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Introduction

Cytochrome c release from the cristae into the cytoplasm con-
stitutes the key step of intrinsic apoptosis (Frank et al., 2001; 
Detmer and Chan, 2007). A majority of total cytochrome c is 
encapsulated within the mitochondrial cristae folds that are 
connected to the intermembrane space (IMS) by relatively nar-
row structures named cristae junctions. At the early phase of 
intrinsic apoptosis, apoptotic signals induce cristae remodeling 
to redistribute cytochrome c into the IMS. Cytochrome c is then 
released into the cytoplasm through the mitochondrial outer 
membrane (MOM) pores generated by Bax and Bak, which are 
activated by BH3-only proteins such as proapoptotic truncated 
Bid (tBid), and initiates caspase cascade activation leading to 
cell death (Suen et al., 2008; Tait and Green, 2010).

The mitochondrial inner membrane (MIM) profusion 
GTPase OPA1 plays a key role in maintaining healthy cris-
tae junctions to protect cells from apoptosis; its oligomer sta-
bilizes cristae morphology and prevents cristae remodeling 
and cytochrome c release (Olichon et al., 2003; Frezza et al., 
2006; Varanita et al., 2015). Therefore, OPA1 down-regulation 
not only causes mitochondrial fragmentation but also alters 
cristae morphology, rendering cells susceptible to apoptosis. 
A current model indicates that the MIM-bound long forms of 
OPA1 (L-OPA1) and the processed soluble short forms (S-
OPA1) constitute high-molecular-weight OPA1 oligomers, 

and the L- to S-OPA1 balance is critical for maintaining cris-
tae integrity; intrinsic apoptotic signals in vivo or incubation 
of isolated mitochondria with tBid induces the release of cyto-
chrome c concomitant with stimulation of L-OPA1 processing 
to S-OPA1 and disassembly of OPA1 oligomers (Frezza et al., 
2006; Jiang et al., 2014).

So far, three MIM proteins are involved in cristae mor-
phogenesis through the regulation of OPA1 function: prohib-
itin-1 and -2 (PHB1 and PHB2) and reactive oxygen species 
modulator protein 1 (ROMO1; Mgr2 in yeast). Prohibitins form 
large oligomeric structures with a membrane scaffold func-
tion and regulate cristae morphogenesis through OPA1 regu-
lation (Merkwirth et al., 2008). Loss of PHB2 in PHB2−/− cells 
(which also induces PHB1 degradation) leads to selective loss 
of L-OPA1 isoforms, resulting in aberrant cristae morphogene-
sis and increased susceptibility to apoptosis. Re-expression of a 
noncleavable L-OPA1 mutant in PHB2−/− cells restores normal 
cristae structures and growth phenotypes, demonstrating that 
L-OPA1 is crucial for maintaining healthy cristae structures 
(Merkwirth et al., 2008). ROMO1, the MIM redox-regulated 
protein, is required for maintaining cristae junctions through the 
regulation of OPA1 oligomerization (Norton et al., 2014).

The MOM proteins Fis1, Mff, MiD49/MIEF2, and 
MiD51/MIEF1 are reported to act as receptors of Drp1 in 
mammals, but recent studies revealed that Fis1 has little or 
no role in mitochondrial fission (Otera et al., 2010; Palmer et 
al., 2011; Zhao et al., 2011). During mitochondrial fission, ER  
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tubules cross the mitochondria to constrict the membrane where 
the Drp1 receptor Mff accumulates to drive Drp1-dependent 
mitochondrial fission, although the contribution of MiD pro-
teins to this process is not known (Friedman et al., 2011). Mff, 
MiD49, and MiD51 independently function as Drp1 receptors 
based on the detection of discretely assembled Drp1 foci on the 
MOM depending on their overexpression (Koirala et al., 2013; 
Losón et al., 2013; Palmer et al., 2013), but the morphologi-
cal responses to overexpression are distinct between Mff and 
MiD proteins; Mff promotes mitochondrial fission, whereas 
MiD49/MIEF2 or MiD51/MIEF1 promotes mitochondrial fu-
sion, probably because of the sequestration and inactivation of 
Drp1 on the MOM (Liu et al., 2013; Losón et al., 2013). How-
ever, recent observations with advanced imaging methods have 
raised a different possibility: MiD proteins and Mff colocalize 
within the same division foci at the mitochondria-associated 
ER membrane (MAM) and these proteins may cooperatively 
function as the same fission machinery (Elgass et al., 2015). 
Thus, the physiological and functional division of these proteins 
remains to be elucidated.

Mitochondrial fission is closely associated with the initial 
process of apoptosis; down-regulation of Drp1 or overexpres-
sion of a dominant-negative form of Drp1 delays the release 
of cytochrome c from within the cristae, but not other IMS- 
soluble apoptotic factors such as Smac/DIA​BLO, suggesting 
that mitochondrial fission, but not Bax/Bak-dependent MOM-
pore formation, facilitates apoptotic cristae remodeling (Frank 
et al., 2001; Otera et al., 2010). Whether mitochondrial fission 
is essential for apoptosis and, if so, how Drp1 and its recep-
tor proteins contribute to the initial process of cytochrome c 
release remains unclear (James and Martinou, 2008: Scorrano, 
2009). Here, we generated Drp1-knockout (KO) and Drp1 re-
ceptor–KO HeLa cell lines and investigated their mitochondrial 
morphological and apoptotic responses. Our findings indicated 
that Drp1-dependent mitochondrial fission through MiD49 and 
MiD51, but not through Mff, is essential for cristae remodeling 
to facilitate cytochrome c release into the cytoplasm during the 
early phase of intrinsic apoptosis.

Results

Characterization of mitochondrial fission-
related protein-KO HeLa cell lines
To elucidate the functional relations between Mff and MiD 
proteins in mitochondrial fission and apoptosis, we generated 
Drp1-KO, Mff-KO, MiD49-KO, MiD51-KO, MiD49/51-KO, 
and Fis1-KO HeLa cell lines using the CRI​SPR/Cas9 system 
and compared their mitochondrial morphological and apoptotic 
phenotypes. They were completely depleted of the target pro-
teins, but the levels of other mitochondrial dynamics–related 
proteins were essentially unaffected (Fig. 1 A). Many Drp1 foci 
were detected on the mitochondrial tubules in wild-type cells 
(Fig. 1 B). Mitochondria in Mff-KO cells were elongated, and 
the number of Drp1 foci on the MOM was substantially de-
creased (Fig. 1, B and D). Like Mff-KO cells, mitochondria in 
MiD49-KO and MiD51-KO cells were elongated, but the num-
ber of Drp1 foci on the MOM was reduced more moderately 
than that in Mff-KO cells. Consistent with our previous obser-
vations using Fis1−/− HCT116 cells (Otera et al., 2010), neither 
the mitochondrial morphology nor the Drp1 foci on the MOM 
were affected by Fis1-KO. Supporting these observations, the 

Drp1 levels in mitochondrial fractions were substantially lower 
in Mff-KO cells than in wild-type and Fis1-KO cells (Fig. 1 C). 
Drp1 levels in the mitochondrial fraction were slightly lower 
in MiD49-KO or MiD51-KO cells than in wild-type cells, and 
MiD49/51-KO cells had substantially decreased levels of Drp1, 
suggesting that the phenotype of MiD51 loss was synergisti-
cally enhanced by removing MiD49. These mitochondrial phe-
notypes of Mff-KO and MiD49/51-KO cells were not as strong 
as that of Drp1-KO cells, but Mff-depletion in MiD49/51-KO 
cells induced almost a complete release of Drp1 foci into the cy-
toplasm (Fig. 1, B and D). Thus, Mff, MiD49, and MiD51 pro-
teins redundantly function as Drp1 receptors, and the functional 
sum of these three proteins is responsible for almost all mito-
chondrial Drp1 recruitment activity; mitochondrial morphology 
and Drp1 recruitment to mitochondria in the Mff/MiD49/51 tri-
ple-depleted cells closely reflect those of Drp1-KO cells (Fig. 1, 
B and D; and Fig. S1 B).

