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Abstract

In hypoxic cells, dysfunctional mitochondria are selectively removed
by a specialized autophagic process called mitophagy. The ER-
mitochondrial contact site (MAM) is essential for fission of mito-
chondria prior to engulfment, and the outer mitochondrial
membrane protein FUNDC1 interacts with LC3 to recruit autophago-
somes, but the mechanisms integrating these processes are poorly
understood. Here, we describe a new pathway mediating mitochon-
drial fission and subsequent mitophagy under hypoxic conditions.
FUNDC1 accumulates at the MAM by associating with the ER
membrane protein calnexin. As mitophagy proceeds, FUNDC1/
calnexin association attenuates and the exposed cytosolic loop of
FUNDC1 interacts with DRP1 instead. DRP1 is thereby recruited to the
MAM, and mitochondrial fission then occurs. Knockdown of FUNDC1,
DRP1, or calnexin prevents fission and mitophagy under hypoxic
conditions. Thus, FUNDC1 integrates mitochondrial fission and
mitophagy at the interface of the MAM by working in concert with
DRP1 and calnexin under hypoxic conditions in mammalian cells.

Keywords autophagy; ER—mitochondrial contact site; MAM; mitochondrial
fission; mitophagy

Subject Categories Autophagy & Cell Death; Membrane & Intracellular
Transport; Metabolism

DOI 10.15252/embj.201593102 | Received 20 September 2015 | Revised 30
March 2016 | Accepted 31 March 2016

Introduction

The mitochondrion is at the core of cellular energy metabolism and
controls a series of important metabolic pathways (Chan, 2006;
Dimmer & Scorrano, 2006; Suen et al, 2008; Green et al, 2014). The
vital role of mitochondria is mediated by mitochondrial fission and
fusion, which consequently regulate embryonic development, meta-
bolism, apoptosis, and autophagy (Green & Reed, 1998; Wang,
2001; Gomes et al, 2011; Nunnari & Suomalainen, 2012; Wasilewski
et al, 2012; Escobar-Henriques & Anton, 2013). Dysfunctional mito-
chondrial fission and fusion are implicated in neurodegeneration,
diabetes, cardiovascular disorders, and cancer (Chan, 2006; Knott
et al, 2008; Cho et al, 2010; Yoon et al, 2011; Feng et al, 2013;
Chandel, 2014; Schneider & Cuervo, 2014).

Two dynamin-related GTPases, MFN1 (Mitofusin 1) and MFN2
(Mitofusin 2), participate in mitochondrial outer membrane fusion
by forming heterodimers with each other (Santel & Fuller, 2001;
Chen et al, 2003; Koshiba et al, 2004). OPA1, another dynamin-
related GTPase, is involved in inner mitochondrial membrane fusion
together with MFN1 (Cipolat et al, 2004). In addition, OPA1 also
plays important roles in regulating crista morphology and apoptosis
(Cipolat et al, 2006; Duvezin-Caubet et al, 2006; Frezza et al, 2006).
DRP1 (Dnml in yeast), a highly conserved dynamin-related GTPase,
is the crucial hub in the mitochondrial fission process (Smirnova
et al, 2001; Taguchi et al, 2007). Ser637 of cytosolic DRP1 is
dephosphorylated and DRP1 is subsequently recruited to
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mitochondria to drive mitochondrial constriction and membrane
fragmentation (Smirnova et al, 2001; Roux et al, 2006; Cereghetti
et al, 2008; Mears et al, 2011). DRP1 adaptors, which participate in
mitochondrial fission together with DRP1, include MFF (mitochon-
drial fission factor), FIS1 (mitochondrial fission protein 1), and
MiD49 and MiD51 (mitochondrial dynamics proteins of 49 and
51 kDa); however, the role of FIS1 and MID49/51 in mitochondrial
fission and fusion is still controversial (Stojanovski et al, 2004;
Gandre-Babbe & van der Bliek, 2008; Otera et al, 2010; Palmer et al,
2011, 2013; Zhao et al, 2011; Loson et al, 2013).

The mitochondria-associated membrane (MAM) connects the ER
with mitochondria (Rowland & Voeltz, 2012; Kornmann, 2013;
Klecker et al, 2014; Marchi et al, 2014). Recent data have shown
that in yeast and mammalian cells, mitochondrial fission occurs at
sites where the ER is tethered to the mitochondria. ER tubules wrap
around mitochondria and mark the sites where Dnm1 (in yeast) or
DRP1 (in mammals) is recruited by mitochondrial receptors. The
assembled Dnm1 or DRP1 then forms a helix to constrict the mito-
chondria (Friedman et al, 2011; Murley et al, 2013). Another critical
role of the MAM involves initiation of autophagosome formation in
general autophagy in mammals or mitophagosome formation and
mitophagy in yeast (Matsunaga et al, 2010; Hamasaki et al, 2013;
Bockler & Westermann, 2014). Previously, we have shown that
hypoxia could induce mitochondrial fragmentation and mitophagy
(Liu et al, 2012; Wu et al, 2014b), but the mechanisms linking
fission and mitophagy under hypoxic conditions remain poorly
understood.

In this study, we found that the outer mitochondrial membrane
protein FUNDC1 is a novel MAM protein, which accumulates at the
ER-mitochondria contact sites by interacting with the ER membrane
protein calnexin in hypoxic cells. Further, we found that FUNDCI1
is specifically required for mitochondrial fragmentation: It recruits
DRP1 to drive mitochondrial fission in response to hypoxic stress.
In addition, siRNA silencing of FUNDC1, DRP1, or calnexin causes
mitochondrial elongation and also reduces the association of the ER
with LC3 and mitochondria, thus preventing mitophagy under
hypoxic conditions. Taken together, these findings reveal that
FUNDCI is not only a novel MAM protein that acts as an adaptor
for DRP1 during the mitochondrial fission process, but also involved
in hypoxia-induced mitophagy.

