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BAG6 promotes PINK1/PARKIN signaling and is essential for mitophagy
induction in a LIR dependent manner

Abstract

Bcl-2-associated athanogen-6 (BAG6) is a nucleocytoplasmic shuttling protein involved in
protein quality control. We previously demonstrated that BAG6 is essential for autophagy by
regulating the intracellular localization of the acetyltransferase EP300 and thus modifying
accessibility to its substrates: (TP53 in the nucleus and autophagy-related proteins in the
cytoplasm). Here, we investigated BAG6 localization and function in the cytoplasm. First, we
demonstrated that BAG6 is localized in the mitochondria. Specifically, BAG6 is expressed in
the mitochondrial matrix under basal conditions, and translocates to the outer mitochondrial
membrane after mitochondrial depolarization with carbonyl cyanide m-chlorophenyl
hydrazine, a mitochondrial uncoupler that induces mitophagy. In SW480 cells, the down
regulation of BAG6 abrogates its ability to induce mitophagy and PINK1 accumulation. On the
reverse, its ectopic expression in LoVo colon cancer cells, which do not express endogenous
BAGS6, reduces the size of the mitochondria, induces mitophagy, leads to the activation of the
PINK1/PARKIN pathway and to the phospho-ubiquitination of mitochondrial proteins. Finally,
BAGS6 contains two LIR (LC3-interacting Region) domains specifically found in receptors for
selective autophagy and responsible for the interaction with LC3 and for autophagosome
selectivity. Site-directed mutagenesis showed that BAG6 requires wild type LIRs domains for
its ability to stimulate mitophagy. In conclusion, we propose that BAG6 is a novel mitophagy

receptor that induces PINK1/PARKIN signaling and mitophagy in a LIR dependent manner.



Introduction

Mitochondria are found in the cytoplasm of all eukaryotic cells, and are essential for the
maintenance of cell homeostasis. They provide energy through ATP production via oxidative
phosphorylation, and are involved in many crucial cell functions, such as signaling, metabolism,
calcium homeostasis and intrinsic apoptosis. Due to their major functions in cell fate and
homeostasis, the structure, biogenesis and degradation of mitochondria need to be tightly
regulated. Mitochondria are highly dynamic organelles that oscillate constantly between fusion
and fission, depending on the cellular needs. For instance, the lysosomal degradation of
mitochondria only occurs when the organelles are fragmented, which facilitates their

engulfment by autophagosomes [1-3].

Macroautophagy, called thereafter autophagy, is regulated by autophagy-related
proteins (ATG) and allows the degradation of intracellular material into the lysosomes after its
sequestration in a vacuole, called autophagosome. Autophagy occurs in physiological
conditions and ensures cellular homeostasis by renewing the cytoplasm. It is also a stress
response mechanism and its induction allows cell survival. Upon stress, a selective form of
autophagy enables the specific degradation of aggregates (aggrephagy), organelles (e.g.
pexophagy in the case of peroxisomes), or intracellular pathogens (xenophagy). Organelles are
selectively targeted to autophagosomes through receptors or adaptors that bind to
autophagosomal bound form of protein light chain 3 (LC3). These receptors/adaptors harbor a
LC3 Interacting Region (LIR domain) defined by the W/F/YxxL/I sequence that is essential for
the interaction with LC3-11 [4].

On the other hand, mitophagy is the process by which damaged or depolarized

mitochondria are degraded through selective autophagy. It has been shown that several



mitophagic receptors, located on mitochondria, participate in this process, including
BNIP3L/NIX [5], BNIP3 [6], BCL2L13 [7], PHB2 [8], and FKBP8 [9] in mammalian cells, as
well as Atg32 in yeast [10].

The specific degradation of mitochondria is also ensured by cytoplasmic adaptors [5] that can
bring together the autophagosome, via LC3, and the mitochondria via specific signaling events
[11]. Upstream of the core mitophagy machinery, the most characterized signaling pathway
specific for mitophagy induction involves the PTEN-induced putative kinase 1 (PINK1) and
the E3 ubiquitin protein ligase PARKIN. After mitochondrial depolarization, PINK1
accumulates at the outer mitochondrial membrane (OMM) and activates PARKIN by
phosphorylation, thus allowing its mitochondrial recruitment [12]. Once activated, PARKIN
ubiquitinates OMM proteins and then PINK1 phosphorylates ubiquitin on serine 65 [13]. Then,
specific adaptors, such as Sequestosome 1/P62, can recognize the tagged mitochondria for

autophagic elimination.

Bcl-2-associated athanogen-6 (BAG6; also known as BAT3/Scythe) is a
nucleocytoplasmic shuttling ubiquitin-like protein involved in many physiological and
pathological processes, such as apoptosis, antigen presentation and T-cell response. It acts as a
co-chaperone for HSP/HSC70 proteins to allow the recognition of misfolded proteins and their
proteasomal degradation [14,15]. We previously demonstrated that BAG6 is essential for
autophagy by regulating the intracellular localization of the acetyltransferase EP300, thus
modifying accessibility to its substrates (TP53 in the nucleus, and ATG5, AGT7, ATG12 and
LC3 in the cytoplasm). During autophagy induction, BAG6 sequesters EP300 in the nucleus,
leading to increased acetylation of TP53 and expression of pro-autophagic TP53 target genes.
The reduced EP300 level in the cytoplasm maintains a low level of cytoplasmic ATG protein

acetylation that allows autophagy induction [16,17]. It has been recently reported that BAG6



has a role also in the physiology of mitochondria. Specifically, BAG6 is involved in the
proteasomal degradation of the OMM GTPases mitofusin 1 and 2 (MFNL1 and 2) in cells that
do not express Dynamin-Related Protein 1 (DRP-1), a protein involved in mitochondrial fission
[18]. BAGS is also involved in the PARKIN-dependent cytoplasmic redistribution of damaged

mitochondria [19].

