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ABSTRACT

Mitochondrial fragmentation due to imbalanced fission and fusion of mitochondria is a prerequisite for
mitophagy, however, the exact “coupling” of mitochondrial dynamics and mitophagy remains unclear. We
have previously identified that FUNDC1 recruits MAP1LC3B/LC3B (LC3) through its LC3-interacting region
(LIR) motif to initiate mitophagy in mammalian cells. Here, we show that FUNDC1 interacts with both
DNM1L/DRP1 and OPA1 to coordinate mitochondrial fission or fusion and mitophagy. OPA1 interacted
with FUNDC1 via its Lys70 (K70) residue, and mutation of K70 to Ala (A), but not to Arg (R), abolished the
interaction and promoted mitochondrial fission and mitophagy. Mitochondrial stress such as selenite or
FCCP treatment caused the disassembly of the FUNDC1-OPA1 complex while enhancing DNM1L
recruitment to the mitochondria. Furthermore, we observed that dephosphorylation of FUNDC1 under
stress conditions promotes the dissociation of FUNDC1 from OPA1 and association with DNM1L. Our data
suggest that FUNDC1 regulates both mitochondrial fission or fusion and mitophagy and mediates the
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“coupling” across the double membrane for mitochondrial dynamics and quality control.

Introduction

Mitochondria are essential and multitasking organelles for cel-
lular ATP production, cellular metabolic activities, reactive
oxygen species generation and programmed cell death."” To
fulfill such diverse, and at times opposite, cellular functions,
mitochondria must behave properly and their quality control
must be closely monitored to ensure normal cellular activi-
ties.™* One major mechanism for mitochondrial quality control
is mitophagy,”® which enables cells to remove damaged or
redundant mitochondria. Mitophagy is a specific and selective
form of autophagy that requires crosstalk between mitochon-
dria and the autophagy machinery.*”* Mitophagy receptors
that have conserved MAP1LC3/LC3-interacting regions (LIRs)
mark damaged mitochondria for the recruitment of the
autophagy machinery through direct interaction with LC3 and
other ATG proteins.*” BNIP3L/Nix'*"'* and FUNDC1" have
been described as mitophagy receptors in mammalian cells,
and Atg32 is a mitophagy receptor in yeast.”*'*'*> Upon mito-
chondrial stress, such as bioenergetic and oxidative stresses,
these receptors that are localized at the outer membrane of
mitochondria become phosphorylated or dephosphorylated to
enhance the interaction with LC3 or other autophagy genes for
the initiation of mitophagy. How these mitophagy receptors
sense the mitochondrial stresses within mitochondria to acti-
vate mitophagy remains largely unknown.

Mitochondria are highly dynamic organelles that undergo
constant fusion and fission. Mitochondrial dynamics are regu-
lated by dynamin family GTPases. DNMI1L is a cytosolic mole-
cule recruited to mitochondria for mitochondrial fission, and
mitofusins (MFN1 and MFN2) are required for the fusion of
mitochondrial outer membrane. OPA1 is another GTPase that
localizes at the inner membrane and intermembrane space and
plays an essential role in both fusion and fission of mitochon-
drial inner membrane, maintaining the cristae structure. Muta-
tion of OPAl and increased susceptibility of cells toward
apoptosis causes dominant optic atrophy.'® There are 8 differ-
ent isoforms of OPA1 due to the alternative splicing of OPAI
pre-mRNA. Mature OPAl undergoes further processing by
YMEIL1/YmeLl and OMALI, leading to the accumulation of
long uncleaved OPA1 and short OPAL1 forms. The oligomeriza-
tion of long and short forms of OPA1 determines the fusion or
fission of the mitochondrial inner membrane, although this
underlying mechanism also remains unclear. Mitochondrial
stresses including mitophagy and apoptotic stimulation disrupt
these complexes, leading to altered mitochondrial fission or
fusion, which is a prerequisite for the mitophagic or apoptotic
response. It has been suggested that mitochondrial fission and
fusion cycles enable a cell to segregate damaged mitochondria
from its network. The segregated mitochondria that have lower
membrane potential can regain their membrane potential and
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refuse to the mitochondria network. Mitophagy occurs when
the segregated mitochondria fail to retain their membrane
potential. So far, mitophagy in mammalian cells is known to
occur through a PARK2 (parkin RBR E3 ubiquitin protein
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Figure 1. (For figure legend, see next page)
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We have previously found that FUNDCI is a mamma-
lian mitophagy receptor that interacts with and recruits
LC3 to mitochondria for mitophagy.'"> We have also found
that FUNDCI is phosphorylated at tyrosine 18 (Y18)"* and
serine 13 (S13)"” by SRC kinase and CK2, respectively. The
phosphorylation prevents the interaction between FUNDCI1
and LC3 for subsequent mitophagy in a mammalian system.
We sought to understand how mitochondrial dynamics con-
tribute to receptor-mediated mitophagy and we were inter-
ested to find if FUNDCI interacts with both DNMIL and
OPA1 for mitochondrial dynamics and mitophagy. Our
results reveal a novel function of FUNDCI and suggest that
its interactions may serve as a platform for coordinating
mitochondrial fission of both inner and outer membrane of
mitochondria and mitophagy.