Results

FUNDC1 accumulates at ER-mitochondria tethering sites in
response to hypoxia

The MAM plays an important role in autophagy or mitophagy
(Hamasaki et al, 2013; Bockler & Westermann, 2014). In general,
the mitochondrial ER tethering site with the average lengths of teth-
ers between OMM and rough ER or between OMM and smooth ER
are ranging from 9 to 30 nm (Csordas et al, 2006; Marchi et al,
2014; Naon & Scorrano, 2014). As shown in our previous studies,
the outer mitochondrial membrane protein FUNDC1 mediates mito-
phagy in response to hypoxia (Liu et al, 2012; Li et al, 2014; Wu
et al, 2014b). We thus speculated whether FUNDCI1 is related to the
MAM in response to hypoxia. We first confirmed the efficacy of our
hypoxia induction protocol by measuring the expression of
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hypoxia-inducible proteins (the transcription factor HIF-1o and NIX)
in cells in response to hypoxic stress (Appendix Fig S1). We then
analyzed the subcellular distribution of FUNDCI in normoxic and
hypoxic HeLa cells by Percoll density-gradient centrifugation.
Different fractions were identified with the following organelle
markers: calnexin (ER and MAM), calreticulin (ER), FACL4 (MAM),
VDAC1 (MAM and mitochondria), MFN2 (ER, MAM, and mitochon-
dria), TOM20, MID51/49, FIS1, MFF (mitochondria) (de Brito &
Scorrano, 2008; Wieckowski et al, 2009; Hamasaki et al, 2013). We
found that FUNDCI1 substantially accumulates at the ER-mitochondria
contact sites in response to hypoxia, although a small amount of
FUNDCI can be also detected in the MAM under normoxic condi-
tions (Fig 1A-C). Surprisingly, the protein level of DRP1 in
the MAM is also prominently elevated in response to hypoxia
(Fig 1A—C). Immunogold labeling confirmed that FUNDCI indeed
accumulates at the ER-mitochondria interface since a well-
established MAM protein, FACL4, also concentrates at this site in
response to hypoxia (de Brito & Scorrano, 2008; Wieckowski et al,
2009; Hamasaki et al, 2013) (Fig 1D-I). In addition, the number of
MAM also increases under hypoxia condition (Fig 1H and I). As a
negative control, TOM20, a membrane protein located in the outer
mitochondrial membrane, does not accumulate in MAM under this
condition (Fig 1E-G). We found that DRP1 is also enriched in the
MAM fraction in hypoxic cells (Fig 1A and B) and localizes with
FUNDCI in the MAM as evidenced by double immunogold EM
(Fig 1L). Triple-color imaging further demonstrated that FUNDC1
and DRP1 puncta are closely associated with lacunae formed by ER
lattices in hypoxic conditions (Appendix Fig S2).

The ER membrane protein calnexin is required for the
accumulation of FUNDCL1 in the MAM

Why does FUNDCI1 accumulate in the MAM in response to hypoxia?
We hypothesized that the accumulation of FUNDC1 might be driven
by certain MAM proteins under hypoxic conditions. We tested
whether FUNDC1 could be immunoprecipitated by different MAM
protein markers, including STX17, FACL4, IP3Rs, and calnexin and
found that calnexin is a potential binding partner of FUNDCI in the
MAM. Using transient transfection, we found that endogenous
calnexin, but not BAP31, FIS1, or MFF is co-immunoprecipitated
with FUNDC1-MYC using anti-MYC antibody (Fig 2B). Furthermore,
we observed that FLAG-FUNDCI co-immunoprecipitated with
calnexin using an anti-calnexin antibody, but not an IgG control
(Fig 2C).

FUNDCI includes three transmembrane domains, an N-terminal
region (AA 1-50) and a loop (AA 96-138) that is exposed to cytosol.
Previously, we proved that AA 50-96, including the first two trans-
membrane domains, is crucial for localizing FUNDC1 to mitochon-
dria (Fig 2A and Wu et al, 2014b). Here, to identify which domain
of FUNDCI1 is essential for the interaction with calnexin and
whether localization of FUNDCI to mitochondria is required for this
interaction, we transfected various mutants of FUNDCI-MYC into
HeLa cells and then immunoprecipitated calnexin using anti-
calnexin antibody. We found that the cytosolic domain (AA 96-138)
is essential for the interaction of FUNDC1 with calnexin (Fig 2D).
To identify the minimal region for calnexin binding, we created
smaller deletions within AA 96-138 of FUNDCI and narrowed the
key interaction region to AA 129-138 (Appendix Fig S3A). We then

© 2016 The Authors
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Figure 1. FUNDC1 is a novel MAM protein and accumulates in the MAM under hypoxic conditions.

A Immunoblots of subcellular fractions from HelLa cells exposed to normoxia. P: post-nuclear supernatant; C: cytosol; ER: endoplasmic reticulum; MT: mitochondria; MA:

mitochondrial-associated membranes.

B Immunoblots of subcellular fractions from HelLa cells exposed to hypoxia (1% O,) for 5 h. P: post-nuclear supernatant; C: cytosol; ER: endoplasmic reticulum; MT:

mitochondria; MA: mitochondrial-associated membranes.

C Quantification of the MAM:PNS ratio of FUNDC1 or DRP1 under normoxic or hypoxic conditions. All quantitative data are presented as mean =+ s.e.m. from three

independent experiments, **P < 0.01.

D Control Hela cells or hypoxia-treated Hela cells (1% O, for 5 h) were processed for immunogold electron microscopy with anti-FUNDC1 antibody (12-nm gold
particles). Scale bar = 500 nm. The boxed areas in the left panels are magnified in the right panels. Arrows indicate gold particles.

E Control Hela cells or hypoxia-treated HelLa cells (1% O, for 5 h) were processed for immunogold electron microscopy with anti-TOM20 antibody (12-nm gold
particles). Scale bar = 500 nm. The boxed areas in the left panels are magnified in the right panels.

F  Quantification of the MAM:mitochondrion ratio of FUNDC1 immunogold particles from (D) under normoxic and hypoxic (1% O,) conditions. Data (mean + s.e.m.) are
from three independent experiments. n = 60 MAMs (one MAM means one mitochondrial ER tethering site in the corresponding mitochondria), **P < 0.01.

G Quantification of the MAM:mitochondrion ratio of TOM20 immunogold particles from (E) under normoxic and hypoxic (1% O,) conditions. Data (mean =+ s.e.m.) are
from three independent experiments. n = 50 MAMs (one MAM means one mitochondrial ER tethering site in the corresponding mitochondria). NS means not

significant.

H The quantification of MAM counts from 50 cells (mean + s.e.m.), ***P < 0.001.

| The quantification of FACL4 immunogold particles from 50 cells (mean + s.e.m.), ***P < 0.001.
] Hypoxia-treated Hela cells (1% O, for 5 h) were processed for immunogold electron microscopy with anti-FUNDC1 antibody (12-nm gold particles) and anti-FACL4
(6-nm gold particles). Scale bar = 500 nm. The boxed areas in the left panels are magnified in the right panels. Yellow arrows indicate FUNDC-gold particles, and

green arrows indicate FACL4-gold particles.