In this work, we investigated BAG6 role in the regulation of mitophagy after
mitochondrial depolarization. We first demonstrated that BAG6 is present in the mitochondria
of all the tested cell lines (SW480, MEFs, HEK293T and in BAG6-transfected null cells LoVo).
Then, we observed that BAG6 plays a crucial role in all the steps of mitophagy execution.
Indeed, BAG6 regulated the mitochondrial structure and induced fission, a prerequisite for
mitophagy. BAG6 stimulated PINK1/PARKIN signaling and ubiquitin phosphorylation on
mitochondrial proteins. Finally, we found that BAG6 harbors two LIR domains, LIR1 (N-
terminal position) and LIR2 (C-terminal position). After site directed mutagenesis, we
demonstrated that both LIR domains are essential for mitophagy induction. In addition, when
mutated on its LIR2 domain, BAG6 loses its interaction with LC3 suggesting that it may behave

like a mitophagy adaptor or receptor.



Results

BAGS is localized in mitochondria

To investigate BAG6 role in mitophagy, we first analyzed its intracytoplasmic localization after
subcellular fractionation in SW480 colon cancer cells. We observed that BAG6 was present in
the mitochondrial fraction, similarly to the matrix mitochondrial marker the Mitochondrial
Transcription Factor A (TFAM) (Fig. 1A) and the Outer membrane mitochondrial marker
Translocase of Outer Mitochondrial Membrane 20 (TOMMZ20) (Fig. S1A). In SW480 cells,
BAG is also located to the nucleus (Fig S1B). By subcellular fractionation, we noticed that
endogenous BAG6 was also localized in mitochondria in HEK293T cells (Fig. S1C) and in
mouse embryonic fibroblasts (MEFs) (Fig. S1D). Immunofluorescence staining of SW480 cells
confirmed BAG6 co-localization with TOMMZ20 (Fig 1B).

To precisely determine BAG6 sub-mitochondrial localization, we carried out limited
proteolysis of isolated mitochondria from SW480 cells to sequentially degrade mitochondrial
membranes. Specifically, incubation with proteinase K (PK) leads to OMM degradation, while
PK and swelling target the inner mitochondrial membrane (IMM), and PK, swelling and Triton
X-100 degrade the entire mitochondria [20]. In basal conditions, the BAG6 protein displayed a
degradation pattern similar to that observed for the Mitochondrial Transcription Factor A
(TFAM), indicative of its localization in the mitochondrial matrix (Fig. 1C).

Human LoVo cells do not express BAG6 (Fig. 1D). Subcellular fractionation of BAG6-
transfected LoVo cells confirmed the presence of BAG6 in the mitochondrial fraction (Fig. 1D).
In LoVo cells transfected with BAG6 (LoVo-BAG6), BAG6 was also located to the nucleus
(Fig S1E). As BAG6 may also be localized in the Endoplasmic Reticulum (ER) [21], we

incubated the different cell fractions with calnexin, an ER marker, to exclude the presence of



mitochondrion-associated ER membranes in the mitochondrial fraction (Fig. 1D).
Immunofluorescence staining of LoVo-BAG6 cells confirmed BAG6 co-localization with
TOMM20 (Fig 1E).

After limited proteolysis of isolated mitochondria from BAG6-expressing LoVo cells cultured
in complete media (NT), BAGH6 resistance to PK treatment and swelling suggested again that
BAG6 was localized in the mitochondrial matrix. Conversely, after induction of mitochondrial
depolarization with carbonyl cyanide m-chlorophenyl hydrazine (CCCP), BAG6 was degraded
upon incubation with PK alone, like the OMM protein TOMM20 (Fig. 1F).

BAG6 does not possess a transmembrane domain or a canonical mitochondrial targeting signal,
and the mechanism of its targeting to mitochondria remains unknown. We cannot exclude that
BAGS6 interacts with a cytoplasmic co-factor responsible for its transport to the TOMM20
complex. Indeed, yeast two hybrid screening using TOMMZ20 as bait showed that BAG6
interacts with TOMM20 [35] and our preliminary investigations demonstrates that BAG6

interacts with TOMMZ20 by co-immunoprecipitation (Fig. S2).

To summarize, these results demonstrate that BAG6 is located into the mitochondria in all the
cell lines tested and more precisely in the mitochondrial matrix in basal conditions, and in the

OMM after mitochondrial damage.