Results

DNMI1L is required for FUNDC1-induced mitochondrial
fragmentation and mitophagy

We have previously shown that overexpression of FUNDCI1
induced mitochondrial fragmentation in addition to its funda-
mental role in mitophagy. We thus sought to address the ques-
tion of how FUNDCI affects mitochondrial fragmentation and
how mitochondrial fragmentation contributes to mitophagy.
Knockdown of DNM1L blocked FUNDCI-induced mitochon-
drial fragmentation and LC3 aggregation (Fig. 1A, B, and C).
DNMIL knockdown also blocked FCCP or selenite-induced
mitochondrial fragmentation and mitophagy (Fig. S1A, S1B,
S1C, S1D). Biochemical analysis also revealed that DNMIL
knockdown attenuated the degradation of mitochondrial pro-
teins such as TOMM20 (a mitochondrial outer membrane pro-
tein) and TIMM23 (a mitochondrial inner membrane protein)
that were induced by FUNDCI1 overexpression (Figs. 1D, right
panel, S1E). The dominant negative DNMIL mutant
(DNM1LX*%%) was used to cause loss of function of DNMI1L
and prevent mitochondrial fragmentation. Coexpression of
DNMIL'** and FUNDCI blocked mitochondrial fragmenta-
tion (Fig. 1E, F, S2A), LC3 aggregation (Fig. 1G, H) and mito-
chondrial protein degradation (Figs. 11, right panel, S2B, S2C).
We next detected whether DNMIL interacts with FUNDCI1
and found that endogenous FUNDCI interacted with ectopi-
cally expressed DNMI1L (Fig. 2A). Endogenous DNMI1L also
interacted with ectopically expressed FUNDCI (Fig. 2B). Next,
we determined the interaction domains of FUNDC1 and
DNMIL and found that the cytosolic domain (1 to 50 amino
acids [aa]) of FUNDCI interacted with DNMIL even in the
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absence of the LIR motif (Fig. 2D). Overexpression of FUNDCI1
or its LIR mutants recruited DNM1L to mitochondria except in
the 1 to 50 deletion-mutants (Fig. 2C). Affinity isolation assays
showed that DNMIL directly interacted with FUNDCI but not
the mutant lacking a cytosolic domain (1 to 50 aa) (Fig. 2E).
This interaction could be physiologically relevant, as knock-
down of FUNDCI attenuates DNM1L mitochondrial transloca-
tion under selenite treatment, which has been shown to induce
mitochondrial stress.”> A subcellular fractionation assay and
immunostain assay further confirmed that FUNDCI or its LIR
mutants recruited DNMI1L to mitochondria and induced trans-
location, while mutants lacking a cytosolic domain (deletion of
1 to 50 aa) failed to do so (Fig. 2F, G, H). Immunostain and
subcellular fractionation assays also confirmed that FUNDCI
knockdown blocked DNMI1L mitochondria translocation after
treatment with selenite (Fig. 2I, J, K). These data demonstrate
that mitochondrial fission is coupled with mitophagy through
the direct interaction between FUNDC1 and DNM1L, the criti-
cal mitochondrial fission molecule.

Knockdown of FUNDC1 promotes mitochondrial fusion

As mitochondrial fragmentation is the result of the imbalance
between mitochondrial fission and fusion, we were also interested
in whether defective mitochondrial fusion also contributes to
FUNDCI-mediated mitophagy. We thus measured mitochon-
drial fusion activity using the photoactivation technique* that
directly visualizes and quantitatively measures mitochondrial
fusion ability by expressing a mitochondrial matrix-targeted pho-
toactivatable GFP (PAGFP). Knockdown of FUNDCI resulted in
a faster decrease of mito-PAGFP fluorescence intensity of acti-
vated mitochondria, indicating a higher fusion ability of mito-
chondria compared to the parental cells. In contrast,
overexpression of wild-type FUNDCI or the Deletion-LIR (D-
LIR) mutant reduced the mitochondrial fusion ability (Fig. 3A to
C). Knockdown of FUNDCI led to accumulation of mitochon-
drial proteins, such as TOMM?20 and TIMM23, due to the inhibi-
tion of mitophagy, and overexpression of the FUNDCI-MYC
mutant of FUNDCI1 decreased the same mitochondrial proteins,
which the D-LIR mutant of FUNDCI did not (Fig. 3D). Addi-
tionally, we detected fusion ability after FUNDCI knockdown
and selenite and FCCP treatments. The results showed that
knockdown of FUNDCI enhances mitochondrial fusion upon
selenite (Fig. 3E to G) and FCCP treatments (Fig. S3), compared
to their corresponding controls. FUNDCI1-Kp, also attenuated the
degradation of mitochondrial proteins, such as TOMM20 and
TIMM23, under selenite treatment (Figs. 3H, S4A, S4B), suggest-
ing that enhanced fusion is negatively correlated with mitophagy.