K The ratio of FACL4 immunogold particles on the MAM and mitochondrion. n = 80 MAMs (one MAM means one mitochondrial ER tethering site in the corresponding

mitochondria).

L Hypoxia-treated Hela cells (1% O, for 5 h) were processed for immunogold electron microscopy with anti-FUNDC1 antibody (12-nm gold particles) and anti-DRP1
(6-nm gold particles). Scale bar = 500 nm. The boxed areas in the left panels are magnified in the right panels. Yellow arrows indicate FUNDC-gold particles, and

green arrows indicate DRP1-gold particles.

Source data are available online for this figure.

made a series of mutations in this region, but unfortunately, we
found that they all associate with calnexin (Appendix Fig S3B). We
also discovered that the first transmembrane domain (AA 50-68) is
critical for the interaction of FUNDC1 with calnexin because the
loss of this domain dramatically lessened the interaction (Fig 2E).
Elimination of AA 50-96, which is required for the localization of
FUNDC1 to mitochondria, severely interrupted the FUNDC1/
calnexin association (Fig 2E). To identify the interaction region
for FUNDC1 binding, we made C-terminal (AA 504-586) and
N-terminal (AA 1-503) truncated forms of calnexin. We found that
the N-terminus of calnexin associates with FUNDC1 (Appendix Fig
S4). Because the N-terminus of calnexin is in the lumen of ER, it is
unlikely that the hydrophilic domain of FUNDC1 (96-139) can
interact directly with calnexin in the lumen, implying that their
interaction is indirect.

Next, we examined whether calnexin plays a role in the accu-
mulation of FUNDC1 at the MAM. When we knocked down
calnexin and purified the MAM fraction, we found that the
amount of FUNDCI is significantly reduced compared to cells
treated with scramble siRNA (Fig 2F-H). Double immunogold EM
also suggests that FUNDCI1 fails to accumulate in the MAM in
calnexin-depleted cells under hypoxia (Fig EV1). Interestingly, the
amount of DRP1 in the MAM fraction also decreases in calnexin
KD cells (Fig 2F-H).

FUNDC1 mediates mitochondrial fission in response to hypoxia
Our previous study showed that FUNDC1 mediates hypoxia-induced

mitophagy. We examined the mitochondrial morphology in cells
exposed to hypoxic conditions for different lengths of time

Figure 2. The ER membrane protein calnexin is required for the accumulation of FUNDC1 in the MAM.

A Top: Cartoon representing the topology of the FUNDC1 protein in the mitochondrial membrane. The cytoplasmic domain that interacts with the ER protein
calnexin is shown. Bottom: Illustration of the different FUNDC1 truncation variants.
B Hela cells were transfected with FUNDC1-MYC or empty vector for 24 h. Cell lysates were immunoprecipitated by anti-MYC antibody and immunoblotted with the

indicated antibodies.

C Hela cells were transfected with FLAG-FUNDCL. About 24 h post-transfection, cell lysates were immunoprecipitated by anti-calnexin and immunoblotted with

anti-FLAG and anti-calnexin antibodies.

D, E Hela cells were transfected with the indicated FUNDC1-MYC constructs for 24 h. Cell lysates were immunoprecipitated using anti-calnexin and immunoblotted
using anti-MYC and anti-calnexin antibodies.

F Immunoblots of subcellular fractions from Hela cells transfected with scramble siRNA and exposed to hypoxia (1% O,) for 5 h. PNS: post-nuclear supernatant;
CYTO: cytosol; ER: endoplasmic reticulum; MITO: mitochondria; MAM: mitochondrial-associated membrane. DRP1 (S) and DRP1 (L) indicate short and long
exposures, respectively.

G Immunoblots of subcellular fractions from Hela cells transfected with calnexin siRNA (siCNX) and exposed to hypoxia (1% O,) for 5 h. PNS: post-nuclear

supernatant; CYTO: cytosol; ER: endoplasmic reticulum; MITO: mitochondria; MAM: mitochondrial-associated membrane. DRP1 (S) and DRP1 (L) indicate short and

long exposures, respectively.

H Quantification of the MAM:PNS ratio of FUNDC1 or DRP1 in Hela cells treated with scramble siRNA or siCNX and exposed to hypoxia (1% O,) for 5 h. Data are

presented as mean =+ s.e.m. from three independent experiments, ***P < 0.001.

Source data are available online for this figure.
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(Fig EV2). The proportion of cells containing ruptured mitochondria
increased dramatically between 5 and 12 h. At 24 h, over 90% cells
had completely fragmented mitochondria (Fig EV2). It is generally
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believed that a mitochondrion should be fragmented before engulf-
ment by the autophagosome to match the relatively small size of the
latter (Tatsuta & Langer, 2008; Mao & Klionsky, 2013). Therefore,
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Figure 3. FUNDC1 mediates mitochondrial fission in response to hypoxia.
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A Hela cells were transfected with the indicated siRNAs. Twenty-four hours post-transfection, cells were exposed to hypoxia (1% O,) for 12 h and then immunostained
by anti-TOM20. Scale bar = 50 um. Boxed regions in the left panels are enlarged in the right panels.
B Electron microscopy analysis of Hela cells treated with the indicated siRNAs for 24 h and then exposed to hypoxia (1% O,) for 12 h. Scale bar = 1 pm. Boxed regions

in the left panels are enlarged in the right panels.

C Quantification of mitochondrial morphology (fragmented, intermediate, and elongated mitochondria) in 100 cells from (A). Data represent mean + s.e.m. (**P < 0.01,

=%p < 0,001).

we wondered what drives mitochondrial fission before mitophagy in
response to hypoxia. We silenced the main mitochondrial fission-
related proteins, MFF or FIS1, and discovered that the loss of MFF or
FIS1 partially inhibit mitochondrial fission under hypoxic conditions.
In hypoxic MFF and FIS1 KD cells, the percentage of mitochondria
that were fragmented after 12 h was 65% and 80%, respectively,
compared to 92% in hypoxic control cells (Fig 3A-C). Conversely,
the loss of FUNDC1 dramatically inhibits mitochondrial fragmenta-
tion in response to hypoxia. Only 9% of mitochondria were frag-
mented, while 86% were elongated (Fig 3A-C). In addition, we
tested whether FUNDCI is involved in mitochondrial fission under
conditions that are known to be affected by MFF, such as FCCP,
apoptosis-inducing compound (etoposide). Knocking-down of
FUNDCI partially prevents mitochondrial fission induced by FCCP
but not etoposide (Fig EV3). After silencing calnexin, mitochon-
drial fragmentation is also dramatically diminished compared to
silencing of MFF and FIS1, but the effect is milder than that in
FUNDC KD cells. The percentage of elongated mitochondria reached
60% in calnexin KD cells, compared to just 18% in MFF and 12% in
FIS1 KD cells (Fig 3A—C) under hypoxic conditions.