BAG6 induces mitochondrial morphological changes and mitophagy

Mitochondria are dynamic organelles whose homeostasis is tightly regulated by a balance
between biogenesis and degradation. Recently, it has been suggested that BAG6 might have a
role in mitochondrial morphology through its interaction and ability to modulate the turnover
of the GTPase MFN2, a mitochondrial protein involved in fusion [18]. Moreover, mitochondrial

fission is considered as a pre-requisite for mitophagy [1]. On the basis of our findings that



BAGS6 has a role in autophagy [16,17] and is relocated to the OMM after incubation with CCCP
(Fig. 1F), we asked whether BAG6 participates in the maintenance of the mitochondrial

morphology and mass and in mitophagy.

First, we performed a morphological analysis by transmission electron microscopy (TEM) of
LoVo cells transfected with empty vector (EV) or a BAG6-encoding plasmid after incubation
in the presence or absence of CCCP (Fig. 2A). First, to investigate BAG6 role in mitochondrial
morphology, we measured the size of 200 mitochondria using ImageJ software and observed
that their size was significantly decreased in BAG6-expressing cells, independently of CCCP
treatment (Fig. 3B). Although significant, this result are underestimated because of the random
selection of longitudinal cross-sectioned mitochondria and the partial transfection efficiency of
LoVo cells (40% efficiency — see methods). During mitochondrial fission, the cytosolic GTPase
DRP1 translocates to the mitochondria and is phosphorylated on serine 616. To further confirm
the role of BAGG6 in mitochondrial fission, cell fractionation of EV- or BAG6-transfected LoVo
cells showed that DRP1 and its phosphorylated active form accumulated only in mitochondria
of BAG6-transfected cells (Fig. S3A, S3B). Altogether, these data suggest that BAG6 induces
mitochondrial fission. In order to monitor the role of BAG6 in mitochondrial mass, the
quantification of the number of mitochondria in 200 cells indicated that their number per cell
was significantly decreased in BAG6-expressing cells after exposure to CCCP suggesting that

BAGS6 is involved in mitochondrial mass regulation (Fig. 2C).

Next, we assessed the role of BAG6 in mitophagy regulation by using chloroquine (CQ), an
inhibitor of autophagic flux that impairs the fusion between autophagosome and lysosome.
TFAM, a mitochondrial matrix marker, is commonly used to monitor the degradation of
mitochondria by mitophagy because OMM and IMM markers might also be degraded through
the proteasome pathway [8,23,24]. After incubation with CCCP, TFAM expression was

reduced by 58% in BAG6-expressing LoVo cells compared with control (EV) (Fig. 2E, 2F).
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Co-incubation with CQ restored TFAM expression level in BAG6-expressing cells to what
observed in control cells (untreated EV), showing that mitophagy is involved in BAG6-
dependent degradation of TFAM (Fig. 2E, 2F).

To specifically conclude about the role of BAG6 in mitophagy, we downregulated BAG6
expression in SW480 cells by shRNA approach. Thus, the mitochondrial staining using anti
TOMM-20 antibody of shluc-SW480 and shBAG6-SW480 cells after incubation with CCCP
showed that the measurement of TOMM puncta, which reflects the mitochondrial mass, was
decreased only in BAG6-expressing cells, confirming that BAG6 is involved in mitochondrial
mass regulation (Fig. 3A, 3B). We next measured mitophagy by assaying the expression of
TFAM by western blot. After incubation with CCCP, TFAM expression was two fold reduced
in shLUC-SW480 cells compared with shBAG6-SW480 cells (Fig. 3C, 3D). Co-incubation
with CQ restored TFAM expression level in BAG6-expressing cells to what observed in cells
with reduced BAG6 expression (shBAG6), showing that mitophagy is involved in BAG6-
dependent degradation of TFAM (Fig. 3C, 3D).

Altogether, these findings indicate that BAG6 is essential for mitophagy induction after

mitochondrial depolarization.
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The PINK1/PARKIN pathway is activated during BAG6-dependent mitophagy

Since cccp may have a non specifiv effect on pink1 we used an altertive mitophagy
inducer in sw480 to assess the accumulation of pink1 After incubation with a mix of
oligomycine (inhibitor of ATP synthase) and antimycine (inhibitor of the Complex 111 of the
respiratory chain),

Mitophagy induction requires precise signaling events that target the mitochondria for their
lysosomal degradation. Specifically, after membrane depolarization, the mitochondrial kinase
PINK1 is stabilized at the OMM where it recruits the E3 ubiquitin-protein ligase PARKIN.
Then, PINK1 and PARKIN cooperate to assemble phosphorylated ubiquitin chains (S65-
phospho-ub) on proteins at the OMM that in turn recruit adaptors. Adaptors bind to S65-
phospho-ub mitochondrial proteins through their ubiquitin-binding/ubiquitin-associated
(UBD/UBA) domain, and to LC3-1I via their LIR domain. Alternatively, mitophagy also relies
on integral mitochondrial membrane receptors that contain a LIR domain, such as PHB2,
FUNDC1, NIX, BNIP3, and BCL2L13 [5,7,8,25,26]. In this case, the PINK1/PARKIN
pathway should be dispensable. However, some mitochondrial receptors, such as PHB2, use
the PINK1/PARKIN pathway to enhance mitophagy induction or to induce the OMM
proteasomal degradation [8].

