented images were used to get various
mitochondrial morphology parameters using the Fiji-Mitochondria Analyzer plugin. Parame-
ters including branch number (proxy for network), aspect ratio- ratio of the major axis to the
minor axis of a mitochondria (proxy for globular v/s tubular) and Area (proxy for size) were
then compared using one-way ANOVA-Bonferroni’s Multiple Comparison Test. The photo-
activation protocol was modified from Chowdhary et. al. 2017 [73].

Statistics analysis

At least three independent experiments were used for all quantifications, the n values for each
experiment is indicated in their respective figure legends. n represents the number of clones/
regions used for the analysis. Two-tailed unpaired t-test was used to analyze data obtained
from clonal analysis; One sample t-test was used to analyze the data in S5 Fig. Two-tailed
unpaired t-test was used to analyze all other data sets. ANOVA-Bonferroni’s Multiple Com-
parison Test was used to compare data sets in Figs 5C”, 71, 7], 8E, 8F and 8G. Significance of
the data was represented as * for p<0.05, ** for p<0.01, and *** for p<0.0001. All statistical
analyses were carried out using GraphPad Prism software version 9.

Supporting information

S1 Fig. (A) Schematic to illustrate FLP-FRT mediated recombination system. (A’) Green
marks wildtype and heterozygous cells (solid white line, +/+ and +/-), absence of GFP (non
green) marks mutant clones/cells (dashed white line, -/-). Created using Biorender.com. (B-B’)
Irpprc2” mutant clones (non green cells, B and dashed white line, B’), wing discs immunos-
tained for Marf::HA (red). (C-C’) lrppcmA mutant clones (non green cells, C and dashed white
line, C’), wing discs immunostained for Marf::mCherry (red). Scale bar represents 20um. (B”
and C”) Quantification for relative fluorescence intensities of Marf::HA (B”, n = 16) and Marf::
mCherry (C”, n = 5). Graphs represent average intensity values normalized to that of control
cells. Two-tailed unpaired t-test between control and lrpprc2 mutant cells. (D-D”) lrpprc2*
mutant clones (non green cells, D) in peripodial cells of third instar larval wing discs, immu-
nostained for Complex V (gray). Inset of control (D’) and lrppcmA mutant cell (D”) from (D).
(D’and D”) Binary image of Complex V staining in control (D’) and lrpprc2A mutant cell (D”).
Scale bar represents 10um in (D) and 4pm in (D’ and D”). (E) Quantification for area of indi-
vidual mitochondria in Irpprc2* mutant clones compared to control cells (n = 6). Two-tailed
unpaired t-test was done. Error bars represent S.E.M. Significance represented by p<0.05%,
p<0.01%, p<0.001***,

(TIF)

S2 Fig. (A-B’) Wing discs expressing endogenous Marf::mCherry in control(A) and larvae
treated with chloroquine(A’), DMSO(B) or MG132(B’). (A” and B”) Quantification for relative
fluorescence intensities of Marf::mCherry in control (A”, n = 12) and chloroquine treated lar-
vae (A”,n = 10) and DMSO (B”,n = 12) and MG132 (B”,n = 12) treated larvae. Graphs repre-
sent average intensity values normalized to control/DMSO. Two tailed unpaired t-test
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between control and chloroquine and between DMSO and MG132 treatments. (C-C’) Irpprc2*
mutant clones (non green cells, C and dashed white line, C’), wing discs immunostained for
endogenous p62 (red). Scale bar represents 20um. (C”) Quantification for relative fluorescence
intensities of p62 in lrpprc2* mutant clones (n = 12). Graphs represent average intensity values
normalized to that of control cells. Two tailed unpaired t-test between control and Irpprc2*
mutant cells. Significance represented by n.s.—non significant, p<0.05 *.

(TIF)

$3 Fig. (A-A’) Irpprc2® HUWEI® double mutant clones (non green cells, A and dashed white
line, A’), wing discs immunostained for Marf::HA (red). (B-B’) lrppcmA mutant clones (non
green cells, B and dashed white line, B’) in MUL1*® mutant background, wing discs immunos-
tained for Marf::HA (red). (C-C’) lrppcmA mutant clones (non green cells, C and dashed white
line, C’), wing discs immunostained for PINK1::Myc (red). (D-D’) lrppcmA mutant clones
(non green cells, D and dashed white line, D’), wing discs stained for TMRE (red) and live
imaged. Scale bar represents 20pm. (A”, B”, C” and D”) Quantification for relative fluorescence
intensities of Marf::HA in Irpprc2* HUWEI® double mutant clones (A”, n = 13), lrppre2*
mutant clones in MUL1“® mutant background (B”, n = 20), PINK1::Myc in Irpprc2* mutant
clones (C”, n = 12) and TMRE in lrppcmA mutant clones (D”, n = 20). Graphs represent aver-
age intensity values normalized to that of control/ MULI*® cells. Two-tailed unpaired t-test
between control/MULI*® and mutant cells. Significance represented by n.s.- non significant,
p<0.001***,

(TIF)

S4 Fig. (A-A’) lrppcmA mutant clones (non green cells, A and dashed white line, A’), wing
discs immunostained for Hsp60 (red). (B-D’) lrppcmA mutant clones (non green cells, B,C, D
and dashed white line, B’ C’, D) on knockdown of crc(B-B’), foxo(C-C’) and dve(D-D’) using
En>Gal4, wing discs marked by UAS-RFP (green) and immunostained for Marf::HA (red).
(E-E’) Overexpression of AOTC using En>Gal4, wing discs marked by UAS-RFP (green) and
immunostained for Hsp60 (red). (F-G”) Overexpression of OTC(F-F’) and AOTC(G-G’) using
En>Gal4, wing discs marked by UAS-RFP (green) and immunostained for Marf::HA (red).
Scale bar represents 20um. (A”-G”) Quantification for relative fluorescence intensities of
Hsp60 in Irpprc2* mutant clones (A”, n = 14), Marf::HA in Irpprc2* mutant clones on knock-
down of ¢rc(B”, n = 6), foxo(C”,n = 8) and dve(D”,n = 10), Hsp60 on UAS-AOTC expression
(E”,n=6) and Marf:HA on UAS-OTC expression (F”, n = 9) and UAS-AOTC expression (G”,
n = 18). Graphs represent average intensity values normalized to that of control cells. Two-
tailed unpaired t-test between control and Irpprc2* mutant cells/ cells overexpressing
UAS-OTC or UAS-AOTC. Significance represented by n.s.—non significant, p<0.01**,
p<0.001***,

(TIF)

S5 Fig. (A-C’) Wing discs immunostained for Marf::HA (red) in parkAZ] mutant clones (green
cells, A-A’), Pink1® mutant clones, ben” mutant clones and lrpprc2* ben® double mutant clones
(non green cells, B,C, D and dashed white line, B’,C’,D’). Scale bar represents 20um. (A”, B>, C”
and D”) Quantification for relative fluorescence intensities of Marf::HA in park®* (n = 14),
PinkI® (n = 15), ben® (n = 14) and lrppcmA ben® double mutant clones (D”, n = 15). Graphs
represent average intensity values normalized to that of control cells. Two-tailed unpaired t-
test between control and mutant cells. Significance represented by p<0.05*, p<0.01**,
p<0.0001*** (E) Identity and similarity between Ben and its homologs. (F) Ben mutations and
lethal staging. (G) Schematic showing point mutations in ben” and ben” alleles.

(TTF)
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S6 Fig. (A-A’) Wing discs immunostained for Marf::mCherry (red) on overexpression of HA::
Ben using En>Gal4, wing discs marked with UAS-GFP (green). (A”) Quantification for relative
fluorescence intensities of Marf::mCherry on overexpression of HA::ben (n = 12). Graphs rep-
resent average intensity values normalized to that of control cells. Two-tailed unpaired t-test
between control and UAS-HA::Ben overexpressing cells. n.s—non significant.