Mammalian peroxisomes and mitochondria share several 
fission-related components, including Drp1, Mff, Fis1, and 
GDAP1, but not MiD49 and MiD51 (Gandre-Babbe and van 
der Bliek, 2008; Otera et al., 2010; Huber et al., 2013). Con-
sistently, almost all peroxisomes in both Drp1-KO and Mff-KO 
cells, but not in Fis1-KO cells, had an extremely elongated mor-
phology (Fig. 1 E). In contrast, no significant peroxisomal mor-
phological changes were observed in MiD49-KO, MiD51-KO, 
and MiD49/51-KO cells (Fig.  1  E). Consistent with this and 
previous observations (Palmer et al., 2013), MiD51 was not 
localized to peroxisomes in Mff-KO HeLa cells (Fig.  1  F). 
Thus, MiD49 and MiD51 function as mitochondria-spe-
cific receptors for Drp1.

Mff and MiD51 independently function as 
Drp1 receptors
We next investigated the interrelation of Mff and MiD proteins 
in Drp1-dependent mitochondrial fission and found that (1) sta-
bly expressed HA-Mff (the splice isoform 8) and MiD51-GFP 
had discrete foci on the MOM in Mff-KO and MiD51-KO cells, 
respectively (Fig. 2 A); (2) double immunofluorescence stain-
ing with anti–Drp1-antibodies revealed that more than 70% 
of Mff and 80% of MiD51 foci were colocalized with Drp1 
(Fig.  2  B); (3) stably expressed HA-Mff and MiD51-GFP in 
Mff/MiD51-KO cells had distinct foci on the MOM (85–90%; 
Fig. 2, C and D); (4) HA-Mff and MiD51-GFP separately ex-
pressed in MiD49/51-KO and Mff-KO cells, respectively, as-
sembled into foci independently of each other (Fig.  2, E and 
G); (5) HA-Mff and MiD51-GFP failed to assemble into foci to 
distribute smoothly through the extended mitochondrial tubules 
in Drp1-KO cells (Fig. 2, F and G); (6) consistent with previous 
studies (Friedman et al., 2011; Elgass et al., 2015), 91% of HA-
Mff (ncells = 4) and 94% of MiD51-GFP (ncells = 4) localized as 
foci on the MAM (Fig. 2, H and I); and (7) Mff functioned as a 
Drp1 recruiter on the MOM and mediated mitochondrial fission 
in the absence of MiD proteins (Fig. 3 A). Thus, Mff, MiD51, 
and probably MiD49 independently recruit Drp1 and mediate 
mitochondrial fission, which may proceed on the MAM, al-
though interplay of these fission components cannot completely 
be ruled out (Elgass et al., 2015).

Of note, when a MiD51 mutant in which its N-terminal 
MOM-targeting signal anchor (N-SA; N-terminal 28–amino 
acid residue segment localizing in the IMS followed by an 
18–amino acid residue transmembrane domain [TMD]; Palmer 
et al., 2011; Zhao et al., 2011) was deleted and an artificial  
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peroxisome-targeted C-terminal signal anchor (modified C-SA 
of Omp25; Setoguchi et al., 2006; Yagita et al., 2013) was li-
gated to the C terminus (FLAG-MiD51ΔN-Ps) and expressed 
in Mff/Fis1-KO cells, it localized to peroxisomes, where it effi-
ciently recruited Drp1 and induced their fission (Fig. 3, B–D). 
Together, these findings indicate that the cytoplasmic domain of 
MiD51 is sufficient to recruit Drp1 and induce Drp1-dependent 
peroxisomal fission when artificially targeted to peroxisomes.

Drp1-dependent mitochondrial fission through 
MiD49 and MiD51 regulates cytochrome c 
release downstream of Bax/Bak activation
Because mitochondrial fission is induced by several physiological 
stimuli, we examined the contribution of Mff and MiD proteins 
to the cells’ response to detrimental stressors, including actino-
mycin D (Act D), carbonyl cyanide m-chlorophenylhydrozone  
(CCCP), antimycin A, valinomycin, and oligomycin. As a con-

trol, we also examined the mitochondrial response to the viral 
mitochondria-localized inhibitor of apoptosis (vMIA), which is 
a suppressor of apoptosis functioning in the lipid rafts of MAM 
and induces extensive mitochondrial fission (Bhuvanendran et 
al., 2014). As summarized in Fig. 4 A (for Act D) and Fig. S1 
(for others), these treatments induced rapid mitochondrial fis-
sion in wild-type and Fis1-KO cells, confirming the minor role 
of Fis1 in mitochondrial fission. In contrast, fission rates were 
reduced in Mff-, MiD49-, MiD51-, and MiD49/51-KO cells, al-
though their mitochondria eventually underwent extensive fis-
sion. In contrast, no such fission was detected in Drp1-KO cells. 
Mitochondria in Mff/MiD49/51-KO cells, however, completely 
resisted fission against these treatments (Fig. S1 B), confirming 
that cooperation of these three factors is responsible for almost 
all of the Drp1 recruitment activity (Fig. 1, B–D).

Cytochrome c release from mitochondria is a crucial 
step in intrinsic apoptosis, associated with the disruption of 
mitochondrial tubular networks into small punctate structures, 