Many recent studies reported the role of the BAG family member, including BAGS6, in the
accumulation of PINK1 through direct interaction (ref 28 29 32 et ajouter chu). In SW480 WT
cells, we noticed an interaction between BAG6 and PINK1 (Fig 4A). After deleting BAG6
expression in SW480 cells we observed a decreased expression of PINK1 in shBAG6-SW480
cells suggecting that BAG6 may stabilize PINK1 expression (Fig 4B, 4C).

To further determine the role of the PINK1/PARKIN pathway in BAG6-dependent mitophagy,
we showed that BAG6 expression in LoVo cells promoted PINK1/PARKIN mitochondrial
localization in LoVo cells (Fig. 4D, 4E). Then, using an antibody against ubiquitinated proteins
phosphorylated on S65 we observed a 40% increase in the level of S65-phospho-ub

mitochondrial proteins in BAG6-transfected LoVo cells compared with EV-transfected cells

11



after incubation with CCCP (Fig. 4D, 4E). All together, these results suggest that BAG6

stabilizes PINK1 and stimulates the PINK1/PARKIN pathway after mitochondrial damages.

The LIR2 domain of BAG6 is responsible for its interaction with LC3 and for mitophagy

induction

Our data showed that BAG induces mitophagy, mitochondrial fission, and the PINK1/PARKIN
pathway. To further investigate the mechanism by which BAG6 stimulates mitophagy, we
analyzed BAG6 sequence and observed the presence of two LIR domains (amino acids 274-

279 named LIR1 and 1016-1021 named LIR2) (https:/ilir.warwick.ac.uk/index.php,[4]) (Fig.

5A). LIR domains have a conserved consensus signal of six amino acids required for the
interaction with LC3-11. Receptor or adaptor proteins bearing an inactivating mutation in their
LIR domain cannot interact with LC3-1l, leading to mitophagy inhibition.

By subcellular fractionation, we first verified that BAG6 variants with mutations in the first
(BAG6 LIR1) or second LIR domain (BAG6 LIR2) showed a mitochondrial localization such
as WT BAGS (Fig 5B).

Next, we investigated the role of BAG6 LIR domains in mitochondrial mass regulation after
incubation or not with CCCP by TEM. By counting the number of mitochondria per cell, we
observed that their number was similarly reduced in WT BAG6- and BAG6 LIR1-transfected
LoVo cells. Conversely, CCCP effect on mitochondrial mass was less important in BAG6
LIR2-transfected cells (Fig. 5C, 5D).

To determine whether BAG6 mutants affects mitochondrial mass through mitophagy, we
analyzed TFAM expression in LoVo cells transfected with EV, WT BAG6, BAG6 LIR1 or
BAG6 LIR2 (Fig. 5E, 5F). As previously showed, after incubation with CCCP, TFAM

expression was decreased in WT BAGS6 cells compared with control (EV). Conversely, TFAM
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strongly accumulated both in BAG6 LIR1 and BAG6 LIR2-transfected cells after incubation
with CCCP, suggesting that the LIR mutation inhibited TFAM degradation.

Finally, to test whether BAG6 interacts with LC3 through its LIR domains, we transfected
LoVo cells with EV, wild type (WT) BAG6, or BAG6 variants with mutations in the first
(BAG6 LIR1) or second LIR domain (BAG6 LIR2) (Fig. 5A). After immunoprecipitation with
an anti-BAG6 antibody, analysis with an anti-LC3b antibody showed that WT BAG6 and
BAG6 LIR1 interacted with LC3, but not BAG6 LIR2 (Fig. 5G). This data suggests that BAG6
might act as a mitophagy receptor or adaptor.

These data showed that the LIR domains are essential for BAG6 dependent mitophagy. LIR2
domain of BAGS6 is crucial for its interaction with LC3 and for its pro-mitophagy effect and

suggests that BAG6 is a new mitophagy receptor or adaptor.
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Discussion

In this work, we described a new function for the co-chaperone BAG6. Specifically,
BAGG is localized in mitochondria and regulates mitophagy by acting at different steps of this
process. Indeed, when ectopically expressed in LoVo cells, BAG6 induced mitochondrial
fragmentation, considered a prerequisite for mitochondrial engulfment into autophagosomes
[27]. In these cells, BAG6 expression also led to a reduction of the mitochondrial mass in a
chloroquine-dependent manner, indicating that BAG6 induces mitophagy. BAG6 also induced
PINK1/PARKIN signaling after mitochondrial depolarization and the phosphorylation-
ubiquitination of mitochondrial proteins, an “eat me signal” for mitophagy. Finally, the BAG6
sequence includes two LIR domains that are considered essential for the interaction with LC3
and the selective sequestration of mitochondria in autophagosomes [4]. Using site-directed
mutagenesis, we found that LIR1 and LIR2 domains are essential for mitochondrial degradation
even if the interaction between BAG6 LIR1 and LC3 is maintained. However, the LIR2 domain
of BAGG is required for both its interaction with LC3 and mitophagy induction suggesting that
BAGS6 is a new mitophagy receptor or adaptor. The mechanism by which the LIR1 domain of

BAG6 modulates mitophagy requires additional studies.