FUNDC1 recruits DRP1 to facilitate mitochondrial fission
during hypoxia

As DRPI1 is at the core of regulating regular mitochondrial home-
ostasis, we wanted to test whether DRP1 is also involved in mito-
chondrial fragmentation together with FUNDCI1 under hypoxic
conditions. We therefore examined whether DRP1 translocates to
mitochondria in hypoxic cells. Under normal conditions, DRP1
sporadically localizes with mitochondria to facilitate regular mito-
chondrial fission (Fig 4A). However, the level of mitochondrial
DRP1 markedly increases after 12-h hypoxic treatment (Fig 4A and
B). Surprisingly, when FUNDCI is silenced, the amount of DRP1
translocating to mitochondria in hypoxic cells sharply decreases and
the mitochondria are observed to elongate (Fig4A and B).
Immunogold electron micrographs also show that in hypoxic
siFUNDCI-treated cells, less DRP1 translocates to mitochondria and
less mitochondria are fragmented compared to control cells
transfected with scramble siRNA (Fig 4C). However, knockdown of

MFF, FIS1, or MID49/51 does not affect DRP translocation to
mitochondria under hypoxic conditions (Fig 4A and B). Next, we
evaluated hypoxia-induced mitochondrial DRP1 translocation by
subcellular fractionation and found that when FUNDCI is silenced,
less DRP1 co-fractionates with crude mitochondria (mitochondria +
MAM) than when MFF, FIS1, mid49/51 is silenced (Fig 4C-H). We
further examined the role of APAPI121 in hypoxia-induced
mitochondrial fission. APAP121 slightly decreases under hypoxia.
However, mitochondrion still fragments in cells when much of
AKAP121 is depleted (Fig EV4).

Next, we examined the localization of calnexin, DRP1, and FUNDC1
in hypoxic cells at different time points. Time-course analysis of these
proteins in different subcellular fractions, including ER, mitochondria,
and MAMs, is shown in Appendix Fig S5. DRP1 and FUNDC1 have
dynamic localization patterns. At 6 h, most DRP1 is found in the MAM
fraction, while at 12 h, DRP1 mainly localizes to mitochondria, as
compared MAM with mitochondria (Appendix Fig S5).

FUNDC1 binds directly to DRP1 and their role in mediating
mitochondrial fission

Unlike FIS1, MID49/51, or MFF KD, FUNDC1 KD prevents DRP1
translocation and mitochondrial fission under hypoxic conditions,
indicating that FUNDC1 may possibly be involved in the mitochon-
drial translocation of DRP1. To test this hypothesis, we cotrans-
fected FLAG-DRP1 and FUNDC1-MYC into HeLa cells. Twenty-four
hours post-transfection, we lysed the cells and found that FUNDC1-
MYC immunoprecipitated with FLAG-DRP1 using anti-FLAG
antibody (Fig 5A). Meanwhile, we transiently cotransfected
FLAG-FUNDC1 and MYC-DRP1 and found that MYC-DRP1 was
precipitated with FLAG-FUNDC1 using anti-FLAG antibody (Fig SB).
We further transfected FUNDC1-MYC into MEFs and detected the
colocalization of FUNDC1-MYC and endo-DRP1 by immunofluores-
cence. Interestingly, many endo-DRP1 dots colocalizes with
FUNDCI1-MYC-positive puncta (Fig 5C). Next, we examined which
domain of FUNDCI is essential for its interaction with DRP1. We
cotransfected FLAG-DRP1 with different FUNDCI1-MYC constructs
and found that the cytosolic loop (AA 96-138) of FUNDCI, which
binds to calnexin, is also essential for the interaction with DRP1

Figure 4. FUNDC1 recruits DRP1 to facilitate mitochondrial fission under hypoxic conditions.

A Hela cells were treated with the indicated siRNAs and exposed to hypoxia for 12 h. Cells were fixed and immunostained by anti-TOM20 and anti-DRP1 antibodies.

Scale bar = 40 um. Boxed regions are enlarged in the right panels.

B Immunogold electron micrographs of control HeLa cells (top) or Hela cells transfected with siFUNDC1 (bottom) and then exposed to hypoxia (1% O,) for 12 h.
DRP1 was detected with anti-DRP1 (12-nm gold particles). Blue stars indicate mitochondria. Yellow arrows indicate gold particles. Red arrows indicate double-

membraned autophagosomes.

C-H Immunoblots of subcellular fractions from control HeLa cells or HelLa cells treated with the indicated siRNAs and then exposed to hypoxia for 5 h. PNS: post-
nuclear supernatant; Cyto: cytosol; Mito (crude): crude mitochondrial fraction containing mitochondria and MAMs.

Source data are available online for this figure.
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Figure 5.
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FUNDC1 binds directly to DRP1 and their role in mediating mitochondrial fission.

A HeLa cells were cotransfected with FLAG-DRP1 and FUNDC1-MYC for 24 h. Cells were lysed and immunoprecipitated using anti-FLAG antibody. FLAG-DRP1 and

FUNDC1-MYC were analyzed with the corresponding antibodies.

B HelLa cells were cotransfected with empty vector, MYC-DRP1, and FLAG-FUNDC1. Twenty-four hours after transfection, cell lysates were immunoprecipitated using

anti-FLAG antibody and immunoblotted with anti-MYC and anti-FLAG antibodies.

C MEFs were transfected with FUNDC1-MYC. Twenty-four hours post-transfection, cells were fixed and immunostained by anti-MYC and anti-DRP1. Scale

bar = 10 pm.

FLAG and immunoblotted with anti-MYC and anti-FLAG antibodies.