(TIF)

S7 Fig. (A-A’) ben mutant on overexpression of Pink1 using En>Gal4, wing discs marked
with UAS-REP (blue) and immunostained for Marf::HA (red). (B-B’) ben mutant clone (non-
green cell, B and dashed white line, B’), pupal gut 2h APF expressing Sq>mito-EYFP (red).
(C-C’) Overexpression of PinkI using En>Gal4, wing discs marked with UAS-RFP (blue) and
immunostained for Complex V (red). (D-D’) Overexpression of Park using En>Gal4, wing
discs immunostained for HA (green) and Complex V (red). Scale bar represents 20um. (C”
and D”) Quantification for relative fluorescence intensities of Complex V in UAS-PinkI cells
(C”, n=15) and UAS-HA::Park cells (D”, n = 15). Graphs represent average intensity values
normalized to that of control. Two-tailed unpaired t-test between control and cells overexpres-
sing UAS-Pink1/UAS-HA::Park. (E-E”) Overexpression of Pinkl using En>Gal4, wing discs
marked with UAS-RFP (blue, E) and immunostained for Marf::HA (red, E-E”) with Irpprc2*
mutant clone (non-green cell, E, E’ and E” and dashed white line, E’and E”). (F) Average
Marf::HA intensity values in wildtype, lrpprc2* mutant clones, UAS-PinkI and Irpprc2*
mutant clones in UAS-Pinkl background, normalized to that of control cells (non RFP
expressing GFP positive cells). A one-way ANOVA-Bonferroni’s multiple comparison test was
used to calculate the significance between the samples in graph F. Error bars represent S.E.M.
Significance represented by n.s.- non significant, p<0.05*, p<0.01**, p<0.0001***.

(TIF)

S8 Fig. (A-D) Confocal sections of third instar larval muscles immunostained for endogenous
Complex V (gray) in control(A), ben®(B), lrpprc2*(C) and Irpprc2* ben™ (D) larvae.
(TIF)

S9 Fig. (A-D) Mutant wing clones from young flies of control(A-A”), ben®(B-B”),
Irpprc2*(C-C”), and Irpprc2* ben™ (D-D”) genotypes. Ectopic veins are marked by yellow
arrowheads. Scale bar represents Imm (A-D), 200pum (A™-D’) and 100pum (A”-D”) The images
within the figure panels are created by the authors.

(TIF)

S1 Data. All numerical data underlying the graphs are provided in the S1 Data.xlsx file.
(XLSX)

Acknowledgments

We thank Hong Xu, Ming Guo, Luis Martins, Samantha Loh, Richa Rikhy and Hugo ] Bellen
for the various fly lines used in this work. Stocks obtained from the Vienna Drosophila
Resource Center and Bloomington Drosophila Stock Center (NIH P400D018537) were used
in this study. We thank Fly Facility at Bangalore LifeScience Cluster, NCBS-TIFR for embryo
injections. We thank Zelun Wang for his help with the initial genetic screening. MJ initiated
the X-Chromosome screening in the lab of Hugo ] Bellen-we thank his generous help. We
thank Titus P Ponrathnam for cloning of Ben::V5 construct preparation. We acknowledge
Aravind H, Debdeep Datta and Sayantan Datta for critical reading and editing of the manu-
script and the MJ lab members for fruitful discussion.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 30/37


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010493.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010493.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010493.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010493.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010493.s010
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

Author Contributions

Conceptualization: Rajit Narayanan Cheramangalam, Tarana Anand, Sonal Nagarkar Jaiswal,
Manish Jaiswal.

Funding acquisition: Sonal Nagarkar Jaiswal, Manish Jaiswal.

Investigation: Rajit Narayanan Cheramangalam, Tarana Anand, Priyanka Pandey, Deepa
Balasubramanian, Reshmi Varghese, Neha Singhal, Manish Jaiswal.

Methodology: Priyanka Pandey, Sonal Nagarkar Jaiswal.
Supervision: Sonal Nagarkar Jaiswal, Manish Jaiswal.
Writing - original draft: Rajit Narayanan Cheramangalam, Tarana Anand, Manish Jaiswal.

Writing - review & editing: Priyanka Pandey, Sonal Nagarkar Jaiswal.

References

1. Noguchi M, Kasahara A. Mitochondrial dynamics coordinate cell differentiation. Biochem Biophys Res
Commun. 2018 May 27; 500(1):59—-64. https://doi.org/10.1016/j.bbrc.2017.06.094 PMID: 28634072

2. Castanier C, Garcin D, Vazquez A, Arnoult D. Mitochondrial dynamics regulate the RIG-I-like receptor
antiviral pathway. EMBO Rep. 2010 Feb; 11(2):133-8. https://doi.org/10.1038/embor.2009.258
PMID: 20019757

3. Rambold AS, Kostelecky B, Elia N, Lippincott-Schwartz J. Tubular network formation protects mito-
chondria from autophagosomal degradation during nutrient starvation. Proc Natl Acad Sci USA. 2011
Jun 21; 108(25):10190-5. https://doi.org/10.1073/pnas.1107402108 PMID: 21646527

4. Shutt T, Geoffrion M, Milne R, McBride HM. The intracellular redox state is a core determinant of mito-
chondrial fusion. EMBO Rep. 2012 Oct; 13(10):909-15. https://doi.org/10.1038/embor.2012.128
PMID: 22945481

5. Tondera D, Grandemange S, Jourdain A, Karbowski M, Mattenberger Y, Herzig S, et al. SLP-2is
required for stress-induced mitochondrial hyperfusion. EMBO J. 2009 Jun 3; 28(11):1589-600. https://
doi.org/10.1038/emb0j.2009.89 PMID: 19360003

6. Diaz F, Thomas CK, Garcia S, Hernandez D, Moraes CT. Mice lacking COX10 in skeletal muscle reca-
pitulate the phenotype of progressive mitochondrial myopathies associated with cytochrome ¢ oxidase
deficiency. Hum Mol Genet. 2005 Sep 15; 14(18):2737-48. https://doi.org/10.1093/hmg/ddi307 PMID:
16103131

7. Sterky FH, Lee S, Wibom R, Olson L, Larsson N-G. Impaired mitochondrial transport and Parkin-inde-
pendent degeneration of respiratory chain-deficient dopamine neurons in vivo. Proc Natl Acad Sci
USA. 2011 Aug 2; 108(31):12937—42. https://doi.org/10.1073/pnas.1103295108 PMID: 21768369

8. Pernaute B, Pérez-Montero S, Sanchez Nieto JM, Di Gregorio A, Lima A, Lawlor K, et al. DRP1 levels
determine the apoptotic threshold during embryonic differentiation through a mitophagy-dependent
mechanism. Dev Cell. 2022 Jun 6; 57(11):1316—-1330.€7. https://doi.org/10.1016/j.devcel.2022.04.
020 PMID: 35597240

9. TanakaA, Cleland MM, Xu S, Narendra DP, Suen D-F, Karbowski M, et al. Proteasome and p97 medi-
ate mitophagy and degradation of mitofusins induced by Parkin. J Cell Biol. 2010 Dec 27; 191
(7):1367-80. https://doi.org/10.1083/jcb.201007013 PMID: 21173115

10. Ziviani E, Tao RN, Whitworth AJ. Drosophila parkin requires PINK1 for mitochondrial translocation
and ubiquitinates mitofusin. Proc Natl Acad Sci USA. 2010 Mar 16; 107(11):5018-23. https://doi.org/
10.1073/pnas.0913485107 PMID: 20194754

11. Chan NC, Salazar AM, Pham AH, Sweredoski MJ, Kolawa NJ, Graham RLJ, et al. Broad activation of
the ubiquitin-proteasome system by Parkin is critical for mitophagy. Hum Mol Genet. 2011 May 1; 20
(9):1726-37. https://doi.org/10.1093/hmg/ddr048 PMID: 21296869