Figure 1.  Characterization of mitochondrial 
fission-related protein KO HeLa cell lines. (A) 
Cytosol and mitochondrial fractions were an-
alyzed by Western blotting. Asterisks, non-
specific bands. (B) Confocal images of the 
indicated cell lines; Drp1 (green) and Tom20 
(red). Bar, 20 µm. Insets, magnified images of 
the boxed regions. Bar, 5 µm. Bottom right, 
fluorescence obtained for the Drp1 channel. 
Heat map, Drp1 fluorescence intensity (FI).  
(C) Western blotting of mitochondrial fractions 
for Drp1 and mitofilin. Histogram, quantifica-
tion of three independent biological replicates. 
n = 3. Data represent mean ± SD. (D) Drp1 
fluorescence per focus on the MOM. 200 foci 
were analyzed from randomly selected re-
gions for each group in B. n = 200. In C and 
D, the data were normalized to the wild-type 
cells. Data represent mean ± SD. (E) Confo-
cal images of the indicated cells; cytochrome 
c (green) and PMP70 (red; a peroxisomal 
marker). Bar, 10 µm. (F) Subcellular localiza-
tion of MiD51-GFP. Mff-KO cells were trans-
fected with MiD51-GFP and immunostained 
with the indicated antibodies. Bars, 10 µm. 
Magnified image of the boxed region is shown 
as an inset. Bar, 2.5 µm. Wt, wild type.
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Figure 2.  Mff and MiD51 independently assemble into foci at ER–mitochondria contact sites in the presence of Drp1. (A) Confocal immunofluorescence 
microscopy. Left, Mff-KO cells stably expressing HA-Mff; right, MiD51-KO cells stably expressing MiD51-GFP. High magnification images are shown as 
insets. Bars: 10 µm; (magnification) 2 µm. (B) Percentage of HA-Mff and MiD51-GFP foci colocalized with Drp1. 300 foci were counted from randomly 
selected regions. n = 300. Data represent mean ± SD (C) Confocal images of Mff/MiD51-KO cells stably expressing MiD51-GFP and HA-Mff. Cells 
were immunostained with the indicated antibodies. High magnification images are shown as insets. Bars: 10 µm; (magnification) 2 µm. (D) Quantitative 
analysis of colocalizing (black) versus individual (white) foci on the MOM. 200 foci were counted from randomly selected regions. (E) MiD49/51-KO 
cells or Mff-KO cells were transfected as indicated and immunostained with the indicated antibodies. Magnified images are shown as insets. Bars: 10 µm; 
(magnification) 2 µm. (F) Drp1-KO cells were transfected as indicated and immunostained with the indicated antibodies. Magnified images are shown as 
insets. Bars: 10 µm; (magnification) 2 µm. Nuclei were stained with DAPI in A, C, D, and E. (G) Quantitative analysis of distribution of HA-Mff or MiD51-
GFP on the MOM in the indicated cells. 200 cells each were counted in three independent experiments. n = 3. Data represent mean ± SD. Wt, wild type.  
(H) RFP-Sec61β (an ER marker) was transfected in Mff-KO cells stably expressing HA-Mff or (I) MiD51-KO cells stably expressing MiD51-GFP. Confocal im-
ages were obtained by immunostaining for HA-Mff and Tom20. Magnified images of the boxed regions are shown as insets. Bars: 10 µm; (magnification) 
2 µm. The foci localizing on the ER–mitochondria contact sites in H and I were counted in eight ROIs from four cells for each group (n = ∼200).
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although whether Drp1-dependent mitochondrial fission is es-
sential for cytochrome c release has been disputed (James and 
Martinou, 2008; Scorrano, 2009). To address this, we took ad-
vantage of fission component-KO cell lines and analyzed cy-
tochrome c release in response to intrinsic apoptotic signals. 
Immunofluorescence microscopy and cell fractionation revealed 
that cytochrome c was efficiently released into the cytoplasm in 
wild-type cells and Fis1-KO cells upon Act D treatment, and the 
release was only weakly affected in Mff-KO cells (Fig. 4, B and 
D). In contrast, MiD49-, MiD51-, MiD49/51-, and Drp1-KO 
cells strongly resisted the cytochrome c release reaction (Fig. 4, 
B and D). Bax/Bak activation and MOM permeabilization, as 
examined by the release of the IMS-soluble protein Smac/DIA​
BLO (Fig. 4 C), Bax/Bak recruitment to the MOM (Fig. 4 D and 
Fig. S2, B and C), and their oligomerization (Fig. 4 E) occurred 
in all of these cell lines with similar kinetics up to the maximum 
levels (Fig.  4, C–E; and Fig. S2). Thus, the Drp1-MiD49/51 
fission system acts downstream of the Bax/Bak-activated mito-
chondrial outer membrane permeabilization (MOMP). A com-
parable cellular response was also observed in H2O2-induced 
apoptosis (unpublished data). Unexpectively, Bax activation 
occurred even in Drp1-KO cells (Fig. 4 C and Fig. S2, B and 
C) in contrast to the previous notion that Bax oligomerization 
proceeds through the Drp1-induced mitochondrial membrane 

hemifission/hemifusion intermediates during apoptosis (Mon-
tessuit et al., 2010), suggesting in our case that Bax activation 
can proceed in the absence of Drp1-induced mitochondrial 
membrane constrictions. However, we cannot strictly rule out 
the possibility that inefficient recruitment of activated Bax/
Bak to the MiD49/51-dependent mitochondrial fission sites 
causes defects of cristae remodeling for cytochrome c release in 
MiD49/51-KO and Drp1-KO cells where MiD proteins failed to 
form foci and diffusely localized throughout the MOM.

Shore and collaborators have previously demonstrated 
with a dominant-negative Drp1 mutant and an inhibitor of mi-
tochondrial permeability transition pore (MPTP; permeable 
to molecules <1,500 D) that ER-BIK initiates Drp1-regulated 
mitochondrial cristae remodeling and MPTP opening to apop-
tosis through ER Ca2+-influx to mitochondria (Germain et al., 
2005). We therefore investigated the involvement of MPTP in 
the Drp1-MiD49/51-dependent cristae remodeling. Calcium 
ionophore ionomycin induced MPTP opening to stimulate the 
release of calcein trapped within mitochondria in both wild-
type and MiD49/51-KO cells (Fig. S3, A and B). As expected, 
MPTP opening stimulated tBid-induced release of cytochrome 
c in wild-type cells (Fig. S3, C and D). However, it failed to 
resume cytochrome c release in tBiD-induced MiD49/51-KO 
cells (Fig. S3, C and D). Together, these data indicate that intact 

Figure 3.  Mff and MiD51 independently mediate membrane fission. 
(A) Confocal images of the indicated cells cotransfected with HA-
Drp1 and empty vector or pMff-IRES-GFP-NLS. Cells were immunos-
tained with the indicated antibodies. Bottom, magnified images of 
the boxed regions. Bars: 10 µm; (magnification) 2.5 µm. (B–D) Mff/
Fis1-KO cells were transfected with FLAG-MiD51ΔN-Ps and subjected 
to immunostaining with the indicated antibodies. Conventional (B) 
and confocal images (C) are shown. Asterisks, FLAG-MiD51ΔN-Ps 
expressing cells. Magnified image of the boxed region is shown as 
inset. Bars: 20 µm; (magnification) 10 µm. Nuclei were stained with 
DAPI in B and C. (D) Percentages of cells with indicated peroxisomal 
morphologies in cells (n = 100).
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cristae structure is maintained in these KO cells despite Ca2+- 
dependent MPTP opening. Thus, the Drp1-MiD49/51 fission 
system acts downstream or independently of the Ca2+-de-
pendent MPTP opening during intrinsic apoptosis, although 
whether Ca2+-dependent MPTP opening is involved in apoptotic 
cytochrome c release is controversial, because mice deficient in 
cyclophilin D, a component of MPTP, had a normal response to 
various stimuli including staurosporine or etoposide (Baines et 
al., 2005; Nakagawa et al., 2005). The role of MPTP opening 
in apoptotic cristae remodeling needs to be further determined.