Hela cells were cotransfected with the indicated FUNDC1-MYC and FLAG-DRP1 constructs for 24 h. Cell lysates were analyzed by immunoprecipitation using anti-

[ HelLa cells were exposed to hypoxia (1% O,) for the indicated times, and cell lysates were immunoprecipitated using anti-FUNDC1 antibody. Endogenous DRP1,
calnexin, LC3, and FUNDC1 were detected by anti-DRP1, anti-calnexin, anti-LC3, and anti-FUNDC1 antibodies.

G About 10-20 pg GST-FUNDC1 or GST was immobilized on glutathione sepharose resin (GE Healthcare). About 20-50 pg DPR1 was incubated with the GST-
FUNDC1- or GST-bound resin overnight at 4°C. The resin was then extensively rinsed and eluted. Samples were subjected to SDS—PAGE and then visualized by

Coomassie Blue staining and Western blot, respectively.

H Full-length FUNDC1-MYC, FUNDC1-MYC (AA 96-155), FL (A129-138), or vector control was transfected with Mitodsred (red) into FUNDC1 KD MEFs. Twelve hours
post-transfection, cells were exposed to hypoxia for 12 h and then stained with anti-MYC (blue) and anti-DRP1 (green). Scale bar = 10 um. Numbers at the right

show the average length of mitochondria in Mitodsred-positive cells.

Source data are available online for this figure.

(Fig 5D and E). In addition, deletion of AA 50-96 abolishes the
interaction of FUNDC1 with DRP1 (Fig 5D and E). As DRP1 and
calnexin interact with the same domain of FUNDCI1, we were curi-
ous about how DRP1 and calnexin interact with FUNDC1 tempo-
rally. We exposed HeLa cells to hypoxic conditions for different
lengths of time and found that no or very little DRP1 is precipitated
by FUNDCI antibody after 0 and 1 h (Fig SF and Appendix Fig S6).
When the cells were exposed to hypoxia for longer (3 or 6 h), the
amount of DRP1 immunoprecipitated by anti-FUNDC1 antibody
increased considerably (Fig S5F and Appendix Fig S3A). In contrast,
calnexin shows a different temporal pattern of association with
FUNDCI. Calnexin is immunoprecipitated by anti-FUNDC1 antibody
at low but clearly detectable levels under normoxic conditions
(0 h). After 1 h of hypoxia, the amount of calnexin immunoprecipi-
tated by anti-FUNDCI1 antibody is significantly elevated, but the
level of calnexin decreases after 3 h and is then sharply reduced
after 6 h (Fig SF and Appendix Fig S3A). We also observed an
increased binding between LC3 and FUNDCI at later stage of
hypoxia (Fig SF), and FUNDC1 (AA 1-50) is critical for its binding
with LC3 (Appendix Fig S11). In vitro pull-down assay verified the
direct interaction between FUNDC1 and DRP1 because GST-
FUNDCI co-elutes with DRP1 but GST alone does not (Fig 5G).

We next compared the ability of full-length FUNDC1 with truncated
FUNDCI (with a deletion of AA 1-95 or a deletion of AA 129-138) in
inducing mitochondrial fragmentation. As shown in Fig SH, full-length
FUNDCI1 dramatically promotes mitochondrial DRP1 accumulation
as well as mitochondrial fragmentation, in contrast to the two
FUNDCI deletion mutants. Similarly, hypoxia-induced mitochondrial
fission can be restored by expressing siRNA-resistant calnexin in

calnexin-depleted cells (Appendix Fig S8). Notably, the distribution of
FUNDCI, calreticulin, FACL4, or calnexin in MAM fraction is not
affected in DRP1-depleted cells (Appendix Fig S9).

Calnexin and DRP1 are involved in FUNDC1-mediated mitophagy
induced by hypoxia

Since calnexin and DRP1 interact with FUNDCI1 and are required
for mitochondrial fission, we next examined whether these two
proteins also act in hypoxia-induced mitophagy. We knocked down
FUNDCI1, DRP1, calnexin, MFF, or FIS1 in HeLa cells and found
that silencing of FUNDCI, calnexin, or DRP1 causes mitochon-
drial elongation and reduces the colocalization of LC3 and mitochon-
dria in response to hypoxia (Fig 6A). In contrast, mitochondrial
fragmentation and mitophagy frequently occur in hypoxic MFF
or FIS1 KD cells, or control cells treated with scramble siRNA. ER
and mitochondrial morphology are not affected in FUNDC1 or
calnexin KD cells under normoxic conditions (Appendix Figs S10
and S11). However, the colocalization of mitochondria and LC3 was
impaired when we further knocked down FUNDC1 in MFN1/2
double KO cells, indicating that the mitochondrial fission is required
but not sufficient for mitophagy (Appendix Fig S12). Biochemical
results confirmed that silencing of FUNDCI, calnexin, or DRP1
dramatically impairs the clearance of fragmented mitochondria by
autophagy, as BAF Al is able to inhibit the degradation of inner and
outer mitochondrial membrane proteins TIM23 and TOM20 as well
as LC3 (Fig 6B-E). More specifically, when overexpressing the
construct of FUNDCI1 lacking either the DRP1/calnexin-binding
domain (1-96), or the construct lacking the mitochondrial

Figure 6. Calnexin and DRP1 are involved in FUNDC1-mediated mitophagy induced by hypoxia.

A HeLa cells were transfected with the indicated siRNAs for 24 h and then exposed to hypoxia for 24 h or not. Cells were fixed and immunostained by anti-TOM20
and anti-LC3 antibodies. The colocalization of LC3 and mitochondria was quantified and listed on the right side. Scale bar = 5 um. Boxed regions are enlarged in

the right panels.
B, C

HeLa cells were transfected with the indicated siRNAs for 24 h and then exposed to hypoxia for 24 h. Cells were then treated with or without 50 nM BAF Al

(bafilomycin A1) for 6 h before harvesting. Cell lysates were immunoblotted with the indicated antibodies.

D, E

Quantification of the TIM23:actin and TOM20:actin ratios from (B and C). All data are from three independent experiments (mean =+ s.e.m.).

F Hela cells were transfected by different truncated FUNDCY-MYC. About 24 h post-transfection, cell lysates were immunoblotted using the indicated antibodies.

Source data are available online for this figure.
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Figure 7. Model of how FUNDC1, DRP1, and calnexin cooperate to mediate mitochondrial fission and mitophagy in response to hypoxia.