Recent literature data also showed that BAG6 is important for the maintenance of
mitochondrial physiology. Indeed, in the absence of DRP1 (i.e. in conditions that favor
mitochondrial fusion), BAG6 allows the degradation of MNF2, probably to suppress fusion
events [18]. It would be interesting to determine the role of BAG6-mediated proteasomal
degradation of MNF2 in mitophagy, especially because OMM proteasomal degradation is an

early event in mitophagy [8,24].

It is also established that BAG6 is important for the cytoplasmic redistribution of

damaged mitochondria in a PARKIN-dependent manner [19]. Interestingly, other BAG family
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members are also involved in PINK1/PARKIN signaling and mitochondrial quality control.
BAG?2 stabilizes PINK1 by decreasing its ubiquitination and allowing mitophagy induction
[28,29]. BAGS, also known for its role in autophagy, maintains mitochondrial homeostasis by
increasing PARKIN expression level [30]. Conversely, BAG5 impairs mitophagy by inhibiting
PARKIN recruitment and favoring apoptosis [31]. BAG5 role in mitophagy is controversial
because another study reported that the interaction between BAG5 and PINK1 decreases PINK1
ubiquitination and degradation [32]. These data indicate that the co-chaperones of the BAG
family are involved in mitochondrial homeostasis, but the underlying mechanisms remain
largely unknown. However, it appears that BAG2, BAG5 and BAG6 (this works) all stabilizes

PINKZ1, suggesting a common mechanism.

To better understand how BAG6 affects mitophagy, the role of BAG6 intracellular
localization needs to be better studied. Here, we showed that BAG6 is localized at the
mitochondrial matrix in basal conditions, but relocates to the OMM after CCCP treatment. This
relocation is compatible with the proposed BAG6 receptor function through its LIR2 domain.
Similarly, the mitophagy receptor cardiolipin relocates from the IMM to the OMM after
mitophagy induction [33]. However, on the basis of our results, we cannot exclude that BAG6
acts as an adaptor rather than a receptor and that its cytoplasmic form is recruited to the OMM
after mitochondrial depolarization. However, its direct interaction with mitochondrial proteins
seems improbable because BAG6 does not harbor a UBA or a UBD domain involved in the

recognition of ubiquitinylated mitochondrial proteins and essential for the adaptor function.

Another important question is how BAG6 is targeted to mitochondria. Indeed, the
import of most mitochondrial proteins requires a pre-protein translocase at the outer

mitochondrial membrane that cleaves the target protein after its translocation in the TOMM20
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complex [34]. However, BAG6 has no mitochondrial targeting sequence. We cannot exclude
that BAG6 might interact with a cytoplasmic co-factor responsible for its transport to the
TOMMZ20 complex. Indeed, yeast two hybrid screening using TOMMZ20 as bait showed that

BAGSG interacts with TOMM20 [35].

Our previous and current findings demonstrated the importance of BAG6 intracellular
localization. In basal conditions, BAG6 maintains a pool of EP300 in the cytoplasm, leading to
acetylation of ATG5, ATG7, ATG12 and LC3, thus inhibiting autophagy. After starvation,
BAGS6 induces the nuclear localization of EP300, decreasing ATG protein acetylation, but
allowing TP53 acetylation and the expression of the pro-autophagic protein SESTRIN1 [17].
Here, we showed that mitochondrial BAG6 has a role in regulating mitochondrial structure and
degradation. As mitophagy is inhibited during starvation [36] to limit mitochondrial
degradation and prevent ATP deficiency, BAGG6 role in the regulation of the links between

autophagy and mitophagy should be investigated in the future.

To conclude, our work highlights new activities of BAG6 in regulating the
mitochondrial structure and in mitophagy induction. As BAG6 is abnormally distributed during
colon cancer ([37] and our unpublished data), it is important to determine the role of its
intracellular localization and the consequences on both autophagy and mitophagy in

physiological and pathological conditions.
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Materials and Methods

Cells, plasmids, and reagents

MEFs were obtained and cultured as previously described [38].

LoVo cells, isolated from a left supraclavicular metastasis of colon cancer, were cultured in
Roswell Park Memorial Institute medium supplemented with 10% FCS (NT), and SW480 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal

calf serum (NT).

CQ (Sigma-Aldrich, St Louis, MO, USA) was used at 40 uM for 6h or 24h depending on the
experiment (see legends). CCCP (Abcam, Cambridge, UK) was used at 30 uM for the indicated
time (see figures) depending on the experiment. Indeed, the measurement of the degradation of

mitochondrial markers by western blot required a 24h treatment. OA

LoVo cells were transfected with Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen, Life Technologies, Carlsbad, CA, USA). Transfection efficiency was
assayed by counting the number of cells transfected with a GFP encoding plasmid (GFP staining

vs with light microscopy).