Next, we addressed the structural requirements of MiD51 
for the restoration of Act D–induced cytochrome c release in 
MiD51-KO cells. First, a MiD51-GFP fusion construct lacking 
the Drp1-recruiting segment MiD51ΔPEY​FP (Losón et al., 2014; 
Richter et al., 2014) was stably expressed in MiD51-KO cells. 
Wild-type MID51-GFP assembled into foci on the MOM to-
gether with Drp1 and restored cytochrome c release (Fig.  4, 
F and G; and Fig. S4 A). In contrast, mitochondria-targeted 
MiD51ΔPEY​FP did not assemble into foci with Drp1, distrib-
uted throughout mitochondrial tubules, and failed to restore  

Figure 4.  Loss of MiD49/51 inhibits Drp1-dependent 
cytochrome c release downstream of Bax/Bak activa-
tion. The indicated cells were treated with Act D in the 
presence of zVAD-FMK for the indicated time points and 
analyzed by confocal immunofluorescence microscopy 
for Tom20, cytochrome c, and Smac/DIA​BLO. (A) Mito-
chondrial morphology, (B) cytochrome c release, and (C) 
Smac/DIA​BLO release were quantitated. (D) Wild-type 
and MiD49/51-KO cells were fractionated into cytosol 
(C) and membrane (M) fractions. They were subjected 
to SDS-PAGE, and endogenous cytochrome c, Bax, and 
mitofilin/Mic60 as a mitochondria marker were detected 
by Western blotting. (E) Membrane fractions isolated 
from wild-type and MiD49/51-KO cells treated with Act 
D for the indicated times were cross-linked with 2 mM 
1,6-bismaleimidohexane (BMH). Cross-linked samples 
were analyzed by SDS-PAGE followed by Western blot-
ting for Bax (top) or Bak (bottom). * and *** show Bax 
or Bak monomer and Bax or Bak complexes, respectively. 
Bak** is likely internally cross-linked Bak. (F) MiD51-KO 
cells stably transfected with the indicated plasmids 
were treated with Act D and immunostained with anti– 
cytochrome c antibodies. Magnified images of the boxed 
regions are shown as insets. Bars: 20 µm; (magnifica-
tion) 10 µm. (G) Quantification of time-dependent re-
lease of cytochrome c as described in F. (H) MiD51-KO 
cells stably transfected with the indicated plasmids were 
treated as in F. Bar, 20 µm. (I) Time course of cytochrome 
c release as performed in H. The percentages in A, B, 
C, G, and I are means of three independent experiments 
with 300 cells per data point. n = 3. Nuclei were stained 
with DAPI (F and H). Data represent mean ± SD in A, B, 
C, G, and H. Wt, wild type.

http://www.jcb.org/cgi/content/full/jcb.201508099/DC1
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cytochrome c release (Fig. 4, F and G; and Fig. S4 A). Second, 
we examined the requirement of MiD51’s N-SA for cytochrome 
c release. The N-SA was deleted, and the MOM-targeted C-SA 
of Omp25 (Yagita et al., 2013) was ligated to the C-terminal seg-
ment (FLAG-MiD51ΔN-Mt). When expressed in MiD51-KO 
cells, it was diffusely distributed throughout the MOM very 
much like GFP-Omp25 (unpublished data) and successfully 
recruited Drp1 (Fig. S4 B), but it failed to restore the Act D– 
dependent cytochrome c release (Fig.  4, H and I). Together, 
these results suggest that the N-SA of MiD51 is required for 
correct positioning of the Drp1-MiD51 complex in the vicinity 
of the cristae remodeling system in response to intrinsic apop-
totic signals, regulating cristae junction disruption to release 
cytochrome c (see following paragraph).

Loss of MiD49 and MiD51 
prevents cristae remodeling during 
intrinsic apoptosis
Intrinsic apoptotic signals induce mitochondrial cristae remod-
eling by disrupting oligomerized OPA1 to induce cytochrome 
c release from the cristae folds (Olichon et al., 2003; Frezza et 
al., 2006). Based on the results described in Fig. 4 B, we spec-
ulated that depletion of MiD proteins or Drp1 stabilized cristae 
structures against intrinsic apoptotic signals. To examine this, 
we first analyzed the mitochondrial structures in our cell lines 
by EM. Intact thin lamellar cristae structures connected by cris-
tae junctions to the IMS were observed in MiD49/51-KO cells 
as well as in all other cell lines, and no significant structural dif-
ferences were observed between these cells under nonstressed 
conditions (Fig. 5 A). In contrast, when the cells were treated 
with Act D for 8 h, both wild-type and Mff-KO cells displayed 
disorganized cristae structures in a large fraction of mitochon-
dria, where cytochrome c release was observed in ∼50% of the 
cells (Figs. 4 B and 5 A). We evaluated the cristae morphology 
in these cells based on the categories shown in Fig. 5 B. Mi-
tochondria with thin lamellar-shaped cristae disappeared and 
the number of aberrant mitochondria with balloon-like or 
lamella-less cristae dramatically increased in wild-type and 
Mff-KO cells (Fig.  5, A and C), although the morphological 
changes were rather moderate in Mff-KO cells. In marked con-
trast, a large fraction of mitochondria in the MiD49/51-KO and 
Drp1-KO cells still retained lamellar cristae structures upon 
apoptosis induction, although the thin lamellar cristae were 
slightly widened (open lamellae) after apoptosis induction com-
pared with mock treatment (Fig. 5, A and C). These findings 
suggested that cristae disorganization to balloon-like or lamella- 
less and efficient cytochrome c release proceeded in parallel, 
whereas cristae stabilization evoked in MiD49/51-KO and 
Drp1-KO cells made the cells cytochrome c release resistant. 
Collectively, Drp1-MiD49/51–dependent fission pathways, but 
not the Mff-dependent pathway, are critical for cristae remodel-
ing and complete cytochrome c release during apoptosis.

Disorganization of cristae by depletion 
of OPA1, PHB2, or ROMO1 restores 
cytochrome c release in MiD49/51-KO 
cells during apoptosis
Depletion of OPA1 triggers cristae remodeling, leading to 
the complete release of cytochrome c upon the induction of 
apoptosis. OPA1 knockdown caused extensive mitochondrial 
fragmentation in all of our cell lines except Drp1-KO cells 
(Fig. 6 A); mitochondria in Drp1-KO cells completely resisted 

fragmentation against OPA1 depletion, indicating that Drp1 is 
involved in OPA1 knockdown–induced mitochondrial fragmen-
tation (Fig. 6, A and B). Moreover, OPA1 down-regulation ef-
ficiently stimulated cytochrome c release upon Act D treatment 
(4 h) in all the cell lines except the Drp1-KO cells (Fig. 6, C and 
D). Of note, OPA1 down-regulation restored Act D–induced cy-
tochrome c release in otherwise resistant MiD49/51-KO cells, 
and, accordingly, EM analysis revealed an increase in mito-
chondria with a balloon-like or cristae-less morphology in the 
cells (Fig. 6 E). Drp1-KO cells completely resisted Act D–in-
duced cytochrome c release even after OPA1 depletion (Fig. 6, 
C and D), confirming our previous observations (Otera et al., 
2010) and clearly indicating that Drp1-dependent mitochon-
drial fission is essential. These observations apparently corre-
spond with previous observations in yeast that disruption of the 
cristae by mutation in Mgm1p (yeast homolog of OPA1) could 
be suppressed by mutations in Dnm1 (yeast homolog of Drp1; 
Sesaki et al., 2003). Together, these results clearly indicated that 
MOMP, cristae disorganization, and mitochondrial fission are 
essential as distinct steps of cytochrome c release.