12. Duvezin-Caubet S, Jagasia R, Wagener J, Hofmann S, Trifunovic A, Hansson A, et al. Proteolytic pro-
cessing of OPA1 links mitochondrial dysfunction to alterations in mitochondrial morphology. J Biol
Chem. 2006 Dec 8; 281(49):37972-9. https://doi.org/10.1074/jbc.M606059200 PMID: 17003040

13. Twig G, Elorza A, Molina AJA, Mohamed H, Wikstrom JD, Walzer G, et al. Fission and selective fusion
govern mitochondrial segregation and elimination by autophagy. EMBO J. 2008 Jan 23; 27(2):433—
46. https://doi.org/10.1038/sj.emboj.7601963 PMID: 18200046

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 31/37


https://doi.org/10.1016/j.bbrc.2017.06.094
http://www.ncbi.nlm.nih.gov/pubmed/28634072
https://doi.org/10.1038/embor.2009.258
http://www.ncbi.nlm.nih.gov/pubmed/20019757
https://doi.org/10.1073/pnas.1107402108
http://www.ncbi.nlm.nih.gov/pubmed/21646527
https://doi.org/10.1038/embor.2012.128
http://www.ncbi.nlm.nih.gov/pubmed/22945481
https://doi.org/10.1038/emboj.2009.89
https://doi.org/10.1038/emboj.2009.89
http://www.ncbi.nlm.nih.gov/pubmed/19360003
https://doi.org/10.1093/hmg/ddi307
http://www.ncbi.nlm.nih.gov/pubmed/16103131
https://doi.org/10.1073/pnas.1103295108
http://www.ncbi.nlm.nih.gov/pubmed/21768369
https://doi.org/10.1016/j.devcel.2022.04.020
https://doi.org/10.1016/j.devcel.2022.04.020
http://www.ncbi.nlm.nih.gov/pubmed/35597240
https://doi.org/10.1083/jcb.201007013
http://www.ncbi.nlm.nih.gov/pubmed/21173115
https://doi.org/10.1073/pnas.0913485107
https://doi.org/10.1073/pnas.0913485107
http://www.ncbi.nlm.nih.gov/pubmed/20194754
https://doi.org/10.1093/hmg/ddr048
http://www.ncbi.nlm.nih.gov/pubmed/21296869
https://doi.org/10.1074/jbc.M606059200
http://www.ncbi.nlm.nih.gov/pubmed/17003040
https://doi.org/10.1038/sj.emboj.7601963
http://www.ncbi.nlm.nih.gov/pubmed/18200046
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Shimura D, Nuebel E, Baum R, Valdez SE, Xiao S, Warren JS, et al. Protective mitochondrial fission
induced by stress-responsive protein GJA1-20k. eLife. 2021 Oct 5; 10. https://doi.org/10.7554/eLife.
69207 PMID: 34608863

Klimova N, Long A, Kristian T. Significance of Mitochondrial Protein Post-translational Modifications in
Pathophysiology of Brain Injury. Transl Stroke Res. 2018 Jun; 9(3):223-37. https://doi.org/10.1007/
$12975-017-0569-8 PMID: 28936802

Tilokani L, Nagashima S, Paupe V, Prudent J. Mitochondrial dynamics: overview of molecular mecha-
nisms. Essays Biochem. 2018 Jul 20; 62(3):341-60. https://doi.org/10.1042/EBC20170104 PMID:
30030364

Chan DC. Mitochondrial dynamics and its involvement in disease. Annu Rev Pathol. 2020 Jan 24;
15:235-59. https://doi.org/10.1146/annurev-pathmechdis-012419-032711 PMID: 31585519

Haelterman NA, Yoon WH, Sandoval H, Jaiswal M, Shulman JM, Bellen HJ. A mitocentric view of Par-
kinson’s disease. Annu Rev Neurosci. 2014 May 5; 37:137-59. https://doi.org/10.1146/annurev-
neuro-071013-014317 PMID: 24821430

Narendra DP, Jin SM, Tanaka A, Suen D-F, Gautier CA, Shen J, et al. PINK1 is selectively stabilized
on impaired mitochondria to activate Parkin. PLoS Biol. 2010 Jan 26; 8(1):€1000298. https://doi.org/
10.1371/journal.pbio.1000298 PMID: 20126261

Vives-Bauza C, Zhou C, Huang Y, Cui M, de Vries RLA, Kim J, et al. PINK1-dependent recruitment of
Parkin to mitochondria in mitophagy. Proc Natl Acad Sci USA. 2010 Jan 5; 107(1):378-83. https://doi.
org/10.1073/pnas.0911187107 PMID: 19966284

Kondapalli C, Kazlauskaite A, Zhang N, Woodroof HI, Campbell DG, Gourlay R, et al. PINK1 is acti-
vated by mitochondrial membrane potential depolarization and stimulates Parkin E3 ligase activity by
phosphorylating Serine 65. Open Biol. 2012 May; 2(5):120080. https://doi.org/10.1098/rsob.120080
PMID: 22724072

LiuY, LinJ, Zhang M, Chen K, Yang S, Wang Q, et al. PINK1 is required for timely cell-type specific
mitochondrial clearance during Drosophila midgut metamorphosis. Dev Biol. 2016 Nov 15; 419
(2):357-72. https://doi.org/10.1016/j.ydbio.2016.08.028 PMID: 27575041

Shen JL, Fortier TM, Wang R, Baehrecke EH. Vps13D functions in a Pink1-dependent and Parkin-
independent mitophagy pathway. J Cell Biol. 2021 Nov 1; 220(11).

Shen M, Jiang Y, Guan Z, Cao Y, Sun S-C, Liu H. FSH protects mouse granulosa cells from oxidative
damage by repressing mitophagy. Sci Rep. 2016 Nov 30; 6:38090. https://doi.org/10.1038/srep38090
PMID: 27901103

Rojansky R, Cha M-Y, Chan DC. Elimination of paternal mitochondria in mouse embryos occurs
through autophagic degradation dependent on PARKIN and MULA1. eLife. 2016 Nov 17; 5. https://doi.
org/10.7554/eLife.17896 PMID: 27852436

Wang C, LiuK, Cao J, Wang L, Zhao Q, Li Z, et al. PINK1-mediated mitophagy maintains pluripotency
through optineurin. Cell Prolif. 2021 May; 54(5):e13034. hitps://doi.org/10.1111/cpr.13034 PMID:
33931895

Cornelissen T, Vilain S, Vints K, Gounko N, Verstreken P, Vandenberghe W. Deficiency of parkin and
PINK1 impairs age-dependent mitophagy in Drosophila. eLife. 2018 May 29; 7. https://doi.org/10.
7554/eLife.35878 PMID: 29809156

KimYY, Um J-H, Yoon J-H, Kim H, Lee D-Y, Lee YJ, et al. Assessment of mitophagy in mt-Keima Dro-
sophila revealed an essential role of the PINK1-Parkin pathway in mitophagy induction in vivo. FASEB
J. 2019 Sep; 33(9):9742-51. https://doi.org/10.1096/f].201900073R PMID: 31120803

Jiang Y, Shen M, Chen Y, Wei Y, Tao J, Liu H. Melatonin Represses Mitophagy to Protect Mouse
Granulosa Cells from Oxidative Damage. Biomolecules. 2021 Jun 30; 11(7). https://doi.org/10.3390/
biom11070968 PMID: 34209255

Ge P, Dawson VL, Dawson TM. PINK1 and Parkin mitochondrial quality control: a source of regional
vulnerability in Parkinson’s disease. Mol Neurodegener. 2020 Mar 13; 15(1):20. https://doi.org/10.
1186/s13024-020-00367-7 PMID: 32169097