Figure 1. (see previous page) DNM1L is required for FUNDC1-induced mitochondrial fragmentation and mitophagy. (A) Scrambled shRNA-treated and DNM1L knockdown
cells were transfected with FUNDC1-MYC and GFP-LC3 for 24 h. The cells were then fixed and immunostained to detect HSP60 (red) and MYC (purple). Scale bar: 10 pm.
(B) Cells treated as in (A), mitochondria fragmentation was quantified by counting numbers of cells with fragmented mitochondria versus all counted cells (mean-+/
—SEM; n = 100 cells from 3 independent experiments; **, P < 0 .01). (C) The GFP-LC3 aggregates in cells treated as in (A) were quantified with imagel. The GFP-LC3
aggregation area vs. whole cell area was used to indicate the GFP-LC3 aggregation ratio (mean+/—SEM; n = 100 cells from 3 independent experiments; *, P < 0 .05).
(D) Scrambled shRNA-treated and DNM1L knockdown cells were transfected with vector or FUNDC1-MYC for 24 h. The cells were then analyzed via western blotting. (E)
Hela cells were transfected with DNM1LK38A—FIag, FUNDC1-MYC and Mito-DsRed for 24 h. The cells were then fixed and immunostained to detect Flag (Green) and MYC
(purple). Scale bar: 10 um. (F) Cells treated as in (E), % mitochondria fragmentation was quantified as in (B) (mean+/—SEM; n = 100 cells from 3 independent experi-
ments; *, P < 0.05). (G) Hela cells were transfected with DNM1L¥**A-Flag, FUNDC1-MYC and GFP-LC3 for 24 h. The cells were then fixed and immunostained to detect
MYC (purple) and Flag (red). Scale bar: 10 m. (H) The GFP-LC3 aggregates in cells treated as in (G) were quantified with imageJ. The GFP-LC3 aggregation area versus
whole cell area was used to indicate the GFP-LC3 aggregation ratio (mean+/—SEM; n = 100 cells from 3 independent experiments; *, P < 0 .05). (I) Scrambled shRNA-
treated and DNM1L knockdown cells were transfected with DNM1L**®* and FUNDC1-MYC for 24 h. The cells were then analyzed via western blotting.
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FUNDCT1 interacts with OPA1 at the K70A site

We next addressed the question of how FUNDCI affects
mitochondrial fusion. It is possible that FUNDCI1 regulates

mitochondrial fusion through its interaction with mitochon-
drial fusion proteins. Indeed, we found that endogenous
FUNDCI interacts with both DNMIL and OPAI, while its
interaction with mitofusins is rarely detectable under
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experimental conditions (Fig. 4A). Selenite treatment
reduced its interaction with OPAl while enhancing its
interaction with DNMI1L (Fig. 4B). Affinity isolation assays
showed that FUNDCI directly interacts with both Long-
OPA1l (L-OPAl) and Short-OPA1l (S-OPA1) (Fig. 4C, D).
Additionally, endogenous OPAL1 interacted with ectopically
expressed FUNDCI even in the absence of its cytosolic
domains (mutant of D1 to 50), and transmembrane domain
(mutant D139 to 155) (Fig. 4E). However, mutations or
reversal of the order of residues in FUNDCI between 69 to
73 aa, which are predicted to face the intermembrane space,
decrease the interaction between OPAl and FUNDCI1
(Fig. 4F). Single amino acid mutant analysis showed that
the FUNDC1*7°* mutant has reduced interaction between
OPA1l and FUNDCI, suggesting that lysine 70 (K70) of
FUNDCI1 is important for OPA1 FUNDCI interaction
(Fig. 4G). Interestingly, if lysine 70 was replaced with posi-
tively charged arginine, but not alanine, the interaction
between OPA1 and FUNDCI1 was retained (Fig. 4H). The
affinity isolation assay showed that FUNDC1*"°* abolished
its interaction with OPA1, while the K70R mutant retained
this interaction (Fig. 4I).

Loss of interaction between OPA1 and FUNDCT1 is
important for mitophagy

We next determined the functional consequence of the
interaction between FUNDC1 and OPA1l. We compared the
effect of the wild-type FUNDCI1 and the K70A or K70R
mutants on mitochondrial fragmentation and LC3 aggrega-
tion. The results showed that the FUNDC1*7°* mutant that
lacks the interaction with OPA1 has reduced LC3 aggrega-
tion as compared to wild-type FUNDCI and the K70R
mutant (Fig. 5A, B). Biochemical analysis further confirmed
that K70A mutants strongly enhanced the degradation of
mitochondrial proteins such as TOMM20 and TIMM23
compared to wild-type FUNDC1 (Fig. 5C). These data sug-
gest that the interaction between FUNDC1 and OPAl
through K70 is important for mitophagy, and mutants that
fail to interact with OPA1 have higher capacity for mito-
phagy. Knockdown of OPAI enhanced mitophagy, as
revealed by increased LC3 aggregation (Fig. 5D, E) and
mitochondrial protein degradation induced by FUNDCI
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expression (Fig. 5F). These data suggest that OPAI and its
interaction with FUNDCI are involved in mitophagy.

FUNDC1 cooperates with OPA1 and DNM1L for
mitochondrial fission and mitophagy

As both OPA1 and DNMIL interact with FUNDCI, we investi-
gated how OPA1 and DNMIL cooperate to regulate FUNDCI1-
induced mitophagy and mitochondrial fragmentation. Using
an immunoprecipitation (IP) assay, we found that mitochon-
drial stress conditions such as selenite or FCCP treatments
decreased the interaction between FUNDC1 and OPA1l and
enhanced the interaction between FUNDC1 and DNMIL
(Fig. 6A). This was further confirmed by crosslinking-IP assay
(Fig. S5A). Oligomycin or antimycin treatment also induced
mitochondrial fission and mitophagy (Fig. S6A, S6B) and
decreased OPAI-FUNDCI1 interaction while increased
DNMI1L-FUNDCI1 interaction (Fig. 6B). We also checked
whether knockdown of DNMIL could block mitophagy and
mitochondrial fragmentation induced by the K70A mutant that
does not interact with OPAL. The results showed that knock-
down of DNMIL inhibited wild-type FUNDCI- or the
FUNDC1*°* mutant-induced mitochondrial fragmentation
and mitophagy (Fig. 6C to E, S6C). The K70A mutant did
enhance DNMI1L mitochondria translocalization (Fig. 6F to
H). These data suggest that FUNDCI cooperates with OPA1
and DNMI1L for mitochondrial fission and mitophagy.