Because PHB1, PHB2, and ROMO1 also regulate cris-
tae organization through OPA1 (Merkwirth et al., 2008; Nor-
ton et al., 2014), we examined whether knockdown of PHB2 
or ROMO1 restores Act D–induced cytochrome c release in 
MiD49/51-KO cells. We first examined if these treatments af-
fect the OPA1 processing pattern as processing of L-OPA1 
to the S-isoform is thought to be tightly coupled with cris-
tae remodeling, leading to cytochrome c release (Olichon et 
al., 2003; Jiang et al., 2014). In HeLa cells, five OPA1 bands 
were detected by Western blotting with anti-OPA1 antibodies 
(Fig. 6 F): two long membrane-bound isoforms, L1 and L2, 
and three short membrane-free isoforms, S3, S4, and S5 (Ishi-
hara et al., 2006; Anand et al., 2014). As expected, knockdown 
of PHB2 stimulated the conversion of L1 and L2 to S-iso-
forms in wild-type and MiD49/51-KO cells concomitant with 
extensive mitochondrial fragmentation (Fig.  6, F, H, and I), 
confirming previous results in PHB2−/− MEFs (Merkwirth 
et al., 2008). In contrast, no such changes were induced by 
ROMO1 depletion in either wild-type or MiD49/51-KO cells 
(Fig. 6 G), although this manipulation induced extensive mi-
tochondrial fragmentation (Fig. 6, H and I). Furthermore, de-
pletion of PHB2 or ROMO1 accelerated cytochrome c release 
(Fig. 6, J and K) and overall cell death upon apoptosis induc-
tion (unpublished data) not only in wild-type cells but also in 
MiD49/51-KO cells, suggesting that the intramitochondrial L- 
to S-OPA1 balance is not always directly linked to cytochrome 
c release through cristae remodeling.

Interestingly, and contrary to previous studies, depletion 
of Mic60/Mitofilin (>90%), which is a central component of the 
mitochondria contact site (MIC​OS) complex and reported to be 
important for cristae morphology (John et al., 2005; Yang et al., 
2012), neither induced mitochondrial fragmentation nor restored 
the Act D–induced cytochrome c release in MiD49/51-KO cells 
(Fig. S5, A–D). Supporting these findings, overall cell death and 
caspase-3 activation were also insensitive to Mic60/Mitofilin- 
depletion (Fig. S5, E and F). Considering that PHB2, OPA1, 
and ROMO1 are not found within the seven components of 
MIC​OS complex conserved in mammals (Guarani et al., 2015; 
note that ROMO1 associates with, but does not affect the integ-
rity of, MIC​OS [Norton et al., 2014]), the components involved 
in the Drp1-dependent regulation of cristae remodeling might 
be functionally distinct from the MIC​OS complex.

http://www.jcb.org/cgi/content/full/jcb.201508099/DC1
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Processing of L-OPA1 to S-OPA1 is 
insufficient for cristae remodeling and 
cytochrome c release at the early stage 
of apoptosis
Because stimulation of processing of L-OPA1 to S-isoforms 
and extramitochondrial release of S-isoforms are thought to be 
linked to the feasibility of cytochrome c release by cristae re-
modeling, we examined whether activation of L-OPA1 process-
ing and subsequent release of S-OPA1 occur in MiD49/51-KO 
as well as in wild-type cells at an early stage of apoptosis. 
When wild-type and MiD49/51-KO cells were treated with Act 
D, L-OPA1 (L1 and L2) processing in both cells occurred in 
similar kinetics (Fig. 7 A), suggesting that the increased pro-
cessing of L-OPA1 to the S-isoforms is not directly related to 
cristae stabilization in MiD49/51-KO cells. We noted that loss 
of MiD49/51 led to an imbalance in OPA1 isoform abundance 
that favored the accumulation of isoform S3 and S5. Upon in-
duction of apoptosis, MiD49/51-KO cells released substantial 
amounts of S-OPA1 into the cytosol with similar kinetics as 
wild-type cells (Fig. 7 B), also suggesting that cytosolic release 
of S-OPA1 alone does not explain the suppression of cyto-
chrome c release in MiD49/51-KO cells.

Because CCCP treatment of cells stimulates rapid pro-
cessing of L-OPA1 to the S-isoforms (Ishihara et al., 2006), 
we examined if enforced processing of L-OPA1 by CCCP 
would restore the Act D–induced cytochrome c release in 

MiD49/51-KO cells. Act D and CCCP treatment induced 
complete conversion of L-OPA1 to S-isoforms (Fig.  7  C). 
This treatment, however, neither stimulated cytochrome c re-
lease in wild-type cells nor restored the cytochrome c release 
in MiD49/51-KO cells (Fig.  7  D). Thus, simple conversion 
of L-OPA1 to the S-OPA1 isoforms and cytosolic release of 
S-OPA1 isoforms did not induce cristae remodeling to induce 
cytochrome c release in MiD49/51-KO cells. Consistent with 
these findings, EM observations revealed that treatment of 
MiD49/51-KO cells with CCCP or with Act D and CCCP did 
not generate aberrant mitochondria with a balloon-like or cris-
tae-less morphology (Fig. 7 E), but they still maintained thin 
lamellar cristae similar to those in untreated cells, although they 
frequently lost cristae junctions and were released into the ma-
trix as thin lamellar membrane stacks (Fig. 7 E). We concluded 
that Drp1-dependent mitochondrial fission through MiD49 and 
MiD51 regulates cristae remodeling, but a simple stimulation of 
L-OPA1 processing does not or only weakly contributes to cy-
tochrome c release under conditions in which other cristae orga-
nizing components such as prohibitins are maintained at normal 
levels; conditions distinct from those reported in PHB2−/− cells 
(Merkwirth et al., 2008).

Because tBid induces rapid cristae remodeling through the 
disassembly of OPA1 oligomers and subsequent cytochrome 
c release both in wild-type cells and in vitro (Frezza et al., 
2006; Jiang et al., 2014), we analyzed whether tBid expression  

Figure 5.  Cristae remodeling during apoptosis is inhibited 
in MiD49/51-KO cells. (A) The indicated cells were treated 
with DMSO or Act D in the presence of zVAD-FMK for 8 h 
and analyzed by transmission EM. Magnified images in the 
boxed regions are shown as insets. Bars: 1 µm; (magnifica-
tion) 200 nm. (B) Representative cristae morphology obtained 
by EM. Bar, 0.5 µm. (C) Quantification of cristae morphology 
shown in A.  The indicated numbers of mitochondria were 
counted. Wt, wild type.
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induces cytochrome c release in MiD49/51-KO cells and 
Drp1-KO cells. In wild-type cells, tBid-FLAG was targeted to 
the mitochondria and induced cytochrome c release (Fig. 7 F). 
In striking contrast, in MiD49/51-KO and Drp1-KO cells, tBid-
FLAG failed to release cytochrome c, although it was correctly 
targeted to the mitochondria (Fig. 7 F, asterisk). We then an-
alyzed the oligomeric states of OPA1 in these cells using a 
cell-permeable cross-linker, 1, 6-bismaleimidohexane (BMH), 

that is frequently used to detect OPA1 oligomer (Frezza et al., 
2006; Jiang et al., 2014; Patten et al., 2014). Surprisingly, how-
ever, disassembly of OPA1 oligomers proceeded with similar 
kinetics in all these cell lines (Fig. 7 G). Similar OPA1 responses 
were also observed for wild-type and MiD49/51-KO cells 
during Act D–induced apoptosis (Fig. 7 H). This is in contrast 
to the current knowledge that disassembly of OPA1 oligomers 
is directly linked to cristae remodeling for cytochrome c release 