Luz AL, Rooney JP, Kubik LL, Gonzalez CP, Song DH, Meyer JN. Mitochondrial Morphology and Fun-
damental Parameters of the Mitochondrial Respiratory Chain Are Altered in Caenorhabditis elegans
Strains Deficient in Mitochondrial Dynamics and Homeostasis Processes. PLoS ONE. 2015 Jun 24;
10(6):€0130940. https://doi.org/10.1371/journal.pone.0130940 PMID: 26106885

Gautier CA, Kitada T, Shen J. Loss of PINK1 causes mitochondrial functional defects and increased
sensitivity to oxidative stress. Proc Natl Acad Sci USA. 2008 Aug 12; 105(32):11364-9. https://doi.org/
10.1073/pnas.0802076105 PMID: 18687901

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 32/37


https://doi.org/10.7554/eLife.69207
https://doi.org/10.7554/eLife.69207
http://www.ncbi.nlm.nih.gov/pubmed/34608863
https://doi.org/10.1007/s12975-017-0569-8
https://doi.org/10.1007/s12975-017-0569-8
http://www.ncbi.nlm.nih.gov/pubmed/28936802
https://doi.org/10.1042/EBC20170104
http://www.ncbi.nlm.nih.gov/pubmed/30030364
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
http://www.ncbi.nlm.nih.gov/pubmed/31585519
https://doi.org/10.1146/annurev-neuro-071013-014317
https://doi.org/10.1146/annurev-neuro-071013-014317
http://www.ncbi.nlm.nih.gov/pubmed/24821430
https://doi.org/10.1371/journal.pbio.1000298
https://doi.org/10.1371/journal.pbio.1000298
http://www.ncbi.nlm.nih.gov/pubmed/20126261
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1073/pnas.0911187107
http://www.ncbi.nlm.nih.gov/pubmed/19966284
https://doi.org/10.1098/rsob.120080
http://www.ncbi.nlm.nih.gov/pubmed/22724072
https://doi.org/10.1016/j.ydbio.2016.08.028
http://www.ncbi.nlm.nih.gov/pubmed/27575041
https://doi.org/10.1038/srep38090
http://www.ncbi.nlm.nih.gov/pubmed/27901103
https://doi.org/10.7554/eLife.17896
https://doi.org/10.7554/eLife.17896
http://www.ncbi.nlm.nih.gov/pubmed/27852436
https://doi.org/10.1111/cpr.13034
http://www.ncbi.nlm.nih.gov/pubmed/33931895
https://doi.org/10.7554/eLife.35878
https://doi.org/10.7554/eLife.35878
http://www.ncbi.nlm.nih.gov/pubmed/29809156
https://doi.org/10.1096/fj.201900073R
http://www.ncbi.nlm.nih.gov/pubmed/31120803
https://doi.org/10.3390/biom11070968
https://doi.org/10.3390/biom11070968
http://www.ncbi.nlm.nih.gov/pubmed/34209255
https://doi.org/10.1186/s13024-020-00367-7
https://doi.org/10.1186/s13024-020-00367-7
http://www.ncbi.nlm.nih.gov/pubmed/32169097
https://doi.org/10.1371/journal.pone.0130940
http://www.ncbi.nlm.nih.gov/pubmed/26106885
https://doi.org/10.1073/pnas.0802076105
https://doi.org/10.1073/pnas.0802076105
http://www.ncbi.nlm.nih.gov/pubmed/18687901
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

YuW, SunY, Guo S, Lu B. The PINK1/Parkin pathway regulates mitochondrial dynamics and function
in mammalian hippocampal and dopaminergic neurons. Hum Mol Genet. 2011 Aug 15; 20(16):3227—
40. https://doi.org/10.1093/hmg/ddr235 PMID: 21613270

Billia F, Hauck L, Konecny F, Rao V, Shen J, Mak TW. PTEN-inducible kinase 1 (PINK1)/Parké is
indispensable for normal heart function. Proc Natl Acad Sci USA. 2011 Jun 7; 108(23):9572—7. https://
doi.org/10.1073/pnas.1106291108 PMID: 21606348

Deng H, Dodson MW, Huang H, Guo M. The Parkinson’s disease genes pink1 and parkin promote
mitochondrial fission and/or inhibit fusion in Drosophila. Proc Natl Acad Sci USA. 2008 Sep 23; 105
(38):14503-8. https://doi.org/10.1073/pnas.0803998105 PMID: 18799731

Yang Y, Gehrke S, Imai Y, Huang Z, Ouyang Y, Wang J-W, et al. Mitochondrial pathology and muscle
and dopaminergic neuron degeneration caused by inactivation of Drosophila Pink1 is rescued by Par-
kin. Proc Natl Acad Sci USA. 2006 Jul 11; 103(28):10793-8. https://doi.org/10.1073/pnas.
0602493103 PMID: 16818890

Poole AC, Thomas RE, Yu S, Vincow ES, Pallanck L. The mitochondrial fusion-promoting factor mito-
fusin is a substrate of the PINK1/parkin pathway. PLoS ONE. 2010 Apr 7; 5(4):e10054. https://doi.org/
10.1371/journal.pone.0010054 PMID: 20383334

Baggio F, Bratic A, Mourier A, Kauppila TES, Tain LS, Kukat C, et al. Drosophila melanogaster
LRPPRC2 is involved in coordination of mitochondrial translation. Nucleic Acids Res. 2014 Dec 16; 42
(22):13920-38. https://doi.org/10.1093/nar/gkul132 PMID: 25428350

Jaiswal M, Haelterman NA, Sandoval H, Xiong B, Donti T, Kalsotra A, et al. Impaired Mitochondrial
Energy Production Causes Light-Induced Photoreceptor Degeneration Independent of Oxidative
Stress. PLoS Biol. 2015 Jul 15; 13(7):e1002197. https://doi.org/10.1371/journal.pbio.1002197 PMID:
26176594

Mootha VK, Lepage P, Miller K, Bunkenborg J, Reich M, Hjerrild M, et al. Identification of a gene caus-
ing human cytochrome c oxidase deficiency by integrative genomics. Proc Natl Acad Sci USA. 2003
Jan 21; 100(2):605—10. https://doi.org/10.1073/pnas.242716699 PMID: 12529507

Debray F-G, Morin C, Janvier A, Villeneuve J, Maranda B, Laframboise R, et al. LRPPRC mutations
cause a phenotypically distinct form of Leigh syndrome with cytochrome c oxidase deficiency. J Med
Genet. 2011 Mar; 48(3):183-9. https://doi.org/10.1136/jmg.2010.081976 PMID: 21266382

Cuillerier A, Ruiz M, Daneault C, Forest A, Rossi J, Vasam G, et al. Adaptive optimization of the
OXPHOS assembly line partially compensates Irpprc-dependent mitochondrial translation defects in
mice. Commun Biol. 2021 Aug 19; 4(1):989. https://doi.org/10.1038/s42003-021-02492-5 PMID:
34413467

Rolland SG, Motori E, Memar N, Hench J, Frank S, Winklhofer KF, et al. Impaired complex IV activity
in response to loss of LRPPRC function can be compensated by mitochondrial hyperfusion. Proc Natl
Acad Sci USA. 2013 Aug 6; 110(32):E2967-76. https://doi.org/10.1073/pnas.1303872110 PMID:
23878239

Yamamoto S, Jaiswal M, Charng W-L, Gambin T, Karaca E, Mirzaa G, et al. A drosophila genetic
resource of mutants to study mechanisms underlying human genetic diseases. Cell. 2014 Sep 25; 159
(1):200—14. https://doi.org/10.1016/j.cell.2014.09.002 PMID: 25259927

Haelterman NA, Jiang L, Li Y, Bayat V, Sandoval H, Ugur B, et al. Large-scale identification of chemi-
cally induced mutations in Drosophila melanogaster. Genome Res. 2014 Oct; 24(10):1707-18. https://
doi.org/10.1101/gr.174615.114 PMID: 25258387

Sandoval H, Yao C-K, Chen K, Jaiswal M, Donti T, Lin YQ, et al. Mitochondrial fusion but not fission
regulates larval growth and synaptic development through steroid hormone production. eLife. 2014
Oct 14; 3.