FUNDCT1 phosphorylation status is important for FUNDC1-
induced mitophagy and mitochondrial fragmentation

FUNDCI is phosphorylated at serine 13 by CK2 and tyrosine 18
by SRC kinase, and dephosphorylation of FUNDCI1 is important
for the initiation of mitophagy.'” We asked whether FUNDC1
phosphorylation status affects its interactions with DNMIL and
OPAL for subsequent mitochondrial fragmentation and mito-
phagy. Using an immunoprecipitation (IP) assay, we found that
FUNDCI1%"*4, a Serl13 dephosphorylation mimic mutant, has a
reduced interaction with OPA1 and an increased interaction with
DNMIL (Fig. 7A to C). After treatment with CK2 inhibitor TBB
in HeLa cells, mitochondria fragmented (Fig. S7B), and the inter-
action between FUNDC1 and OPA1 decreased while the interac-
tion between FUNDC1 and DNMIL increased (Fig. 7D).
Knockdown of the CSNK2A1 subunit increased the DNM1L-

Figure 2. (see previous page) FUNDC1 interacts with, and recruits DNM1L to mitochondria. (A and B) Hela cells were transfected with FUNDC1-MYC or DNM1L-MYC
(JOSD2-MYC was used as negative control) for 24 h, harvested and lysed, and they were then subjected to immunoprecipitation (IP) with an anti-DNM1L antibody (A) or
anti-FUNDC1 antibody (B). ColP with FUNDC1 (A) or DNM1L (B) was detected by western blotting using an anti-MYC antibody. ((C)and D) Hela cells were transfected
with FUNDC1-MYC or the indicated mutants for 24 h and then were subjected to immunoprecipitation (IP) with an anti-DNM1L antibody. wild-type FUNDC1 and FUNDC1
mutants were detected through western blotting using an anti-MYC antibody. (E) 0.5 wg DNM1L protein was incubated with 1 ;«g anti-DNM1L antibody and 30 ul pro-
tein G-Sepharose beads in 500 wl 1% NP-40 lysis buffer (pH 7.4) following incubating for 4 h and washing 3 times with PBS. Hela cells were transfected with FUNDC1-
MYC or the indicated mutant for 24 h and then were lysed in 1% NP-40 lysis buffer for 30 min. Cell lysis and protein G-Sepharose beads were incubated for 6 h following
washing 5 times. The affinity isolation of FUNDC1-MYC (wild type or its mutant) was detected by western blotting using an anti-MYC-antibody. (F) HeLa cells were trans-
fected with Mito-DsRed and FUNDCT or its mutants for 24 h. The cells were then fixed and immunostained to detect MYC (green) and DNM1L (purple). Scale bar: 10 um.
(G) The proportion of mitochondria translocated DNM1L in (F) were quantified with imageJ by measuring DNM1L (purple) mitochondria (red) merged area and mitochon-
dria area (red), merged area vs. mitochondria area was used to indicate the translocated DNM1L. The ratio was normalized to cells transfected with scrambled shRNA vec-
tor plasmids (mean+/—SEM; n = 100 cells from 3 independent experiments; *, P < 0.05). (H) Hela cells were subfractionated to detect DNM1L translocation from the
cytosol fraction to mitochondrial pellets in the transfection in (F). (I) Scrambled shRNA-treated and FUNDCT knockdown cells were then treated with 10 M selenite for
12 h and then fixed and immunostained to detect DNM1L (green) and HSP60 (red). Scale bar: 10 pum. (J) The proportion of mitochondria-translocated DNM1L in (I) was
quantified with imageJ by measuring DNM1L (green) mitochondria (red) merged area (yellow) and mitochondria area (red), the ratio of translocated DNM1L was analyzed
as in (G) (mean+/—SEM; n = 100 cells from 3 independent experiments; *, P < 0.05). (K) HeLa cells were subfractionated to detect DNM1L translocation from the cytosol
fraction to mitochondrial pellets in the treatment in (1).
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FUNDCI interaction but decreased the OPA1-FUNDCI interac-
tion under selenite or FCCP treatment (Fig. 7E). Furthermore,
knockdown of the CSNK2A1 subunit induced pronounced mito-

(Fig. S7A). PGAMS5 is a phosphatase which dephosphorylates
FUNDC1 at Ser13."® We found that under normal and stress con-
ditions (selenite or FCCP), depletion of PGAMS5 enhanced the
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FUNDCI1 interaction (Fig. S8A). Besides, we used the S13D phos-
phomimetic mutant to mimic the FUNDCI1 Serl3 phosphory-
lated-status by CK2. We detected the interaction between
FUNDC1°"*P and OPA1 or DNMI1L, the results showed that the
S13D phosphomimetic mutant of FUNDCI had a lower interac-
tion with DNMIL and a stronger interaction with OPA1l
(Fig. S8B, S8C).