Figure 6.  Down-regulation of OPA1, PHB2, or ROMO1 disrupts cristae morphology and restores the release of cytochrome c in MiD49/51-KO cells during 
apoptosis. (A–D) The indicated cells were transfected with control or OPA1 siRNA. (A) Quantified mitochondrial morphology. (B) Effect of OPA1 RNA 
interference as detected by Western blotting. (C) The cells in A were treated with Act D and immunostained with anti–cytochrome c antibodies. Bar, 20 µm.  
(D) Control and OPA1-siRNA cells were treated with Act D for 4 h and intracellular cytochrome c was quantified. (E) MiD49/51-KO cells were transfected 
as indicated. After 96 h, cells were treated with Act D in the presence of zVAD-FMK for 8 h and analyzed by transmission EM. Magnified images in the 
boxed regions are shown as insets. Bars: 4 µm; (magnification) 1 µm. Arrows, mitochondria with balloon-like structure; arrowheads, cristae-less mitochon-
dria. (F and G) Effect of PHB2 (F) or ROMO1 (G) knockdown on OPA1 isoform patterns and the indicated proteins in the indicated cells as detected by 
Western blotting using the indicated antibodies. (H) Wild-type or MiD49/51-KO cells were transfected with control, PHB2, or ROMO1 siRNA. Confocal im-
ages were obtained by immunostaining for Tom20. Nuclei were stained with DAPI. Bar, 20 µm. (I) Percentages of the indicated mitochondrial morphologies 
of wild-type or MiD49/51-KO cells (n = 300) transfected with the indicated siRNA. (J) Wild-type or MiD49/51-KO cells were transfected as indicated. After 
96 h, Act D–induced cytochrome c release was analyzed as in C. Nuclei were stained with DAPI. Bar, 30 µm. (K) Quantified cytochrome c release in J.  
Percentages in A, D, I, and K are means of three independent experiments with 300 cells per data point. n = 3. Data represent mean ± SD. Wt, wild type.
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Figure 7.  Disassembly of OPA1 oligomers does not limit cytochrome c release through cristae remodeling during apoptosis in MiD49/51-KO cells.  
(A) Cells were treated with Act D for the indicated periods and endogenous OPA1 patterns were analyzed by Western blotting. Quantitation of isoform 
band intensity is shown in right figure. (B) Cells treated with Act D as indicated were fractionated into cytosolic (S) and membrane (P) fractions. They were 
subjected to SDS-PAGE; and endogenous OPA1, Bax as an apoptotic MOM marker, and mitofilin were detected by Western blotting. (C) The indicated cells 
were treated with Act D for 8 h with or without CCCP in the indicated combinations and OPA1 patterns were analyzed by Western blotting. (D) The cells 
were treated under the indicated conditions, and intracellular localization of cytochrome c was analyzed. The percentage is means of three independent 
experiments with 300 cells per data point. n = 3. Data represent as mean ± SD. (E) MiD49/51-KO cells were treated as indicated and mitochondrial 
morphology was analyzed by transmission EM. Magnified images in the boxed regions are shown as insets. Bars: 1 µm; (magnification) 500 nm. (F) The 
cells were transfected with FLAG-tagged tBid in the presence of zVAD-FMK. After 16 h, they were subjected to confocal immunofluorescence microscopy 
with anti–cytochrome c and anti-FLAG antibodies. Nuclei were stained with DAPI. Asterisks, FLAG-tBid–expressing cells. Bar, 20 µm. (G and H) The cells 
were transfected with tBid-FLAG as in F (G) or treated with Act D (H) for the indicated time points, and OPA1 oligomers were analyzed by Western blotting 
after treatment with the cross-linker 1,6-bismaleimidohexane. Wt, wild type.
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through the Bax/Bak-generated MOMP in wild-type cells. Al-
together, Drp1-KO and MiD49/51-KO cells enabled detection, 
for the first time, of distinct steps of the cristae remodeling– 
coupled cytochrome c release reaction during intrinsic apoptosis.

Discussion

Taking advantage of mitochondrial fission components KO cell 
lines generated from the same genetic background, we could 
demonstrate for the first time that Drp1-dependent mitochon-
drial fission through MiD49 and MiD51, but not through Mff, 
plays an essential role in the progression of intrinsic apopto-
sis by regulating cristae remodeling. EM observations also 
revealed that MiD49/51-KO cells maintained tight cristae 
structures during the induction of intrinsic apoptosis and thus 
appeared to acquire resistance to cristae remodeling to pre-
clude the release of cytochrome c. Most importantly, Drp1-KO 
cells also maintained tight cristae structures even after the in-
duction of apoptosis. Together, these results indicated that the 
Drp1-dependent fission through MiD49/51 facilitates cristae 
remodeling required for cytochrome c release. The consensus 
has been that OPA1 oligomers have an important role in the 
regulation of cristae remodeling to release cytochrome c. In the 
present study, however, apoptosis induction or tBid expression 
induced disassembly of OPA1 oligomers in otherwise cristae 
remodeling– and cytochrome c release–resistant Drp1-KO and 
MiD49/51-KO cells. These cells allowed us to detect disas-
sembly of OPA1 oligomers and cristae remodeling as separate 
events and further to identify Drp1-MiD49/51–dependent fis-
sion as the rate-limiting step of cristae remodeling during over-
all cytochrome c release.

We demonstrated that when FLAG-MiD51ΔN-Mt was 
expressed in MiD51-KO cells, it was correctly targeted to mi-
tochondria and recruited Drp1 but failed to restore cytochrome 
c release upon Act D treatment. Similarly, when an MiD51 
mutant in which the IMS-localized N-terminal 14–amino acid 
residues were deleted was expressed in MiD51-KO cells, it was 
targeted to the mitochondria but localized uniformly on the 
MOM and failed to restore cytochrome c release (unpublished 
data), suggesting that the N-SA of MiD51 may interact with 
the cristae remodeling system. Furthermore, the Drp1-binding 
site on MiD51 is also essential for the recovery of cytochrome 
c release. Thus, the N-SA of MiD51 is essential for propagating 
the Drp1 signal to the cristae remodeling system during intrin-
sic apoptosis; the N-SA of MiD51 might function as a spatio-
temporal coupler to the cristae remodeling machinery in the 
presence of Drp1. The same is probably true for MiD49. Inter-
estingly, in this relation, Langer’s group reported that S-OPA1 
promotes mitochondrial fission and the GTPase domain mutant 
S-OPA1K301A assembles into punctate structures partially 
colocalizing with the MAM, mitochondrial constrictions, and 
foci containing both Drp1 and MiD49 (Anand et al., 2014). 
Thus, Drp1-dependent mitochondrial fission at the MiD49/51- 
containing foci in the vicinity of cristae junctions may couple 
with its remodeling system and release cytochrome c upon the 
induction of intrinsic apoptosis.

Our findings revealed that simple conversion of L-OPA1 
to S-isoforms is not sufficient for cristae remodeling at the early 
stage of apoptosis. In this relation, however, Merkwirth et al. 
(2008) demonstrated that depletion of PHB1/2 induced com-
plete conversion of L-OPA1 to the S-isoforms concomitant with 

cristae disorganization, and these defective phenotypes were 
rescued by the expression of an uncleavable mutant of L-OPA1. 
This apparent discrepancy could be reconciled considering that 
the substrate amounts of L-OPA1 containing oligomers could 
substitute for the loss of PHB1/2 complexes with a scaffold-
ing function, and vice versa, our present experiments were per-
formed under conditions in which the normal levels of PHB1/2 
complexes were maintained. Another possibility might be that 
the remaining amounts of S-isoforms containing oligomers 
in our system maintained the cristae structures in cooperation 
with PHB1/2 complexes. In any case, the long-term absence of 
L-OPA1 in PHB2−/− cells might destabilize OPA1 oligomers 
that eventually lead to the loss of cristae structures.