Singhal N, Jaiswal M. Pathways to neurodegeneration: lessons learnt from unbiased genetic screens
in Drosophila. J Genet. 2018 Jul; 97(3):773-81. PMID: 30027908

Xu T, Rubin GM. Analysis of genetic mosaics in developing and adult Drosophila tissues. Develop-
ment. 1993 Apr; 117(4):1223-37. https://doi.org/10.1242/dev.117.4.1223 PMID: 8404527

CuiJ, Wang L, Ren X, Zhang Y, Zhang H. LRPPRC: A multifunctional protein involved in energy
metabolism and human disease. Front Physiol. 2019 May 24; 10:595. https://doi.org/10.3389/fphys.
2019.00595 PMID: 31178748

Chaudhari SN, Kipreos ET. Increased mitochondrial fusion allows the survival of older animals in
diverse C. elegans longevity pathways. Nat Commun. 2017 Aug 3; 8(1):182. https://doi.org/10.1038/
s$41467-017-00274-4 PMID: 28769038

Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, Abdellatif M, Abdoli A, Abel S, et al. Guidelines for the use
and interpretation of assays for monitoring autophagy (4th edition)1. Autophagy. 2021 Jan; 17(1):1—
382. https://doi.org/10.1080/15548627.2020.1797280 PMID: 33634751

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 33/37


https://doi.org/10.1093/hmg/ddr235
http://www.ncbi.nlm.nih.gov/pubmed/21613270
https://doi.org/10.1073/pnas.1106291108
https://doi.org/10.1073/pnas.1106291108
http://www.ncbi.nlm.nih.gov/pubmed/21606348
https://doi.org/10.1073/pnas.0803998105
http://www.ncbi.nlm.nih.gov/pubmed/18799731
https://doi.org/10.1073/pnas.0602493103
https://doi.org/10.1073/pnas.0602493103
http://www.ncbi.nlm.nih.gov/pubmed/16818890
https://doi.org/10.1371/journal.pone.0010054
https://doi.org/10.1371/journal.pone.0010054
http://www.ncbi.nlm.nih.gov/pubmed/20383334
https://doi.org/10.1093/nar/gku1132
http://www.ncbi.nlm.nih.gov/pubmed/25428350
https://doi.org/10.1371/journal.pbio.1002197
http://www.ncbi.nlm.nih.gov/pubmed/26176594
https://doi.org/10.1073/pnas.242716699
http://www.ncbi.nlm.nih.gov/pubmed/12529507
https://doi.org/10.1136/jmg.2010.081976
http://www.ncbi.nlm.nih.gov/pubmed/21266382
https://doi.org/10.1038/s42003-021-02492-5
http://www.ncbi.nlm.nih.gov/pubmed/34413467
https://doi.org/10.1073/pnas.1303872110
http://www.ncbi.nlm.nih.gov/pubmed/23878239
https://doi.org/10.1016/j.cell.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25259927
https://doi.org/10.1101/gr.174615.114
https://doi.org/10.1101/gr.174615.114
http://www.ncbi.nlm.nih.gov/pubmed/25258387
http://www.ncbi.nlm.nih.gov/pubmed/30027908
https://doi.org/10.1242/dev.117.4.1223
http://www.ncbi.nlm.nih.gov/pubmed/8404527
https://doi.org/10.3389/fphys.2019.00595
https://doi.org/10.3389/fphys.2019.00595
http://www.ncbi.nlm.nih.gov/pubmed/31178748
https://doi.org/10.1038/s41467-017-00274-4
https://doi.org/10.1038/s41467-017-00274-4
http://www.ncbi.nlm.nih.gov/pubmed/28769038
https://doi.org/10.1080/15548627.2020.1797280
http://www.ncbi.nlm.nih.gov/pubmed/33634751
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Zang S, Ali YO, Ruan K, Zhai RG. Nicotinamide mononucleotide adenylyltransferase maintains active
zone structure by stabilizing Bruchpilot. EMBO Rep. 2013 Jan; 14(1):87-94. https://doi.org/10.1038/
embor.2012.181 PMID: 23154466

Choutka C, DeVorkin L, Go NE, Hou Y-CC, Moradian A, Morin GB, et al. Hsp83 loss suppresses pro-
teasomal activity resulting in an upregulation of caspase-dependent compensatory autophagy. Autop-
hagy. 2017 Sep 2; 13(9):1573-89. https://doi.org/10.1080/15548627.2017.1339004 PMID: 28806103

Belote JM, Fortier E. Targeted expression of dominant negative proteasome mutants in Drosophila
melanogaster. Genesis. 2002 Oct; 34(1-2):80-2. https://doi.org/10.1002/gene.10131 PMID:
12324954

Senyilmaz D, Virtue S, Xu X, Tan CY, Griffin JL, Miller AK, et al. Regulation of mitochondrial morphol-
ogy and function by stearoylation of TFR1. Nature. 2015 Sep 3; 525(7567):124-8. https://doi.org/10.
1038/nature14601 PMID: 26214738

Leboucher GP, Tsai YC, Yang M, Shaw KC, Zhou M, Veenstra TD, et al. Stress-induced phosphoryla-
tion and proteasomal degradation of mitofusin 2 facilitates mitochondrial fragmentation and apoptosis.
Mol Cell. 2012 Aug 24; 47(4):547-57. https://doi.org/10.1016/j.molcel.2012.05.041 PMID: 22748923

Yun J, Puri R, Yang H, Lizzio MA, Wu C, Sheng Z-H, et al. MUL1 acts in parallel to the PINK1/parkin
pathway in regulating mitofusin and compensates for loss of PINK1/parkin. eLife. 2014 Jun 4; 3:
e01958. https://doi.org/10.7554/eLife.01958 PMID: 24898855

Clark IE, Dodson MW, Jiang C, Cao JH, Huh JR, Seol JH, et al. Drosophila pink1 is required for mito-
chondrial function and interacts genetically with parkin. Nature. 2006 Jun 29; 441(7097):1162—6.
https://doi.org/10.1038/nature04779 PMID: 16672981

Park J, Lee SB, Lee S, Kim Y, Song S, Kim S, et al. Mitochondrial dysfunction in Drosophila PINK1
mutants is complemented by parkin. Nature. 2006 Jun 29; 441(7097):1157-61. https://doi.org/10.
1038/nature04788 PMID: 16672980

Wang Y, Nartiss Y, Steipe B, McQuibban GA, Kim PK. ROS-induced mitochondrial depolarization initi-
ates PARK2/PARKIN-dependent mitochondrial degradation by autophagy. Autophagy. 2012 Oct; 8
(10):1462-76. https://doi.org/10.4161/auto.21211 PMID: 22889933

Jin SM, Youle RJ. The accumulation of misfolded proteins in the mitochondrial matrix is sensed by
PINK1 to induce PARK2/Parkin-mediated mitophagy of polarized mitochondria. Autophagy. 2013 Nov
1; 9(11):1750-7. https://doi.org/10.4161/auto.26122 PMID: 24149988

Bayat V, Thiffault |, Jaiswal M, Tétreault M, Donti T, Sasarman F, et al. Mutations in the mitochondrial
methionyl-tRNA synthetase cause a neurodegenerative phenotype in flies and a recessive ataxia
(ARSAL) in humans. PLoS Biol. 2012 Mar 20; 10(3):e1001288. https://doi.org/10.1371/journal.pbio.
1001288 PMID: 22448145

Koéhler F, Mdiller-Rischart AK, Conradt B, Rolland SG. The loss of LRPPRC function induces the mito-
chondrial unfolded protein response. Aging (Albany NY). 2015 Sep; 7(9):701-17. https://doi.org/10.
18632/aging.100812 PMID: 26412102