Discussion

Both mitochondrial fission or fusion and mitophagy are inte-
gral components of mitochondrial quality control. The intrigu-
ing issue is how these events are coordinated. Our current work
presents the “coupling” mechanism between mitochondrial
dynamics and receptor-mediated mitophagy at molecular level
in mammalian cells. We found that DNMIL, the mitochondrial
fission factor, and OPA1, a mitochondrial inner membrane fis-
sion or fusion protein, both interact with FUNDCI for recep-
tor-induced mitophagy. It appears that there is a “see-saw
model” of interaction between DNMIL and OPA1l with
FUNDCIL. Specifically, FUNDCI can interact with OPA1 under
normal conditions, and the interaction is reduced under mito-
chondrial stress conditions. In contrast, FUNDC1 can also
recruit DNMI1L toward mitochondria under stress conditions
from its normal cytosolic localization (Fig. 7F). Interestingly,
HSP60 levels were reduced under FUNDCI overexpression or
stress (FCCP or selenite) treatment, suggesting that mitoUPR
were deactivated during these treatments (Fig. S9A, S9B).
Previous reports suggest that DNM1L-mediated mitochon-
drial fission of outer membrane is a prerequisite for receptor-
mediated mitophagy in yeast.”’ We extend this finding in
FUNDCI1-mediated mitophagy in mammalian cells, and,
importantly, we have found that the interaction between
FUNDCI1 and OPAL1 is also important for the fission and fusion
of mitochondrial inner membrane and mitophagy. We have
identified that K70 of FUNDCI is important for its interaction
with OPA1, and mutation of this lysine residue to A, but not R,
abolished the interaction, suggesting that the charged residue is
important for this interaction. An overwhelming number of
studies have already shown that OPA1 forms an oligomerized
complex between long and short forms to determine fusion
and fission of the mitochondrial inner membrane,***” although
the exact stoichiometry and mode of action remain subjects of
debate.”> Under normal conditions, FUNDCI is able to anchor
OPA1 through its charged lysine residue toward the inner sur-
face of mitochondrial outer membrane. In response to mito-
chondrial stresses, OPA1 becomes cleaved or even degraded,
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thus promoting mitochondrial fission, which is required for
mitophagy (see Fig. 3H). Recent studies have shown that mito-
chondrial stresses from the respiration chain may affect OPA
cleavage by YMEIL1 and OMAL1 for mitochondrial fission or
fusion.”® We thus speculate that the interaction between OPA1
and FUNDCI1 may serve as an “inside-out” mechanism for
mitochondrial stress sensing for mitophagy. Mitochondrial bio-
energetic or oxidative stresses could affect YME1L1-dependent
cleavage of OPA1 for mitochondrial fission and subsequent
mitophagy,** thus coupling the stress response with the protein
and mitochondrial quality control. Indeed, we have observed
that knockout of both YMEIL1 and OMALI strongly blocks
FUNDCI-mediated mitophagy (unpublished observation). It is
also interesting to note that the phosphorylation status of
FUNDCI can regulate the interaction between FUNDCI and
DNMI1L or OPAI, which mirrors the finding that the phos-
phorylation status of FUNDCI regulates mitophagy.'>" Our
results thus suggest the reciprocal regulation of mitochondrial
fission or fusion and mitophagy and the bidirectional signaling
across the double membrane of mitochondrial for mitochon-
drial fission or fusion and mitophagy.

Our data argue that there exists an “interactome” and
FUNDCI lies at the center of this interactome for mito-
chondrial quality control. We have previously found that
kinases such as SRC kinase and CK2 and phosphatases
such as PGAMS5 interact with FUNDCI and determine its
phosphorylation status in a reversible fashion.'"” The phos-
phorylation status of FUNDCI dictates the interaction
between FUNDC1 with DNMIL and OPA1 (this paper)
and with LC3 as we have previously shown."? Furthermore,
we have also shown that BCL2L1, the master regulator of
apoptosis, regulates FUNDC1-mediated mitophagy through
its interaction with PGAMS5 for the dephosphorylation of
FUNDCI. This “interactome” thus coordinates these dis-
tinct mechanisms for mitochondrial dynamics, mitochon-
drial quality control and apoptosis in response to different
signaling pathways and mitochondrial stresses. Further
understanding the molecular details of FUNDCI interac-
tome will offer mechanistic insights for these critical pro-
cesses governing mitochondrial and cellular activities.

Materials and methods
Reagents and antibodies

Mitochondrial proteins such as TIMM23, TOMM20, MFN1,
MEFN2 and FUNDCI were examined by western blotting.