It is known that efficient activation of Bax/Bak require 
mitochondrial sphingolipids (Chipuk et al., 2012) or cardiolipin 
(Lucken-Ardjomande et al., 2008; Montessuit et al., 2010). Be-
cause these events normally proceeded in MiD49/51-KO cell 
lines, the functional ER–mitochondria contacts required for 
these metabolism should be maintained. Similarly, Bax/Bak ac-
tivation proceeded normally in Drp1-KO cells, although MiD 
proteins failed to form foci to diffuse throughout the MOM, also 
suggesting that MiD proteins might not be involved in main-
taining the MAM integrity for the lipid translocation. In this 
context, stabilization of the ER–mitochondrial contacts by Bax/
Bak-promoted Drp1 sumoylation has been reported (Wasiak et 
al., 2007; Prudent et al., 2015). The functional significance and 
mechanism of MAM localization of the Drp1-MiD49/51 fission 
system in intrinsic apoptosis remain to be solved.

Materials and methods

Antibodies and reagents
Commercial antibodies used in this study were rabbit anti-Mff (Pro-
teintech), rabbit anti-MiD49 (Proteintech), rabbit anti-MiD51 (Pro-
teintech), rabbit anti-Fis1 (Atlas antibodies), mouse anti-OPA1 (BD 
Biosciences), mouse anti-Mfn2 (XX-1; Santa Cruz Biotechnology), 
mouse anti-Mfn1 (Santa Cruz Biotechnology), mouse anti-HSP60 
(Enzo Life Sciences), mouse anti-HSP70 (Thermo Fisher Scientific), 
rabbit anti-mitofilin/Mic60 (Origene), rabbit anti-MTP18 (Protein-
tech), mouse anti-Drp1 (BD Biosciences), rabbit anti-PMP70 (Invit-
rogen), rabbit anti-Tubulinα (Invitrogen), rat anti-HA (clone 3F10; 
Roche), rabbit anti-Tom20 (sc-11415; Santa Cruz Biotechnology), 
rabbit anti-FLAG (Sigma-Aldrich), mouse anti–cytochrome c (BD 
Biosciences), rabbit anti Bax (Upstate), mouse anti-Bax 6A7 (Enzo 
Life Sciences), mouse anti-Bak Ab-1 (Oncogene), rabbit anti-Bak NT 
(Merck Millipore), rabbit anti-ROMO1 (Sigma-Aldrich), rabbit an-
ti-PHB2 (Proteintech), rabbit anti-cleaved caspase-3 (Cell Signaling), 
mouse anti-Fas (MBL), and rabbit anti-Smac/DIA​BLO (ProSci). Act D 
(Sigma-Aldrich) was used at a final concentration of 10 µM. zVAD-
FMK (Peptide Institute) was used at a final concentration of 100 µM. 
CCCP (Sigma-Aldrich) was used at a final concentration of 20  µM. 
Antimycin A (Sigma-Aldrich) was used at a final concentration of  
50 µg/ml. Valinomycin was used at a final concentration of 20  µM. 
Oligomycin was used at a final concentration of 10 µM. MitoTracker 
Red CMXRos (Molecular Probes) was used at a final concentration of  
20 nM. BMH cross-linker was obtained from Thermo Fisher Scientific.

Construction of plasmids
MiD51 cDNA was obtained with RT-PCR using total RNA isolated 
from HeLa cells. The PCR product was cloned into the AflIII and 
NotI sites of pIRESneo3 vector (Clontech) and sequenced to role out 
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mutations introduced by PCR. A FLAG-tag sequence was inserted by 
PCR at the 3′ end of the sequence. MiD51-GFP and MiD51ΔPEY​FP-GFP 
were PCR amplified and cloned into the AflIII and NotI sites of pIRES-
neo3 vector. HA-Mff was PCR amplified and cloned into the AflIII and 
EcoRI sites of pIRESneo3 vector.

Construction of guide RNA (gRNA) expression vectors
Bicistronic expression vectors expressing Cas9 and gRNA were ob-
tained from System Biosciences. A pair of gRNA oligonucleotides 
for each targeting site was annealed, ligated to linearized vector, and 
transformed into DH5α. The sequences of the gRNAs were verified 
by sequencing analysis.

gRNA target sequences
To generate KO cell lines, the following sequences were used as the 
target gRNAs in this study: MiD51, 5′-ACT​TTG​TGC​TCT​CCA​ATG​
CCC​GG-3′; MiD49, 5′-TGT​GCT​GGG​CAT​TGC​CAC​CCT​GG-3′; 
Mff, 5′-AGC​ACC​GCC​AAA​CGC​TGA​CCT​GG-3′; Drp1, 5′-AAA​
TCA​GAG​AGC​TCA​TTC​TTC​GG-3′; and Fis1, 5′-GCA​CGC​AGT​
TTG​AGT​ACG​CCT​GG-3′. These sequences are found in all predicted 
splice variants of each gene.

Cell culture and construction of knockout HeLa cell lines
HeLa cells were cultured in DMEM supplemented with 10% FBS 
under 5% CO2, 95% air. To generate the clonal KO cell line, HeLa cells 
were transfected with bicistronic expression vectors expressing Cas9 
and gRNA for MiD51, MiD49, Mff, Drp1, and Fis1. Single clones were 
generated by limited dilution after transfection. Clonal populations 
were expanded and screened by SDS-PAGE and immunoblotting with 
specific antibodies. MiD49/51-KO cells and Mff/Fis1-KO cells were 
generated from MiD51-KO cells and Mff-KO cells, respectively. DNA 
transfection was performed using FuGENE HD (Roche) according to 
the manufacturer’s instructions. All stable cell lines were isolated by 
selection in the presence of 500 µg/ml G418. Single clones were gen-
erated by limited dilution.

RNAi
Oligonucleotide for siRNA for OPA1 was made by QIA​GEN. The pair 
of OPA1 siRNA was based on the sequence 5′-AAC​ACG​UUU​UAA​
CCU​UGA​AAC-3′. For knockdown of PHB2 (M-018703-00-0005; 
sequences 5′-GCA​CGG​CCC​UGA​AGC​UGUU-3′, 5′-CAU​CAA​ACU​
UCG​CAA​GAUU-3′, 5′-CAG​AAU​AUC​UCC​AAG​ACGA-3′, and 5′-
CCA​CAU​CAC​AGA​AUC​GUAU-3′), ROMO1 (M-015268-02-0005; 
sequences 5′-GGG​AAA​ACC​AUG​AUG​CAGA-3′, 5′-GCA​CAU​UCA​
UGG​CCA​UUGG-3′, 5′-CUG​CUU​CGA​CCG​UGU​CAAA-3′, and 5′-
CAG​CCC​AUG​UAC​UAA​UAAA-3′), mitofilin/Mic60 (M-019832-01-
0005; 5′-GCA​CAU​CGU​CGU​AUU​GAUC-3′, 5′-GGC​CAA​GCC​UCA​
UAU​AACU-3′, 5′-GGG​AUG​ACU​UUA​AAC​GAGA-3′, and 5′-GCG​
AGA​UGU​CCU​UAG​GGUA-3′), and control (D-001206-13-05; se-
quences 5′-AUG​AAC​GUG​AAU​UGC​UCAA-3′, 5′-UAA​GGC​UAU​
GAA​GAG​AUAC-3′, 5′-AUG​UAU​UGG​CCU​GUA​UUAG-3′, and 5′-
UAG​CGA​CUA​AAC​ACA​UCAA-3′), specific siRNAs were purchased 
from Dharmacon. Cells were transfected with siRNA duplexes at a con-
centration of 75 pM by Lipofectamine 2000 (Invitrogen). At 36 h after 
the initial transfection, a second siRNA transfection was performed 
was performed, and cells were grown for 60  h.  At 96  h after initial 
transfection, cells were subjected to assays.