Under normoxic conditions, the ER and mitochondria remain in close contact. Small amounts of DRP1 are recruited to mitochondria to maintain the balance of
mitochondrial fission and fusion. A small proportion of FUNDC1 associates with the ER membrane protein calnexin at the sites where ER and mitochondria are tethered.
At the early stage of hypoxia, FUNDC1 increasingly accumulates at the MAM by interacting with calnexin mediated by an unknown intermediate protein. As

mitophagy proceeds, FUNDC1 and calnexin dissociate, and DRP1 is recruited by FUNDC1 to the MAM to initiate mitochondrial constriction. Mitochondria are further
constricted by self-assembled DRP1 and fragment at the later stage of hypoxia. Meanwhile, the most upstream ATG complex (ULK1 complex) phosphorylates FUNDC1 to
promote engulfment and clearance of damaged mitochondria by the autophagy pathway (Wu et al, 2014a).
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localization sequence (96-155), it could prevent the mitophagy
induced by FUNDCI1 (Fig 6F). Taken together, our data show that
FUNDCI, calnexin, and DRP1 cooperatively regulate mitochondrial
dynamics and mitophagy in response to hypoxia.

Discussion

We previously showed that the mitochondrial protein FUNDCI1
plays a key role in hypoxia-induced mitophagy by binding LC3, an
autophagy protein that is essential for autophagosome biogenesis.
We have now shown how FUNDC1 mediates mitochondrial frag-
mentation under hypoxic conditions. We provide compelling
evidences that FUNDC1 is not only a novel MAM-related protein,
but also a new mitochondrial receptor for DRP1 to facilitate mito-
chondrial fragmentation and mitophagy in response to hypoxia.

Many studies have demonstrated that contact between the mito-
chondria and the ER plays a very important role in mitochondrial
fission (Friedman et al, 2011; Murley et al, 2013; Hatch et al, 2014;
Naon & Scorrano, 2014). Several mitochondrial receptors, including
MFF, FIS1, and MID49/51, have been reported to recruit DRP1
during mitochondrial fission under normal physiological conditions,
but less is known about the mechanism of mitochondrial fission
under hypoxic conditions (Kim et al, 2011; Loson et al, 2013). Until
now, there was no evidence about how FUNDCI mediates mito-
chondrial fission and further impacts on mitophagy under hypoxic
conditions. Our data show that FUNDCI specifically mediates DRP1-
dependent mitochondrial fission in hypoxic cells since knockdown
of FUNDC1, but not MFF, MID49/51, or FIS1, prevents the
translocation of DRP1 to mitochondria and causes mitochondrial
elongation. This suggests that MFF, MID49/51, and FIS1 may play a
lesser role in mitochondrial fission under hypoxic conditions and
are mainly involved in normal mitochondrial dynamics or in other
stressful conditions. As we know, PINK-PARKIN pathway is domi-
nantly involved in FCCP-induced mitophagy (Matsuda et al, 2010;
Narendra et al, 2010; Iguchi et al, 2013; Kane et al, 2014; Koyano
et al, 2014). However, they are not involved in hypoxia-induced
mitophagy since knockdown of Parkin does not prevent mitochon-
drial degradation and LC3-I to II transition in response to hypoxia
(Fig EVS). This indicates that FUNDCl-mediated mitophagy is
different from PINK-PARKIN mitophagy pathway.

We also demonstrated a new signaling pathway mediating
hypoxia-induced mitochondrial fission. In this pathway, the mito-
phagy receptor FUNDC1 accumulates at ER-mitochondria contact
sites by associating with the ER-resident membrane protein
calnexin. As mitophagy proceeds, FUNDC1/calnexin association
attenuates and the cytosolic loop in FUNDCI is released so that
DRP1 can be recruited to the MAM where mitochondrial fission
occurs (Fig 7). Of course, we cannot exclude the possibilities that
there are other proteins in MAM contact may also facilitate the
recruitment of Drpl at ER contact sites to drive the fragmentation in
other conditions.

As we know, the average diameter of an autophagosome is ~0.2—
1 pum, but the average length of a mitochondrion in normal condi-
tions is much greater, often ranging from several to tens of microns.
Therefore, before a dysfunctional mitochondrion is engulfed by an
autophagosome, it must be fragmented and then segregated from the
mitochondrial network (Tatsuta & Langer, 2008; Mao & Klionsky,
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2013). Thus, it is not surprising to see less mitochondria-LC3 colo-
calization in FUNDCI1, DRPI1, or calnexin knockdown cells under
hypoxic conditions because elongated mitochondria cannot be
engulfed by autophagosomes in these cells. This phenomenon is in
agreement with the finding that under starvation conditions, the
mitochondria elongate to escape from autophagosome clearance
(Gomes et al, 2011; Rambold et al, 2011). Our previous study has
proved that in mammals, FUNDCI is a mitophagy receptor, which
mediates mitochondrial elimination by binding to LC3 under
hypoxic conditions. Here, we further observed that FUNDCI-
mediated mitophagy in response to hypoxia is associated with the
contacts between the ER and mitochondria. This agrees with recent
studies showing that the MAM marks mitophagy initiation sites
(Bockler & Westermann, 2014). It is likely that FUNDC1 and
calnexin disrupt the constitution of the MAM and impact on mito-
phagy initiation. As our previous study showed, the most upstream
Atg protein, ULK1, translocates to damaged mitochondria and
directs mitophagosome formation per se by phosphorylating
FUNDCI1 (Wu et al, 2014a). Thus, it is possible that when cells are
exposed to hypoxia, FUNDC1 accumulates at the MAM by interact-
ing with calnexin and then binds to DRP1 to mediate mitochondrial
fission. The ruptured mitochondrion subsequently recruits the ULK1
complex to initiate mitophagy (Wu et al, 2014a; Fig 7).

In conclusion, our findings reveal that under hypoxic conditions,
FUNDCI is the molecular link which integrates mitochondrial fis-
sion and mitophagy at the interface of the MAM by working in
concert with DRP1 and calnexin in mammalian cells.