Figure 3. (see previous page) FUNDC1-Kp promotes mitochondrial fusion. (A) FUNDC1 knockdown cells were transfected with FUNDC1-MYC and the D-LIR mutant. Then,
scrambled shRNA-treated and FUNDCT knockdown cells were transfected with mito-DsRed and mito-PAGFP and were subsequently photoactivated. Images were col-
lected every 15 min over a 30-min time course. Representative images are projections of z-series to show changes in the fluorescence intensities. Scale bar: 10 m. (B)
Normalized fluorescence intensity of mito-PAGFP in scrambled shRNA-transfected cells and FUNDCT knockdown or mutant FUNDCI-transfected cells was measured and
plotted. Each experimental group contains at least 20 cells. (C) Values of mito-PAGFP percent fluorescence in scrambled shRNA-transfected cells and FUNDCT knockdown
or mutant FUNDCI-transfected cells decrease after 15 and 30 min in each experimental group, and were plotted (Mean+/—SEM; n> = 20 cells from 3 independent
experiments; ***, P < 0.001). (D) Scrambled shRNA-treated and FUNDCT knockdown cells were transfected with FUNDC1-MYC or D-LIR mutants for 24 h. The cells were
then analyzed via western blotting. FUNDC1-MYC or D-LIR mutants were mutated to be RNAi-resistant. (E) Scrambled shRNA-treated and FUNDCT knockdown cells were
transfected with mito-DsRed and mito-PAGFP, after 10 M selenite treatment, followed by photoactivation. Images were collected every 15 min over 30 min. Representa-
tive images are projections of z-series to show changes in the fluorescence intensities. Scale bar: 10 m. (F) Normalized fluorescence intensity of mito-PAGFP in scrambled
shRNA-treated and FUNDCT knockdown cells was measured and plotted. Each experimental group contains at least 20 cells. (G) Values of mito-PAGFP percent fluores-
cence in scrambled shRNA-treated and FUNDCT knockdown cells decrease after 15 and 30 min in each experimental group, and they are plotted (mean+/—SEM; n> =
20 cells from 3 independent experiments; *, P < 0.05; ***, P < 0.001). (H) Scrambled shRNA-treated and FUNDC1 knockdown cells were treated with 10 .M selenite for

4,8, and 12 h. The cells were then analyzed via western blotting.
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The following antibodies were used: anti-TIMM23 (1:1,000;
BD Biosciences, 611223), anti-TOMM20 (1:1,000; BD Bio-
sciences, 612278), anti-HSP60, (1:1,000; Cell Signaling Tech-

612607),

anti-DNM1L/DRP1,

(1:1,000; BD Biosciences,

611113); anti-MFN1 monoclonal antibody (1:1,000; Abnova,

H000556691-M04),

anti-MFN2

monoclonal

antibody
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polyclonal antibody (1:1,000; Abgent, AP17377a); anti-
FLAG polyclonal antibody (1:2,000; Sigma, F-1804), anti-
PGAMS5 polyclonal antibody (1:1,000; Abcam, abl26534),
anti-CSNK2A1/CK2a1 casein kinase 2, o 1 polypeptide
(1:1,000; Santa Cruz Biotechnology, sc-6479), HRP-conju-
gated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories (31160).

For the immunoprecipitation assay, an anti-DNM1L mono-
clonal antibody 1:1,000 (BD, 611113), anti-OPA1 monoclonal
antibody 1:1,000 (BD, 612607), anti-FUNDC1 1:1,000 (Abgent,
AP17377a), and anti-MYC 1:1000 (Sigma, M4439) were used.

For immunofluorescence, the concentrations used were as
follows: anti-HSP60 1:300 (Cell Signaling Technology, 12165S),
anti-DNMIL 1:100, (BD, 611113), anti-FLAG 1:200 (Sigma, F-
1804), anti-MYC 1:400 (Sigma, M4439), anti-c-MYC poly-
clonal antibody, 1:1,00 (Santa Cruz Biotechnology, sc-789).

The following fluorescent secondary antibodies were used:
goat anti-mouse IgG FITC 1:200 (Life Technologies, 626312);
goat anti-rabbit IgG FITC (Life Technologies, 656111) 1:200;
goat anti-mouse IgG Cy3 (Life Technologies, 1575605) 1:200;
goat anti-rabbit IgG Cy3 (Life Technologies, 167203) 1:200;
goat anti-mouse Cy5 (Life Technologies, 1511347) 1:200; goat
anti-rabbit Cy5 1:200 (Life Technologies, 1322326).

Cell culture and transfection

Dulbecco’s modified Eagle’s medium (GIBCO, 11965-118)
containing 10% fetal bovine serum (Hyclone, SV30087.02) and
0.1 mg/ml penicillin-streptomycin was used to culture HeLa
cells at 37°C under 5% CO2. The target sequence in FUNDCI
for RNA interference is 5-GCAGCACCTGAAATCAACA-3;
the scrambled RNA interference sequence is 3-GACATTTG-
TAACGGGATTC-5; for OPAL, the target sequence is 5'-GAT-
GAAGTTATCAGTCTGAGCCAGGTTAC-3'; for DNMIL, the
target sequence is 5-TTCAATCCGTGATGAGTATGCT
TTTCTTC-3; and the control shRNA for DNMIL is 5-
TCGTACTCATAATCAGCTCTGCAT ACATC-3. FUNDCI1
RNAI resistant sequence is: 5-GCCGCCCCTGAGATAAACA-
3. DNA transfections were performed using PEI (Polysciences,
23966) according to the manufacturer’s instructions. PGAM5-
KO HeLa cell was created by Cas9/CRISPR system.

SDS-PAGE and western blotting

Lysis buffer (20 mM Tris, pH 7.4, 137 mM NaCl, 2 mM EDTA,
10% glycerol (Sigma, 49770), 1% NP-40 (NEW industry,
728601), and protease inhibitors (Roche Applied Science,
04693132001) was used to lyse cells or membrane fractions.
Equivalent protein quantities (20 ©g) were subjected to SDS-

AUTOPHAGY 697

PAGE and transferred to nitrocellulose membranes. Mem-
branes were probed with the indicated primary antibodies, fol-
lowed by the appropriate HRP-conjugated secondary
antibodies. A chemiluminescence kit (ThermoFisher, 32109)
was used to visualize immunoreactive bands.