Hunt RJ, Granat L, McElroy GS, Ranganathan R, Chandel NS, Bateman JM. Mitochondrial stress
causes neuronal dysfunction via an ATF4-dependent increase in L-2-hydroxyglutarate. J Cell Biol.
2019 Dec 2; 218(12):4007-16. https://doi.org/10.1083/jcb.201904148 PMID: 31645461

Borch Jensen M, Qi Y, Riley R, Rabkina L, Jasper H. PGAM5 promotes lasting FoxO activation after
developmental mitochondrial stress and extends lifespan in Drosophila. eLife. 2017 Sep 11; 6. https://
doi.org/10.7554/eLife.26952 PMID: 28891792

Bagri RM, Pietron AV, Gokhale RH, Turner BA, Kaguni LS, Shingleton AW, et al. Mitochondrial chap-
erone TRAP1 activates the mitochondrial UPR and extends healthspan in Drosophila. Mech Ageing
Dev. 2014 Dec;141-142:35-45. https://doi.org/10.1016/j.mad.2014.09.002 PMID: 25265088

Pimenta de Castro |, Costa AC, Lam D, Tufi R, Fedele V, Moisoi N, et al. Genetic analysis of mitochon-
drial protein misfolding in Drosophila melanogaster. Cell Death Differ. 2012 Aug; 19(8):1308-16.
https://doi.org/10.1038/cdd.2012.5 PMID: 22301916

Shiba-Fukushima K, Inoshita T, Hattori N, Imai Y. Lysine 63-linked polyubiquitination is dispensable
for Parkin-mediated mitophagy. J Biol Chem. 2014 Nov 28; 289(48):33131-6. https://doi.org/10.1074/
jbc.C114.580944 PMID: 25336644

Sekine S. PINK1 import regulation at a crossroad of mitochondrial fate: the molecular mechanisms of
PINK1 import. J Biochem. 2020 Mar 1; 167(3):217-24. https://doi.org/10.1093/jb/mvz069 PMID:
31504668

Thomas RE, Andrews LA, Burman JL, Lin W-Y, Pallanck LJ. PINK1-Parkin pathway activity is regu-
lated by degradation of PINK1 in the mitochondrial matrix. PLoS Genet. 2014 May 29; 10(5):
e€1004279. https://doi.org/10.1371/journal.pgen.1004279 PMID: 24874806

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 34/37


https://doi.org/10.1038/embor.2012.181
https://doi.org/10.1038/embor.2012.181
http://www.ncbi.nlm.nih.gov/pubmed/23154466
https://doi.org/10.1080/15548627.2017.1339004
http://www.ncbi.nlm.nih.gov/pubmed/28806103
https://doi.org/10.1002/gene.10131
http://www.ncbi.nlm.nih.gov/pubmed/12324954
https://doi.org/10.1038/nature14601
https://doi.org/10.1038/nature14601
http://www.ncbi.nlm.nih.gov/pubmed/26214738
https://doi.org/10.1016/j.molcel.2012.05.041
http://www.ncbi.nlm.nih.gov/pubmed/22748923
https://doi.org/10.7554/eLife.01958
http://www.ncbi.nlm.nih.gov/pubmed/24898855
https://doi.org/10.1038/nature04779
http://www.ncbi.nlm.nih.gov/pubmed/16672981
https://doi.org/10.1038/nature04788
https://doi.org/10.1038/nature04788
http://www.ncbi.nlm.nih.gov/pubmed/16672980
https://doi.org/10.4161/auto.21211
http://www.ncbi.nlm.nih.gov/pubmed/22889933
https://doi.org/10.4161/auto.26122
http://www.ncbi.nlm.nih.gov/pubmed/24149988
https://doi.org/10.1371/journal.pbio.1001288
https://doi.org/10.1371/journal.pbio.1001288
http://www.ncbi.nlm.nih.gov/pubmed/22448145
https://doi.org/10.18632/aging.100812
https://doi.org/10.18632/aging.100812
http://www.ncbi.nlm.nih.gov/pubmed/26412102
https://doi.org/10.1083/jcb.201904148
http://www.ncbi.nlm.nih.gov/pubmed/31645461
https://doi.org/10.7554/eLife.26952
https://doi.org/10.7554/eLife.26952
http://www.ncbi.nlm.nih.gov/pubmed/28891792
https://doi.org/10.1016/j.mad.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25265088
https://doi.org/10.1038/cdd.2012.5
http://www.ncbi.nlm.nih.gov/pubmed/22301916
https://doi.org/10.1074/jbc.C114.580944
https://doi.org/10.1074/jbc.C114.580944
http://www.ncbi.nlm.nih.gov/pubmed/25336644
https://doi.org/10.1093/jb/mvz069
http://www.ncbi.nlm.nih.gov/pubmed/31504668
https://doi.org/10.1371/journal.pgen.1004279
http://www.ncbi.nlm.nih.gov/pubmed/24874806
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Zhou J, Xu L, Duan X, Liu W, Zhao X, Wang X, et al. Large-scale RNAi screen identified Dhpr as a reg-
ulator of mitochondrial morphology and tissue homeostasis. Sci Adv. 2019 Sep 18; 5(9):eaax0365.
https://doi.org/10.1126/sciadv.aax0365 PMID: 31555733

Wang Z-H, Clark C, Geisbrecht ER. Analysis of mitochondrial structure and function in the Drosophila
larval musculature. Mitochondrion. 2016 Jan; 26:33—42. https://doi.org/10.1016/j.mit0.2015.11.005
PMID: 26611999

Chowdhary S, Tomer D, Dubal D, Sambre D, Rikhy R. Analysis of mitochondrial organization and
function in the Drosophila blastoderm embryo. Sci Rep. 2017 Jul 14; 7(1):5502. https://doi.org/10.
1038/s41598-017-05679-1 PMID: 28710464

Chowdhary S, Rikhy R. Labeling and Tracking Mitochondria with Photoactivation in Drosophila
Embryos. Bio Protoc. 2022 Mar 5; 12(5):e4347. https://doi.org/10.21769/BioProtoc.4347 PMID:
35592607

Shami GJ, Cheng D, Verhaegh P, Koek G, Wisse E, Braet F. Three-dimensional ultrastructure of giant
mitochondria in human non-alcoholic fatty liver disease. Sci Rep. 2021 Feb 8; 11(1):3319. https://doi.
0rg/10.1038/s41598-021-82884-z PMID: 33558594

Vincent AE, Ng YS, White K, Davey T, Mannella C, Falkous G, et al. The spectrum of mitochondrial
ultrastructural defects in mitochondrial myopathy. Sci Rep. 2016 Aug 10; 6:30610. https://doi.org/10.
1038/srep30610 PMID: 27506553

Hsiung K-C, Liu K-Y, Tsai T-F, Yoshina S, Mitani S, Chin-Ming Tan B, et al. Defects in CISD-1, a mito-
chondrial iron-sulfur protein, lower glucose level and ATP production in Caenorhabditis elegans.
Biomed J. 2020 Feb 27; 43(1):32—43. https://doi.org/10.1016/}.bj.2019.07.009 PMID: 32200954

Meshrkey F, Cabrera Ayuso A, Rao RR, lyer S. Quantitative analysis of mitochondrial morphologies in
human induced pluripotent stem cells for Leigh syndrome. Stem Cell Res. 2021 Oct 12; 57:102572.
https://doi.org/10.1016/j.scr.2021.102572 PMID: 34662843

Eisner V, Picard M, Hajnéczky G. Mitochondrial dynamics in adaptive and maladaptive cellular stress
responses. Nat Cell Biol. 2018 Jul; 20(7):755-65. https://doi.org/10.1038/s41556-018-0133-0 PMID:
29950571

Liesa M, Shirihai OS. Mitochondrial dynamics in the regulation of nutrient utilization and energy expen-
diture. Cell Metab. 2013 Apr 2; 17(4):491-506. https://doi.org/10.1016/j.cmet.2013.03.002 PMID:
23562075