Plasmids

Plasmids encoding WT and mutant BAG6 variants were obtained as previously described (Sebti
et al., 2014b). The PCI-BAG6 WT plasmid was used for site-directed mutagenesis of the LIR
domains using the Phusion Site-Directed Mutagenesis Kit (Thermofisher) and the following
primers: BAG6 LIR1 Forward: 5> CCT TCC CCT GCG GAG GCT GTC GAG GCG CTC
CAG GAG CTA CAG C 3’ and BAG6 LIR1 Reverse: 5> GCT GTA GCT CCT GGA GCG

CCT CGA CAG CCT CCG CAG GGG AAG G 3’; BAG6 LIR2 Forward: 5° GCA GCT GCA
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GTC CCC CCA GAA GCG GTC CCT GCT ATC CAG CAG GAC ATT C 3’, and BAG6
LIR2 Reverse: 5 GAA TGT CCT GCT GGA TAG CAG GGA CCG CTT CTG GGG GGA

CTGCAGCTGC3’.

Mitochondrial and cytoplasmic fraction isolation

The protocol for isolation of mitochondrial and cytoplasmic cell fractions was adapted from
that described by Christian Frezza, et al. [39]. Briefly, cells were resuspended in mitochondrial
isolation buffer (0.2M sucrose, 0.1mM TRIS/MOPS, 10uM EGTA/Tris) and disrupted with a
dounce homogenizer, followed by centrifugation at 600 g at 4°C for 10min to discard nuclei
and cell debris. The resulting pellets contained nuclei, whereas supernatants were centrifuged
again at 7000 g at 4°C for 10min. Pellets contained the crude mitochondrial-enriched fractions,
whereas supernatants contained the cytoplasmic/microsomal fractions. For experiments using
cytoplasmic and crude mitochondrial fractions, equal amounts of proteins (quantified with the
BCA Kit, Thermo Fisher Scientific) were analyzed by western blotting and probed with the

indicated antibodies.

Proteinase K assay — Sub-mitochondrial localization

After mitochondrial isolation, mitochondria were incubated with 2.5 pg/ml of PK for 10min
after, or not, swelling in 10mM HEPES-KOH pH 7.4 that contained 1mM EDTA. PK digestion
of mitochondrial proteins was stopped with 1ImM PMSF. When indicated, 0.5% (v/v) Triton X-
100 was added before PK treatment. Samples were precipitated by addition of trichloroacetic
acid and analyzed by SDS-PAGE and immunoblotting using antibodies against mitochondrial

markers as controls.
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Fluorescence imaging

SW480 cells were fixed in Paraformaldehyde 1% for 10 min and then permeabilized in 0.1%
Triton X-100 (room temperature, 30 min), then incubated in 5% BSA (37°C, 1h), and stained
with an anti-mouse TOMM20 (Santa Cruz sc-17764, 1/100) and anti-BAG6 antibody (rabbit
polyclonal, 26417-1-AP, Proteintech, 1/100). Nuclei were stained with 5ug/ml Hoechst dye
(#33342 ThermoFisherScientific) at 37°C for 1h. Goat anti-rabbit Alexa Fluor 568 (red) (#A-11011,
1/1000; ThermoFisherScientific, Waltham, MA, USA) and goat anti-mouse Alexa Fluor 488 (green)
(#A-11029, 1/1000; Thermo Fisher Scientific, Waltham, MA, USA) (diluted in 5% BSA) were
added for 1h to detect BAG6 and TOMMZ20, respectively. Images were acquired with a Zeiss

AxioCam MRm digital camera and analyzed with the Axiovison software.

Mitochondrial mass was measured by co-staining LoVo cells with the MitoTracker™ Red FM
dye (20uM) and DAPI for 1h. When required, cells were incubated with 40 uM chloroquine
for 6h. The intensity of the red fluorescence per cell was quantified with a Celigo Imaging

cytometer (Nexcelom).

Immunoprecipitation

To immunoprecipitate WT or mutant (LIR1 and LIR2) BAGS, cells were lysed in lysis buffer
[50mM Hepes pH 7.5, 150mM NacCl, 1.5mM MgCl,, 100mM NaF, 10mM NaPPi, ImM EDTA,
10% glycerol, 1% Triton X-100, and protease inhibitors) (Complete, Roche Applied Science,
Indianapolis, IN, USA] at 4°C for 1h, and then overnight immunoprecipitation was performed
at 4°C with a rabbit polyclonal anti-BAG6 antibody (1:2000; [38]). Protein A Sepharose beads
(Amersham Biosciences, GE Healthcare, Waukesha, W1, USA) were added at 4°C for 2h and

then washed three times with washing buffer (50mM Hepes pH 7.5, 150mM NaCl, 1mM
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EDTA, 10% glycerol and 1% Triton X-100). Immunoprecipitated proteins were separated on

SDS-PAGE, and BAG6 and LC3 were detected by immunaoblotting.

Western blotting

Western blotting was performed with antibodies against PINK1 (1:1000; #BC100-494, Novus
Biotechnologies), LC3 (1:5000, #L.7543; Sigma-Aldrich Aldrich, St Louis, MO, USA), TFAM
(#8076), DRP-1 (#8570), DRP-1 phosphorylated at S616 (#4494), PARKIN (#2132), GAPDH
(14C10, #2118), histone H3 (D1H2, #4499) and phosphorylated-ubiquitinated proteins on S65
(#37642) (all 1:1000, Cell Signaling Technology, Danvers, MA, USA), TOMMZ20 (1:1000, #sc-
17764; Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA), TIM23 (1:1000; #611223) and
calnexin (#610523) from BD Biosciences, and tubulin (1:1000; #62204, Pierce, Thermo Fisher
Scientific Inc., Rockford, IL, USA), For all figures, the anti-BAG6 antibody was Santa Cruz
(1:2000; #sc-365928) except for Fig 2D and Fig 4A (SDIX, #3023.00.02 (1:1000)). Similarly,
the anti-TOMMZ20 antibody was #sc-17764 from Santa Cruz Biotechnology (1:1000) for all
figures, but for Fig. 4A (#sc-11415, 1:500).