Immunoprecipitation

HeLa cells were transiently transfected using the PEI method
for 24 h. The cells were then lysed with 0.5 ml of lysis buffer
plus protease inhibitors (Roche Applied Science, 04693132001)
for 30 min on ice and centrifuged at 12,000 g for 15 min. The
lysates were immunoprecipitated with a specific antibody and
protein A-Sepharose (Life Technology, 10-1041) or protein G-
Sepharose (Life Technology, 10-1243) for 8 h at 4°C. Thereaf-
ter, the precipitants were washed 3 times with phosphate-buft-
ered saline (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
2 mM KH,PO,), and the immune complexes were eluted with
sample buffer containing 1% SDS for 3 min at 95°C and ana-
lyzed by SDS-PAGE.

Immunofluorescence microscopy

Cells were grown on a coverslip to 60% confluence. After treat-
ment, cells were fixed with freshly prepared 3.7% formaldehyde
at 37°C for 15 min and washed 3 times with PBS (137 mM
NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 2 mM KH,PO,).
0.2% Triton X-100 (ROTH, 3010244) was used to increase anti-
gen accessibility. Cells were incubated with primary antibodies
for 2 h, washed 2 times with PBS, and then stained with a sec-
ondary antibody for 45 min. Cell images were captured using
an LSM 510 Zeiss confocal microscope (Carl Zeiss Jena,
Germany).

Affinity isolation assay

E. coli BL21 (DE3) (Transgen Biotech, CD601-01) was used to
express GST tagged proteins. GST fusion proteins were purified
on glutathione -Sepharose 4 Fast Flow beads (Amersham Bio-
sciences, 17-5132-01) following thrombin cleavage to remove
GST tag. For GST affinity isolation with purified FUNDCI pro-
tein, 0.5 g of DNMIL or OPAL1 protein was incubated with
0.5 ng of FUNDCI protein in 500 ul of 1% NP-40 lysis buffer
(20 mM Tris-HCI, 137 mM NaCl, 1% NP-40, 2 mM EDTA,
10% glycerol, adjust pH to 7.4) for 2 h at 4°C with 1 ug of
FUNDCI antibody and then washed 5 times with 1 ml of PBS
buffer. The precipitate complex was boiled with sample buffer
containing 1% SDS for 5 min at 95°C and analyzed by SDS-
PAGE.

Figure 4. (see previous page) FUNDC1 interacts with OPA1 at the K70A site. (A) Hela cells were subject to immunoprecipitation (IP) with an anti- FUNDC1 antibody. The
immunoprecipitation complex was probed via western blotting using an anti-OPA1, MFN1 or MFN2 antibody. (B) Hela cells were treated with 10 .M selenite for 6 h and
were then subjected to immunoprecipitation (IP) with an anti-FUNDC1 antibody. ColP of OPA1 or DNM1L was detected by western blotting using an anti-OPA1 antibody
or DNM1L antibody, (C and D) 0.5 g L-OPA1 (C) or 0.5 neg S-OPA1 (D) were incubated with 0.5 ;1g FUNDC1 proteins in 500 | 1% NP-40 lysis buffer (pH 7.4), and affinity
isolation was performed by addition of 1 «g an anti-FUNDC1 or 1 g IgG antibody and 30 ul protein A-Sepharose beads following incubation for 4 h. After washing for
5 times, the affinity-isolated complexes were detected by western blotting. (E, F, G and H) Hela cells were transfected with FUNDC1-MYC or FUNDC1 mutants for 24 h.
The cells were then subject to immunoprecipitation. FUNDC1 (wild type and mutants) were detected by western blotting using and anti-MYC antibody. (I) 0.5 g wild-
type FUNDC1 or the K70A and K70R mutant proteins were incubated with 0.5 g S-OPAT proteins in 500 | 1% NP40 lysis buffer (pH 7.4), and affinity isolation was per-
formed by addition of 1 g an anti-OPA1 or 1 1. IgG antibody and 30 ul protein G-Sepharose beads following incubation for 4 h. After washing for 5 times, the affinity-