Gomes LC, Di Benedetto G, Scorrano L. During autophagy mitochondria elongate, are spared from
degradation and sustain cell viability. Nat Cell Biol. 2011 May; 13(5):589-98. https://doi.org/10.1038/
ncb2220 PMID: 21478857

Das R, Chakrabarti O. Mitochondrial hyperfusion: a friend or a foe. Biochem Soc Trans. 2020 Apr 29;
48(2):631—-44. https://doi.org/10.1042/BST20190987 PMID: 32219382

Mendelsohn R, Garcia GC, Bartol TM, Lee CT, Khandelwal P, Liu E, et al. Morphological principles of
neuronal mitochondria. J Comp Neurol. 2022 Apr; 530(6):886—-902. https://doi.org/10.1002/cne.25254
PMID: 34608995

Strauss M, Hofhaus G, Schroder RR, Kuhlbrandt W. Dimer ribbons of ATP synthase shape the inner
mitochondrial membrane. EMBO J. 2008 Apr 9; 27(7):1154—60. https://doi.org/10.1038/emboj.2008.
35 PMID: 18323778

Yamada T, Murata D, Adachi Y, Itoh K, Kameoka S, Igarashi A, et al. Mitochondrial Stasis Reveals
p62-Mediated Ubiquitination in Parkin-Independent Mitophagy and Mitigates Nonalcoholic Fatty Liver
Disease. Cell Metab. 2018 Oct 2; 28(4):588-604.e5. https://doi.org/10.1016/j.cmet.2018.06.014
PMID: 30017357

Ziviani E, Whitworth AJ. How could Parkin-mediated ubiquitination of mitofusin promote mitophagy?
Autophagy. 2010 Jul 1; 6(5):660—-2. https://doi.org/10.4161/auto.6.5.12242 PMID: 20484985

Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Science. 2012 Aug 31; 337
(6098):1062-5. https://doi.org/10.1126/science.1219855 PMID: 22936770

Whitworth AJ, Pallanck LJ. PINK1/Parkin mitophagy and neurodegeneration-what do we really know
in vivo? Curr Opin Genet Dev. 2017 Jun; 44:47-53. https://doi.org/10.1016/j.gde.2017.01.016 PMID:
28213158

Yamano K, Youle RJ. PINK1 is degraded through the N-end rule pathway. Autophagy. 2013 Nov 1; 9
(11):1758-69. https://doi.org/10.4161/auto.24633 PMID: 24121706

Greene AW, Grenier K, Aguileta MA, Muise S, Farazifard R, Haque ME, et al. Mitochondrial process-
ing peptidase regulates PINK1 processing, import and Parkin recruitment. EMBO Rep. 2012 Apr; 13
(4):378-85. https://doi.org/10.1038/embor.2012.14 PMID: 22354088

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 35/37


https://doi.org/10.1126/sciadv.aax0365
http://www.ncbi.nlm.nih.gov/pubmed/31555733
https://doi.org/10.1016/j.mito.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26611999
https://doi.org/10.1038/s41598-017-05679-1
https://doi.org/10.1038/s41598-017-05679-1
http://www.ncbi.nlm.nih.gov/pubmed/28710464
https://doi.org/10.21769/BioProtoc.4347
http://www.ncbi.nlm.nih.gov/pubmed/35592607
https://doi.org/10.1038/s41598-021-82884-z
https://doi.org/10.1038/s41598-021-82884-z
http://www.ncbi.nlm.nih.gov/pubmed/33558594
https://doi.org/10.1038/srep30610
https://doi.org/10.1038/srep30610
http://www.ncbi.nlm.nih.gov/pubmed/27506553
https://doi.org/10.1016/j.bj.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/32200954
https://doi.org/10.1016/j.scr.2021.102572
http://www.ncbi.nlm.nih.gov/pubmed/34662843
https://doi.org/10.1038/s41556-018-0133-0
http://www.ncbi.nlm.nih.gov/pubmed/29950571
https://doi.org/10.1016/j.cmet.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23562075
https://doi.org/10.1038/ncb2220
https://doi.org/10.1038/ncb2220
http://www.ncbi.nlm.nih.gov/pubmed/21478857
https://doi.org/10.1042/BST20190987
http://www.ncbi.nlm.nih.gov/pubmed/32219382
https://doi.org/10.1002/cne.25254
http://www.ncbi.nlm.nih.gov/pubmed/34608995
https://doi.org/10.1038/emboj.2008.35
https://doi.org/10.1038/emboj.2008.35
http://www.ncbi.nlm.nih.gov/pubmed/18323778
https://doi.org/10.1016/j.cmet.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/30017357
https://doi.org/10.4161/auto.6.5.12242
http://www.ncbi.nlm.nih.gov/pubmed/20484985
https://doi.org/10.1126/science.1219855
http://www.ncbi.nlm.nih.gov/pubmed/22936770
https://doi.org/10.1016/j.gde.2017.01.016
http://www.ncbi.nlm.nih.gov/pubmed/28213158
https://doi.org/10.4161/auto.24633
http://www.ncbi.nlm.nih.gov/pubmed/24121706
https://doi.org/10.1038/embor.2012.14
http://www.ncbi.nlm.nih.gov/pubmed/22354088
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Narendra D, Tanaka A, Suen D-F, Youle RJ. Parkin is recruited selectively to impaired mitochondria
and promotes their autophagy. J Cell Biol. 2008 Dec 1; 183(5):795-8083. https://doi.org/10.1083/jcb.
200809125 PMID: 19029340

Matsuda N, Sato S, Shiba K, Okatsu K, Saisho K, Gautier CA, et al. PINK1 stabilized by mitochondrial
depolarization recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy. J
Cell Biol. 2010 Apr 19; 189(2):211-21. https://doi.org/10.1083/jcb.200910140 PMID: 20404107

Sarraf SA, Raman M, Guarani-Pereira V, Sowa ME, Huttlin EL, Gygi SP, et al. Landscape of the PAR-
KIN-dependent ubiquitylome in response to mitochondrial depolarization. Nature. 2013 Apr 18; 496
(7445):372-6. https://doi.org/10.1038/nature12043 PMID: 23503661

Yoo L, Chung KC. The ubiquitin E3 ligase CHIP promotes proteasomal degradation of the serine/thre-
onine protein kinase PINK1 during staurosporine-induced cell death. J Biol Chem. 2018 Jan 26; 293
(4):1286-97. https://doi.org/10.1074/jbc.M117.803890 PMID: 29242192

Che X, Tang B, Wang X, Chen D, Yan X, Jiang H, et al. The BAG2 Protein Stabilises PINK1 By
Decreasing its Ubiquitination. Biochem Biophys Res Commun. 2013 Oct 25; https://doi.org/10.1016/j.
bbrc.2013.10.086 PMID: 24383081

Qu D, Hage A, Don-Carolis K, Huang E, Joselin A, Safarpour F, et al. BAG2 Gene-mediated Regula-
tion of PINK1 Protein Is Critical for Mitochondrial Translocation of PARKIN and Neuronal Survival. J
Biol Chem. 2015 Dec 18; 290(51):30441-52. https://doi.org/10.1074/jbc.M115.677815 PMID:
26538564

Geisler S, Vollmer S, Golombek S, Kahle PJ. The ubiquitin-conjugating enzymes UBE2N, UBE2L3
and UBE2D2/3 are essential for Parkin-dependent mitophagy. J Cell Sci. 2014 Aug 1; 127(Pt
15):3280-93. https://doi.org/10.1242/jcs. 146035 PMID: 24906799

Fiesel FC, Moussaud-Lamodiéere EL, Ando M, Springer W. A specific subset of E2 ubiquitin-conjugat-
ing enzymes regulate Parkin activation and mitophagy differently. J Cell Sci. 2014 Aug 15; 127(Pt
16):3488-504. https://doi.org/10.1242/jcs. 147520 PMID: 24928900

Murata H, Sakaguchi M, Kataoka K, Huh N-H. SARM1 and TRAF6 bind to and stabilize PINK1 on
depolarized mitochondria. Mol Biol Cell. 2013 Sep; 24(18):2772—84. https://doi.org/10.1091/mbc.E13-
01-0016 PMID: 23885119

Liu Y, Guardia-Laguarta C, Yin J, Erdjument-Bromage H, Martin B, James M, et al. The Ubiquitination
of PINK1 Is Restricted to lts Mature 52-kDa Form. Cell Rep. 2017 Jul 5; 20(1):30-9.