Images were acquired with the GBOX imaging system (Syngene, Cambridge, USA) and the

GeneSys software that allows the acquisition during the linear phase, avoiding saturation.

Transmission Electron Microscopy

Cells were immersed in a solution of 2.5% glutaraldehyde in Sorensen’s buffer (0.1M, pH 7.4)
overnightat4 °C. After a rinse in Sorensen’s buffer, cells were postfixed in a 0.5% osmic acid
for 2 h in the dark at room temperature. After two rinses in Sorensen’s buffer, the cells were
dehydrated in a graded series of ethanol solutions (30-100%). The cells were embedded in

EMbed 812 using a Leica EM AMW automated microwave tissue processor for electron
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microscopy. Thin sections (70 nm, obtained with a Leica-Reichert Ultracut E microtome) were
collected at different levels of each block. These sections were counterstained with uranyl
acetate and observed with a Hitachi 7100 transmission electron microscope at the Centre de

Ressources en Imagerie Cellulaire de Montpellier, Montpellier, France.

Statistical analysis

Data were analyzed using the Student’s t-test. P values <0.001, 0.01, and 0.05 versus controls
were considered significant and were noted as ***, ** and *, respectively. All results were

reported as the mean + standard deviation (SD), with error bars to show the SD.
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Legends

Figure 1: BAG6 is localized in mitochondria in SW480 and BAG6-transfected LoVo cells.

(A) Cell fractions from SW480 colon cancer cells were immunoblotted with anti-BAGS6, anti-
tubulin (cytoplasmic marker) and anti-TFAM (mitochondrial marker) antibodies. Mito,

mitochondrial fraction.

(B) SW480 cells were incubated with anti-TOMM20 (green) and anti-BAG6 (red) antibodies.
Nuclei were stained with Hoechst. Images were acquired with a Zeiss AxioCam MRm digital

camera and the Axiovison software. Size bar represents 10 pm.

(C) Mitochondria from SW480 cells cultured in complete medium were isolated and
fractionated in the presence or absence of 0.25 uM PK, after or not swelling and incubation
with 0.1% Triton X-100 for 30 min (as indicated). Immunoblotting was performed with anti—
BAG6, anti-TOMM20 (OMM protein), anti-TIM23 (IMM protein), and anti-TFAM

(mitochondrial matrix protein) antibodies.

(D) The indicated cell fractions from LoVo cells transfected with EV or BAG6 plasmids were
immunoblotted with anti-BAG6, anti-calnexin (ER marker), and anti-tubulin (cytoplasm

marker) antibodies.

(E) BAGS6 transfected LoVo cells were incubated with anti-TOMM20 (green) and anti-BAG6
(red) antibodies. Nuclei were stained with Hoechst. Z-stacks images were acquired with a Zeiss
Axiolmager Z2 microscope equipped with a Photometrics CoolSnap HQ2 camera. Acquired Z-
stacks were then deconvolved with AutoQuant X3 (Media Cybernetics). Arrows represents

examples of co-localisation spots. Size bar represents 10 pum.

22



(F) BAG6-transfected Lo Vo cells were incubated or not with 20 uM CCCP for 6h. Mitochondria
were isolated and fractionated in the presence or absence of 0.25 uM PK, after or not swelling
and incubation with 0.1% Triton X-100 for 30min, as indicated. Immunoblotting was performed
by using anti-BAG6, anti-TOMM20 (OMM protein), anti-TIM23 (IMM protein), and anti-

TFAM (mitochondrial matrix protein) antibodies.

Figure 2: The overexpression of BAG6 in BAG6-LoVo null cells decreases the number of

mitochondria in a chloroquine-dependent manner

(A) Representative ultrastructural images of EV- or and BAG6-transfected LoVo cells after

incubation or not (NT) with 20uM CCCP for 8h.

(B) Quantification of the size of 200 mitochondria using the ImageJ software (uM). ***P <

0.001 vs. BAGS6 versus EV transfected cells.

(C) The number of mitochondria per cell was quantified in 200 cells transfected with EV or

PCI-BAG6 and incubated or not (NT) with 20 uM CCCP for 8h.

(C) Quantification of the fluorescence signal (MitoTracker™ Red FM) in LoVo cells
transfected with EV or BAG6 and incubated or not (NT) with 20 uM CCCP for 6h and with or

without 40 uM CQ for 6h (Celigo Cytometer imager, Nexcelom).

(D) LoVo cells transfected with EV or BAG6 were incubated or not (NT) with 30 uM CCCP
and/or pM CQ for 24h. Total protein extracts were immunoblotted with anti-BAG6, anti-

TFAM, - and anti-GAPDH antibodies.