Materials and Methods
Reagents and antibodies

The following primary antibodies were used in this study: anti-FIS1
polyclonal antibody (Proteintech, 10956-1-AP), anti-DRP1 (D6C7)
antibody (CST, #8570), anti-DLP1 (BD Biosciences, 611112), anti-
EEA1 polyclonal antibody (Proteintech, 22266-1AP), anti-Mitofusin 2
monoclonal antibody (Epitomics, 3272-1), anti-MFF polyclonal anti-
body (Proteintech, 17090-1-AP), anti-FUNDCI1 polyclonal antibody
(AVIVA, ARP53280_P050), anti-FUNDCI1 polyclonal antibody (for
immunogold labeling) that was raised in rabbit and purified, anti-
FACL4 polyclonal antibody (Proteintech, 22401-1-AP), anti-Lampl
antibody (Abcam, ab24170), anti-Bap31 antibody (Proteintech,
11200-1-AP), AKAP121 (Proteintech, 15618-1-AP), anti-beta-actin
antibody (Santa Cruz, sc-47778), anti-beta-tubulin monoclonal anti-
body (Earthox, E021040), anti-LC3B polyclonal antibody (Sigma,
L7543), anti-LC3 polyclonal antibody (MBL, PM036), anti-TIM23
(BD Biosciences, 611222), anti-TOM20 (FL-145) (Santa Cruz, sc-
11415), anti-TOM20 (Santa Cruz (F-10), sc-17764), anti-VDACI1
monoclonal antibody (Abcam, ab14734), anti-FLAG M2 monoclonal
antibody (Sigma, F1804), calreticulin (Proteintech, 10292-1-AP),
MID49 (Proteintech, 16413-1-AP), MID51 (Proteintech, 20164-
1-AP), anti-FLAG (Sigma, F7425), anti-c-Myc (9E10) (Santa Cruz,
sc-40), anti-c-Myc monoclonal antibody (Sigma, C3956). Secondary
antibodies used for Western blotting were the following: HRP affini-
pure goat anti-mouse IgG (Earthox, E030110), HRP affinipure goat
anti-rabbit IgG (Earthox, E030120) and HRP-conjugated goat anti-
rabbit IgG Fc (SouthernBiotech, 4041-05). The following fluorescent
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secondary antibodies were used: Alexa fluor 555-labeled donkey
anti-mouse IgG antibody (Life Technologies, A31570), Alexa fluor
555-labeled donkey anti-rabbit IgG antibody (Life Technologies,
A31572), Alexa fluor 488-labeled donkey anti-mouse IgG antibody
(Life Technologies, A21202), Alexa fluor 488-labeled donkey anti-
rabbit IgG antibody (Life Technologies, A21206), Alexa fluor 647-
labeled donkey anti-mouse IgG antibody (Life Technologies, A-31571),
Alexa fluor 647-labeled donkey anti-rabbit IgG antibody (Life Tech-
nologies, A-31573). Bafilomycin Al (B1793) and etoposide (E1383)
were purchased from Sigma and used at a final concentration of
50 nM. Protein A/G plus agarose immunoprecipitation reagent (Santa
Cruz, sc-2003) and Lipofectamine 2000 (Invitrogen, 11668027) were
also used according to the manufacturer’s protocol.

Plasmids

DNMIL (MYC-DDK-tagged) human dynamin 1-like vector
(RC202046) was purchased from ORIGENE. Human calnexin (FL),
CNX-N (1-503, Acyto), and CNX-C (504-586) were cloned into
pCMV-MYC plasmid using the following primers:

FL-F: CGCGTCGACCATGGAAGGGAAGTGGTTG;

FL-R: CGGGGTACCTCAGTTTCTTGGTGATCTGTTCAA;

CNX-N-F: CGCGTCGACCATGGAAGGGAAGTGGTTG;

CNX-N-R: CGGGGTACCTCAACAGCAGAAGAGGATAACCAG;
CNX-C-F: CGCGTCGACTTCTGGAAAGAAACAGACCAG;

CNX-C-R: CGGGGTACCTCAGTTTCTTGGTGATCTGTTCAA.

The FUNDC1-MYC and FLAG-FUNDCI constructs and FUNDCI1-
MYC truncations (1-139; 1-96; 96-155; A50; 50-139; 96-155; 50—
71/96-155; 71-139) were described previously (Liu et al, 2012; Wu
et al, 2014b). Deleted mutants and double-point mutants were
reconstructed from FUNDC1-MYC, and the primers used were as
follows:

A129-138 F: attgtgatatccagtggatttg

A129-138 R: actggatatcacaataattaaattgttgatttcaggtgctget
A119-128 F: gaagaagcaacagaatttatca

A119-128 R: ttctgttgcttcttegttegetegtttcttaatetgtcetttttg
A109-118 F: aaagcagcacctgaaatcaaca

A109-118 R: ttcaggtgctgcttttttatttacatctttttcaactctctte
A96-108 F: gcaaaaagacagattaagaaac

A96-108 R: aatctgtctttttgcctgcacatagecactatgactagcaatc
Mutation 137-138F: acagaatttatcaaggcggccattgtgatatccagt
Mutation 137-138 R: actggatatcacaatggccgccttgataaattetgt
Mutation 135-136F: gaagcaacagaatttgccgecgeagaacattgtgata
Mutation 135-136R: tatcacaatgttctgcgcggceaaattctgttgcettc
Mutation 133-134F: attgaagaagcaacagcagctatcaagcagaacatt
Mutation 133-134R: aatgttctgcttgatagetgetgttgettettcaat
Mutation 131-132F: aatttaattgaagaagcagcagaatttatcaagcag
Mutation 131-132R: ctgcttgataaattctgctgcttcttcaattaaatt
Mutation 129-130F: atcaacaatttaattgcagcagcaacagaatttatc
Mutation 129-130R: gataaattctgttgctgctgeaattaaattgttgat

Cell culture and transfection

MEFs and HelLa cells were cultured in high-glucose DMEM (Hyclone)
supplemented with 10% fetal bovine serum (Hyclone) and 1%
penicillin/streptomycin at 37°C under 5% CO,. Hypoxic conditions
were achieved with a hypoxic chamber (Billups-Rothenberg)
flushed with a pre-analyzed gas mixture of 1% O,, 5% CO,, and
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94% N,. The following target sequences for RNA interference
were purchased from GenePharma: FUNDC1-478 (sense 5'-GCAC
CUGAAAUCAACAAUATT-3’; antisense 5-UAUUGUUGAUUUCAG
GUGCTT-3'); CNX-591 (sense 5-GUGGUGCCUAUGUGAAACUTT-3/,
antisense 5-AGUUUCACAUAGGCACCACTT-3’); MFF-519 (sense 5'-
GCUGGUCAGAAAUGAUUCUTT-3, antisense 5-AGAAUCAUUUCU
GACCAGCTT-3'); DRP1 (sense 5-AUUUGAGGCAGCUGGAUGAUGU
CGG-3/, antisense 5-CCGACAUCAUCCAGCUGCCUCAAAU-3'); FIS1-
312 (sense 5-GGCUCAAGGAAUACGAGAATT-3/, antisense 5-UUC
UCGUAUUCCUUGAGCCTT-3"). The scramble RNA interference seq-
uence was as follows: sense 5-UUCUCCGAACGUGUCACGUTT-3';
antisense 5-ACGUGACACGUUCGGAGAATT-3’. RNA oligonucleo-
tides were transfected into cells using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s protocol. The efficacy of
different siRNA knocking-downs is shown in Appendix Fig S13.