Immunofluorescence microscopy
HeLa cells grown on glass coverslips were fixed at room tempera-
ture for 15 min with 4% paraformaldehyde, permeabilized by incuba-
tion with 0.1% Triton X-100 for 5 min, and incubated with primary  

antibodies for 2  h.  After washing with PBS, cells were incubated 
with Alexa-conjugated secondary antibodies (Invitrogen) for 1  h 
and washed with PBS. Cell nuclei were counterstained and mounted 
with a mounting medium with DAPI (Vectashield; Vector Laborato-
ries). Confocal images were collected at room temperature using an 
inverted structured illumination microscope (ApoTome with Axio 
Observer.Z1; Carl Zeiss) with a 63×/1.4 NA oil differential inter-
ference contrast Plan-Apochromat objective, a digital CCD camera 
(AxioCam MRm; Carl Zeiss), and Zeiss ZEN 2010 acquisition soft-
ware. Brightness and contrast of images were adjusted in Photoshop 
CS6 (Adobe). All images for a given experiment were collected and 
adjusted in an identical manner. The fluorescence intensity was mea-
sured using ImageJ software.

Immunoblotting
Protein samples were separated by SDS-PAGE and electrotransferred 
to a polyvinylidene fluoride membrane (Bio-Rad Laboratories). After 
blocking in PBS containing 0.3% nonfat dry milk and 0.1% Tween 20, 
blots were probed with appropriate primary and AP-conjugated sec-
ondary antibodies, developed with Immun-Star AP Western blotting 
detection reagents (Bio-Rad Laboratories). Blots were visualized using 
a LAS-1000 (FUJ​IFI​LM). The intensity of protein bands was analyzed 
using the Image Gauge Ver. 3.3 (FUJ​IFI​LM).

Cell fractionation
Cells were washed with PBS and collected by centrifugation at 800 g 
for 5 min. The cells were washed once with homogenization buffer 
(10 mM Hepes-KOH, pH 7.5, and 0.25 M sucrose), homogenized in 
1 ml of homogenization buffer by passing through a 27G needle 10 
times, and then centrifuged at 1,000  g for 10 min to obtain a post-
nuclear supernatant. The postnuclear supernatant was centrifuged at 
8,000 g for 10 min to obtain a mitochondria-rich heavy membrane frac-
tion. The resultant supernatant was further centrifuged at 100,000 g for 
15 min to obtain the cytosol fraction.

Transmission EM
Cells were fixed with 2% PFA and 2% glutaraldehyde in 0.1 M caco-
dylate buffer, pH 7.4, for 30 min at 4°C. Thereafter, cells were fixed 
with glutaraldehyde in 0.1 M cacodylate buffer at 4°C overnight. The 
samples were additionally fixed with 0.5% tannic acid in 0.1 M cac-
odylate buffer, pH 7.4, at 4°C for 1 h. After the fixation, the samples 
were washed four times with 0.1 M cacodylate buffer for 30 min each 
and postfixed with 2% osmium tetroxide in 0.1 M cacodylate buffer at 
4°C for 1 h. Fixed samples were dehydrated, embedded in Questol-812 
(Nisshin EM), and polymerized at 60°C for 48 h. The blocks were ul-
trathin-sectioned at 70 nm with a diamond knife using an ultramicro-
tome (Leica). Sections were placed on copper grids and stained with 
2% uranyl acetate at room temperature for 15 min and then rinsed with 
distilled water, followed by secondary staining with lead stain solu-
tion (Sigma-Aldrich) at room temperature for 3 min. The grids were 
observed under a JEM-1400Plus (JEOL) transmission electron micro-
scope at an acceleration voltage of 80 kV.

Chemical cross-linking
OPA1 oligomers were analyzed by SDS-PAGE after cross-linking. In 
brief, cells were treated with 50 µM 1,6-bismaleimideohexane (BMH) 
at 30°C for 30 min. Cells were washed with phosphate-buffered saline 
containing 5 mM dithiothreitol, lysed, and subjected to SDS-PAGE fol-
lowed by Western blotting for OPA1. Membrane fraction isolated from 
cells treated with Act D were treated with 2  mM BMH at 30°C for 
30 min. Samples were lysed and subjected to SDS-PAGE followed by 
Western blotting for Bax or Bak.
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Calcein-AM to monitor MPTP
HeLa cells were incubated with 2  µM calcein-AM (Dojindo) for 60 
min at 37°C.  Plasma membrane of calcein-AM–loaded HeLa cells 
were permeabilized with 25 µg/ml digitonin diluted in buffer A (20 mM 
Hepes-KOH, pH 7.4, 25 mM KCl, 2.5 mM Mg(OAc)2, 0.25 M sucrose, 
and 1 µM Taxol) to allow for leakage of the cytosolic calcein signal.

Cytochrome c and Smac/DIA​BLO release in semi-intact cells
The preparation of semi-intact cells was performed essentially as de-
scribed previously (Setoguchi et al., 2006). In brief, HeLa cells on glass 
coverslips were incubated at 30°C for 5 min with buffer A containing 
25 µg/ml digitonin and gently washed three times with the same buffer. 
The semi-intact cells were then incubated for 60 min at 30°C with 75 
nM recombinant tBid (R&D Systems) with or without 20  µM iono-
mycin (Wako) in buffer A to induce cytochrome c and Smac/DIA​BLO 
release. The semi-intact cells were fixed with 4% PFA, completely 
permeabilized by incubation with 0.1% Triton X-100 for 5 min, and 
subjected to immunofluorescence analysis with antibodies to cyto-
chrome c or Smac/DIA​BLO.

Trypan blue stain
Cells were harvested and resuspended in DMEM medium at a concen-
tration 105 cells/ml. Cell death was assessed using trypan blue staining. 
10 µl 0.05% trypan blue (Invitrogen) was mixed with 10 µl cell suspen-
sion, spread onto a Neubauer chamber, and covered with a coverslip. 
Although viable cells exclude the dye and appear translucent, nonvia-
ble cells appear blue-stained. Viability and mortality of three indepen-
dent experiments were quantified.

Statistical analysis
The results of all quantitative experiments are reported as mean ± SD 
of three independent experiments.

Online supplemental material
Fig. S1 shows morphological response of mitochondrial fission-related 
protein-KO HeLa cell lines to various detrimental stressors. Fig. S2 
shows apoptotic response of mitochondrial fission-related protein-KO 
HeLa cell lines to Act D. Fig. S3 shows that MiD49/51-KO cells resist 
tBiD-induced cytochrome c release even after MPTP opening. Fig. S4 
shows subcellular localization and Drp1-recruiting activity of MiD51 
mutants. Fig. S5 shows that down-regulation of mitofilin/Mic60 does not 
affect mitochondrial morphology, cytochrome c release, and apoptosis 
in MiD49/51-KO cells. Online supplemental material is available at  
http​://www​.jcb​.org​/cgi​/content​/full​/jcb​.201508099​/DC1.
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