isolated complexes were detected by western blotting.
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Figure 5. Interaction between OPA1 and FUNDC1 is important for mitophagy. (A) HeLa cells were transfected with FUNDC1-MYC or mutants and GFP-LC3 for 24 h. The
cells were then fixed and immunostained to detect MYC (red) and HSP60 (purple). Scale bar: 10 wm. (B) The GFP-LC3 aggregates in cells treated as in (A) were quantified
with imagel. The GFP-LC3 aggregation area versus whole cell area was used to indicate the GFP-LC3 aggregation ratio (mean+/—SEM; n = 100 cells from 3 independent
experiments; *, P < 0.05, NS: no significance). (C) HeLa cells were transfected with FUNDC1 and mutants for 24 h, and then subjected to western blotting. (D) HeLa cells
were transfected with scrambled or OPAT knockdown shRNA vectors for 24 h and were then transfected with FUNDC1-MYC or FUNDC1 mutants for 24 h. The cells were
fixed and immunostained to detect MYC (red) and HSP60 (purple). Scale bar: 10 um. (E) The GFP-LC3 aggregates in cells treated as in (D) were quantified with imageJ.
The GFP-LC3 aggregation area vs. whole cell area was used to indicate the GFP-LC3 aggregation ratio (mean-+/—SEM; n = 100 cells from 3 independent experiments; *,
P < 0.05). (F) Scrambled shRNA-treated or DNM1L-Kp, cells were transfected by FUNDC1 for 24 h and then subjected to western blotting.
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Figure 6. FUNDC1 cooperates with OPA1 and DNM1L for mitochondrial fragmentation and mitophagy. (A) HeLa cells were treated with 10 M selenite or 10 M FCCP for
3 h. The cells were then subjected to immunoprecipitation with an anti-FUNDC1 antibody. The immune complex was analyzed by western blotting. (B) Hela cells were
treated with 2 M oligomycin or 2 M antimycin for 8 h. The cells were then subjected to ColP with an anti-FUNDC1 antibody. The immune complexes were detected
by western blotting. (C) Scrambled shRNA-treated and DNMTL knockdown cells were transfected with FUNDC1 or FUNDC1 mutants and GFP-LC3, and then fixed and
immunostained for HSP60 (red) and MYC (purple). Scale bar: 10 um. (D) The GFP-LC3 aggregates in cells treated as in (C) were quantified with imageJ. The GFP-LC3
aggregation area vs. whole cell area was used to indicate the GFP-LC3 aggregation ratio (mean-+/—SEM; n = 100 cells from 3 independent experiments; *, P < 0.05; **
P < 0.01). (E) Cells were transfected by FUNDC1 (wild type and mutants), and then subjected to western blotting. (F) Hela cells were transfected with FUNDC1 or
FUNDC1 mutants and mito-DsRed for 24 h and then fixed and immunostained to detect MYC (green) and DNM1L (purple). Scale bar: 10 xm. (G) The proportion of trans-
located DNM1L in (F) was quantified with imageJ by measuring DNM1L (purple) mitochondria (red) merged area and mitochondria area (red), the merged area vs. whole
mitochondrial area was used to indicate the translocated DNM1L. The ratio was normalized to cells transfected with shRNA vector plasmids (mean+/—SEM; n = 100 cells
from 3 independent experiments; *, P < 0.05). (H) HeLa cells were subfractionated to detect DNM1L translocation from the cytosol fraction to mitochondrial pellets in
the treatment in (F).
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mutants) for 24 h and then subjected to immunoprecipitation (IP) with an anti-MYC antibody. ColP of OPA1 or DNM1L was detected by western blotting using an anti-
OPA1 antibody or DNM1L antibody. FUNDC1 (wild type and the Y18W or S13A mutants) were used to mimic the dephosphorylation status of FUNDC1. (B and C) Hela
cells were transfected with FUNDC1-MYC or FUNDCT mutants for 24 h and were then subjected to immunoprecipitation (IP) with an anti-OPA1 antibody (B) or an anti-
DNM1L antibody (C). MYC was detected through western blotting using an anti-MYC antibody. (D) Hela cells were treated with 10 «M TBB or 10 M PP2 for 12 h and
were then collected and subjected to ColP using an anti-FUNDC1 antibody. Immunoprecipitated OPA1 and DNM1L were detected by western blotting using anti-OPA1
and anti-DNM1L antibodies. PP2 is an inhibitor of SRC and TBB is an inhibitor of CK2. (E) Scrambled shRNA-treated and CSNK2AT knockdown Hela cells were collected for
ColP using an anti-FUNDC1 antibody. ColP of OPA1 or DNM1L was detected by western blotting. (F) Model of the OPAT-DNM1L interaction axis associated with

mitophagy.
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Photoactivation assay

Cells were grown in 2-well chambers for confocal microscopy. a
microscope (model LSM 510; Carl Zeiss Microlmaging) and a
63x1 .4 NA Apochromat objective (Carl Zeiss Microlmaging,
Thornwood, NY) were used to capture images. 405-nm wave-
length light was used to photoactivate the PAGFP. After select-
ing the regions of interest, a series of z-sections from the cell
top to the bottom with 1-um intervals were irradiated with
405-nm wavelength light. The same intervals between optical
sections were used for imaging. Red color indicates mito-DsRed
> to mark mitochondria and green color indicates mito-
PAGFP ** to detect mitochondria fusion ability.

Statistical analysis

For quantitative analysis, values were obtained from 3 inde-
pendent experiments and shown as the mean £+ SEM. Sta-
tistical analyses were performed using the Student ¢ test,
with P values < 0.05 being considered significant. Signifi-
cance levels *, P < 0.05 and ™", P < 0.01 were considered
as relatively significant levels according to the controls. All
statistical data were calculated using GraphPad Prism

software.

Abbreviations

aa amino acids
ACTB actin, g
BCL2L1/Bcl-xL BCL2-like 1

CK2

casein kinase 2

CSNK2A1/CK2wl casein kinase 2, o 1 polypeptide

D deletion

DNMI1L/DRP1 dynamin 1-like

FCCP carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone

FUNDCI1 FUN-14 domain containing protein 1

GFP green fluorescent protein

GST glutathione S-transferase

1P immunoprecipitation

JOSD2 Josephin domain containing 2

L-OPA1l long OPA1

MAPILC3B/LC3B microtubule associated protein 1 light
chain 3 g8

MEN1/2 mitofusin 1/2

OPAl optic atrophy 1 (autosomal dominant)

PGAMS5 PGAM family member 5, serine/threo-
nine protein phosphatase, mitochondrial

RFP red fluorescent protein

SC scrambled

S-OPA1l short OPA1

SRC SRC proto-oncogene, non-receptor tyro-
sine kinase

TIMM23 translocase of inner mitochondrial mem-
brane 23 homolog (yeast)

™ transmembrane

TOMM?20 translocase of outer mitochondrial mem-
brane 20 homolog (yeast)

VDACI voltage-dependent anion channel 1.
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