Protein expression and purification

GST-FUNDCI1 was transformed in Rosetta 2 (DE3) cells (Novagen).
The target protein expression was induced by addition of IPTG (iso-
propyl-beta-D-thiogalactopyranoside) into LB culture at 18°C when
the ODggo approached 1.0. After 12 h of additional growth, cells
were harvested and resuspended in buffer A (20 mM Tris—-HCI pH
7.6, 500 mM NaCl) supplemented with 10 mM PMSF (Invitrogen).
After cell lysis by sonication and centrifugation, soluble GST-
FUNDCI fusion protein was purified with GST affinity beads (GE
Healthcare), followed by size-exclusion chromatography (SEC,
Superdex-200, GE Healthcare).

GST-mediated pull-down assay

About 10-20 ug GST-FUNDC1 or GST was immobilized on
glutathione sepharose resin (GE Healthcare). About 20-50 pug DPR1
was incubated with the GST-FUNDCI- or GST-bound resin over-
night at 4°C. The resin was then extensively rinsed with buffer
(150 mM NaCl, 20 mM Tris-HCI pH 7.6, 0.5% Triton X-100) to
wash unbound and non-specific bound proteins. The resin was
resuspended with 50 pl of the above buffer containing 10 mM GSH
in 15 min at room temperature and was centrifuged at 10,000 g for
5 min. Samples were subjected to SDS-PAGE and then visualized
by Coomassie Blue staining and Western blot, respectively.

Immunofluorescence microscopy

Cells were grown to 60% confluence on a coverslip before treatment
and then fixed with freshly prepared 4% paraformaldehyde at 37°C
for 15 min, followed by permeabilization by treatment with 0.1%
Triton X-100 (Shanghai Sangon Biotech). After blocking with 1%
BSA, cells were incubated with the indicated primary antibodies for
1 h at room temperature and, after washing with PBS, stained with
corresponding secondary antibodies for further 50 min at room
temperature. Cell images were captured with a TCS SPF5 II Leica
confocal microscope.

Electron microscopy

Cells were grown and treated as described above. For immunoelec-
tron microscopy, HeLa cells were fixed using 2% paraformaldehyde
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and 0.2% glutaraldehyde in Na cacodylate buffer (pH 7.4) at 37°C
for 2 h and then dehydrated in a graded ethanol series and embed-
ded in acrylic resin (LR White). After 70-nm ultrathin sections were
mounted on nickel grids, grids were incubated in 1% BSA in PBS
containing anti-DRP1, anti-TOM20, anti-FACL4, or anti-FUNDC1
antibodies overnight at 4°C. After washing with 0.5% BSA in PBS,
grids were probed using gold-conjugated particles in 1% BSA in PBS
for 2 h at room temperature. The samples were then stained and
visualized using a 120-kV Jeol electron microscope (JEM-1400) at
80 kV. Images were captured using a Gatan-832 digital camera. The
number of Immunogold particles on the whole mitochondria or in
the MAM was counted, and ratios were calculated as listed in
figures.

SDS-PAGE and Western blotting

Cells were lysed in lysis buffer (50 mM Tris—Cl pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 10% glycerin) with 1 mM PMSF and
protease inhibitors (Roche Applied Science). Thirty micrograms of
equivalent protein was separated by SDS-PAGE and then trans-
ferred to PVDF membranes (Millipore). Target proteins were
detected by incubating with the indicated primary antibodies,
followed by the corresponding HRP-conjugated secondary antibod-
ies. Immunoreactive bands were detected with Immobilon Western
Chemiluminescent HRP Substrate (Millipore).

Immunoprecipitation

Cells were lysed with lysis buffer (1 ml) containing 1 mM PMSF
and protease inhibitor cocktail (Roche Applied Science) for
30 min on ice. After 10,000 g centrifugation for 10 min, the
lysates were immunoprecipitated with specific antibody for 2 h
at room temperature and protein A/G plus agarose immunopre-
cipitation reagent (Santa Cruz) for 8 h at 4°C. Thereafter, the
precipitants were washed five times with lysis buffer and boiled
in sample buffer for 10 min at 100°C and then analyzed by
SDS-PAGE.

Subcellular fractionation

The detailed procedure has been described previously (Jirasiritham
& Tantivitayatan, 2004; Wieckowski et al, 2009). Briefly, 30 conflu-
ent plates (15-cm diameter) of HeLa cells were collected and resus-
pended in ice-cold IB cells-1 buffer (225 mM mannitol, 75 mM
sucrose, 0.1 mM EGTA, and 30 mM Tris-HCI pH 7.4). After gentle
homogenization with a Dounce homogenizer (about 200 times), cell
extracts were centrifuged at 600 g for 5 min at 4°C. The super-
natants were again centrifuged at 600 g for 5 min at 4°C (PNS). The
supernatant was removed to a new 50-ml polypropylene tube and
centrifuged at 7,000 g for 10 min at 4°C to obtain the crude mito-
chondrial pellet. Further centrifugation of the obtained supernatant
(100,000 g for 1 h) resulted in the isolation of ER (pellet) and
cytosolic (supernatant) fractions. The crude mitochondrial pellet
was resuspended gently in 2 ml of ice-cold MRB buffer (250 mM
mannitol, 5 mM HEPES pH 7.4, and 0.5 mM EGTA) and added on
top of 8 ml of Percoll medium in an ultracentrifuge tube. MRB
solution was then layered gently on top of the mitochondrial
suspension to fill the centrifuge tube. Finally, centrifugation was
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carried out at 95,000 g for 60 min at 4°C to isolate the MAM and
pure mitochondria.

Statistical analysis

For statistics, cells were randomly selected to calculate the number
of MAM, gold particles, and colocalizations. Assays for characteriz-
ing cell phenotypes were analyzed by Student’s t-test, and correla-
tions between groups were calculated using Pearson’s test.
P-values < 0.01 were deemed statistically significant. All statistical
data were calculated with GraphPad Prism software.

Expanded View for this article is available online.
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