Nathan JA, Kim HT, Ting L, Gygi SP, Goldberg AL. Why do cellular proteins linked to K63-polyubiquitin
chains not associate with proteasomes? EMBO J. 2013 Feb 20; 32(4):552—65. https://doi.org/10.
1038/emb0j.2012.354 PMID: 23314748

Sekine S, Wang C, Sideris DP, Bunker E, Zhang Z, Youle RJ. Reciprocal Roles of Tom7 and OMA1
during Mitochondrial Import and Activation of PINK1. Mol Cell. 2019 Mar 7; 73(5):1028—1043.e5.
https://doi.org/10.1016/j.molcel.2019.01.002 PMID: 30733118

Quintens R, Singh S, Lemaire K, De Bock K, Granvik M, Schraenen A, et al. Mice deficient in the respi-
ratory chain gene Cox6a2 are protected against high-fat diet-induced obesity and insulin resistance.
PLoS ONE. 2013 Feb 27; 8(2):56719. hitps://doi.org/10.1371/journal.pone.0056719 PMID:
23460811

Kanzaki Y, Terasaki F, Okabe M, Otsuka K, Katashima T, Fuijita S, et al. Giant mitochondria in the
myocardium of a patient with mitochondrial cardiomyopathy: transmission and 3-dimensional scanning
electron microscopy. Circulation. 2010 Feb 16; 121(6):831-2. https://doi.org/10.1161/CIR.
0b013e3181d22e2d PMID: 20159843

Rivera H, Martin-Hernandez E, Delmiro A, Garcia-Silva MT, Quijada-Fraile P, Muley R, et al. A new
mutation in the gene encoding mitochondrial seryl-tRNA synthetase as a cause of HUPRA syndrome.
BMC Nephrol. 2013 Sep 13; 14:195. https://doi.org/10.1186/1471-2369-14-195 PMID: 24034276

Léw P, Varga A, Pircs K, Nagy P, Szatmari Z, Sass M, et al. Impaired proteasomal degradation
enhances autophagy via hypoxia signaling in Drosophila. BMC Cell Biol. 2013 Jun 25; 14:29. https://
doi.org/10.1186/1471-2121-14-29 PMID: 23800266

Venken KJT, Kasprowicz J, Kuenen S, Yan J, Hassan BA, Verstreken P. Recombineering-mediated
tagging of Drosophila genomic constructs for in vivo localization and acute protein inactivation. Nucleic
Acids Res. 2008 Oct; 36(18):e114. https://doi.org/10.1093/nar/gkn486 PMID: 18676454

Arganda-Carreras |, Kaynig V, Rueden C, Eliceiri KW, Schindelin J, Cardona A, et al. Trainable Weka
Segmentation: a machine learning tool for microscopy pixel classification. Bioinformatics. 2017 Aug 1;
33(15):2424—6. https://doi.org/10.1093/bioinformatics/btx180 PMID: 28369169

Zhang Y, ChenY, Gucek M, Xu H. The mitochondrial outer membrane protein MDI promotes local pro-
tein synthesis and mtDNA replication. EMBO J. 2016 May 17; 35(10):1045-57. https://doi.org/10.
15252/embj.201592994 PMID: 27053724

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 36/37


https://doi.org/10.1083/jcb.200809125
https://doi.org/10.1083/jcb.200809125
http://www.ncbi.nlm.nih.gov/pubmed/19029340
https://doi.org/10.1083/jcb.200910140
http://www.ncbi.nlm.nih.gov/pubmed/20404107
https://doi.org/10.1038/nature12043
http://www.ncbi.nlm.nih.gov/pubmed/23503661
https://doi.org/10.1074/jbc.M117.803890
http://www.ncbi.nlm.nih.gov/pubmed/29242192
https://doi.org/10.1016/j.bbrc.2013.10.086
https://doi.org/10.1016/j.bbrc.2013.10.086
http://www.ncbi.nlm.nih.gov/pubmed/24383081
https://doi.org/10.1074/jbc.M115.677815
http://www.ncbi.nlm.nih.gov/pubmed/26538564
https://doi.org/10.1242/jcs.146035
http://www.ncbi.nlm.nih.gov/pubmed/24906799
https://doi.org/10.1242/jcs.147520
http://www.ncbi.nlm.nih.gov/pubmed/24928900
https://doi.org/10.1091/mbc.E13-01-0016
https://doi.org/10.1091/mbc.E13-01-0016
http://www.ncbi.nlm.nih.gov/pubmed/23885119
https://doi.org/10.1038/emboj.2012.354
https://doi.org/10.1038/emboj.2012.354
http://www.ncbi.nlm.nih.gov/pubmed/23314748
https://doi.org/10.1016/j.molcel.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/30733118
https://doi.org/10.1371/journal.pone.0056719
http://www.ncbi.nlm.nih.gov/pubmed/23460811
https://doi.org/10.1161/CIR.0b013e3181d22e2d
https://doi.org/10.1161/CIR.0b013e3181d22e2d
http://www.ncbi.nlm.nih.gov/pubmed/20159843
https://doi.org/10.1186/1471-2369-14-195
http://www.ncbi.nlm.nih.gov/pubmed/24034276
https://doi.org/10.1186/1471-2121-14-29
https://doi.org/10.1186/1471-2121-14-29
http://www.ncbi.nlm.nih.gov/pubmed/23800266
https://doi.org/10.1093/nar/gkn486
http://www.ncbi.nlm.nih.gov/pubmed/18676454
https://doi.org/10.1093/bioinformatics/btx180
http://www.ncbi.nlm.nih.gov/pubmed/28369169
https://doi.org/10.15252/embj.201592994
https://doi.org/10.15252/embj.201592994
http://www.ncbi.nlm.nih.gov/pubmed/27053724
https://doi.org/10.1371/journal.pgen.1010493

PLOS GENETICS

Bendless is essential for PINK1 mediated Marf degradation

110. Verstreken P, Ly CV, Venken KJT, Koh T-W, Zhou Y, Bellen HJ. Synaptic mitochondria are critical for
mobilization of reserve pool vesicles at Drosophila neuromuscular junctions. Neuron. 2005 Aug 4; 47
(3):365—78. https://doi.org/10.1016/j.neuron.2005.06.018 PMID: 16055061

111. PesahY, Pham T, Burgess H, Middlebrooks B, Verstreken P, Zhou Y, et al. Drosophila parkin mutants
have decreased mass and cell size and increased sensitivity to oxygen radical stress. Development.
2004 May; 131(9):2183-94. https://doi.org/10.1242/dev.01095 PMID: 15073152

112. Baena-Lopez LA, Alonso J, Rodriguez J, Santarén JF. The expression of heat shock protein HSP60A
reveals a dynamic mitochondrial pattern in Drosophila melanogaster embryos. J Proteome Res. 2008
Jul; 7(7):2780-8. https://doi.org/10.1021/pr800006x PMID: 18549261

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010493  April 25, 2023 37/37


https://doi.org/10.1016/j.neuron.2005.06.018
http://www.ncbi.nlm.nih.gov/pubmed/16055061
https://doi.org/10.1242/dev.01095
http://www.ncbi.nlm.nih.gov/pubmed/15073152
https://doi.org/10.1021/pr800006x
http://www.ncbi.nlm.nih.gov/pubmed/18549261
https://doi.org/10.1371/journal.pgen.1010493