(E) Quantification of (D) using the ImageJ software.
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Figure 3: Endogenous BAGS is essential for mitophagy in SW480 cells

(A) SW480-shLuc and SW480-shBAG6 cells were treated or not (NT) with 30 uM CCCP for
24h and then were incubated with anti-TOMMZ20 (green) and the nuclei stained with Hoechst.
Z-stacks images were acquired with a Zeiss Axiolmager Z2 microscope equipped with a
Photometrics CoolSnap HQ2 camera. Acquired Z-stacks were then deconvolved with

AutoQuant X3 (Media Cybernetics). Size bar represents 5 um.

(B) Box plot of at least 50 cells from (A) were analyzed per condition. Similar results were
observed in three independent experiments. ****p < 0.0001; Mann-Whitney U test. Show here

is median and interquartile. X marks the mean.

(C) SW480-shLuc and SW480-shBAG6 cells were treated or not with 30 uM CCCP for 24h
were incubated or not (NT) with 30 uM CCCP and/or uM CQ for 24h. Total protein extracts

were immunoblotted with anti-BAG6, anti-TFAM, - and anti-GAPDH antibodies.

(E) Quantification of (D) using the ImageJ software.

BAG6 promotes mitochondrial fission.

(B) 30 pg of indicated cell fractions of LoVo cells transfected with EV or a BAG6 construct
were immunoblotted with antibodies against DRP1, DRP1 phosphorylated (P) at S616, TFAM

(mitochondrial marker), and tubulin (cytoplasmic marker).

(C) Quantification of (B) by using Image J software.
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Fig.4: BAG6 induces the PINK1/PARKIN signaling pathway

(A) 30 pg of indicated cell fractions of LoVo cells transfected with EV or BAG6 and incubated
or not (NT) with 30 uM CCCP for 8h were immunoblotted with anti-BAG6, anti-PINK 1, anti-

PARKIN, anti-TOMM?20, anti-tubulin and anti-histone H3 antibodies.

(B) Quantification of the signal intensity of mitochondrial PINK1 in (A) using the Image J

software.

(C) Quantification of the signal intensity of mitochondrial PARKIN in (A) using the Image J

software.

(D) Cell lysates (L) and mitochondria (M) extracted from LoVo cells transfected with EV or a
BAG®6 plasmid and incubated or not (NT) with 30 uM CCCP for 8h were immunoblotted with

an anti-phospho-ubiquitin antibody. LC, loading control (Ponceau staining of the blot).

(E) Quantification of the signal intensity in (D) using the Image J software.

Fig.5: The LIR2 domain of BAG6 is responsible for its interaction with LC3 and for

mitophagy induction

(A) Schematic representation of BAG6 sequence with the UBL domain and the two LIR

domains with the mutations introduced by site-directed mutagenesis.

(B) The indicated cell fractions from LoVo cells transfected with EV or BAG6 plasmids were
immunoblotted with anti-BAG6, anti-calnexin (ER marker), and anti-tubulin (cytoplasm
marker) antibodies. (A) Cell fractions from LoVo cells transfected with a plasmid encoding for
BAG6 or BAGG6-LIR1 or BAG6 LIR2 immunoblotted with anti-BAG6, anti-tubulin
(cytoplasmic marker), anti-TFAM (mitochondrial marker) and anti-histone H3 antibodies.

Mito, mitochondrial fraction.
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(C) Representative ultrastructural images of EV-, BAG6 WT-, BAG6 LIR1- and BAG6 LIR2-

transfected LoVo cells incubated or not (NT) with 20uM CCCP.

(D) The number of mitochondria per cell was quantified in 200 cells from the different

conditions.

(E) Protein extracts from LoVo cells transfected with EV, WT BAG6, or mutant BAG6 (BAG6
LIR1 Y276A/V279A, or BAG6 LIR2ZW1018A/1021A) treated with 30 uM for 24 h were

immunoblotted with anti-BAG6, anti-TFAM and anti-GAPDH antibodies.

(F) Quantification of (E) using the ImagelJ software.

(G) Protein extracts from LoVo cells transfected with EV, WT BAG6, or mutant BAG6 (BAG6
LIR1 Y276A/V279A, or BAG6 LIR2ZW1018A/1021A) were immunoprecipitated with an anti—
BAG6 antibody. Immunoprecipitated proteins were revealed with anti-LC3 and anti-BAG6

antibodies.
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Legend Supplemental Figures

Figure S1: BAGS is localized in mitochondria.

(A) The indicated cell fractions from HEK293T cells were immunoblotted with anti-BAG6, anti-tubulin
(cytoplasmic marker), anti-TOMMZ20 (mitochondrial marker), and anti-histone H3 (nuclear marker)
antibodies. (B) The indicated cell fractions from MEFs were immunoblotted with anti-BAG6, anti-
tubulin (cytoplasmic marker), anti-TFAM (mitochondrial marker), and anti-histone H3 (nuclear marker)

antibodies.

BAG6 promotes mitochondrial fission.

(B) 30 pg of indicated cell fractions of LoVo cells transfected with EV or a BAG6 construct
were immunoblotted with antibodies against DRP1, DRP1 phosphorylated (P) at S616, TFAM

(mitochondrial marker), and tubulin (cytoplasmic marker).

(C) Quantification of (B) by using Image J software.
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