
JCB: Article

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 191 No. 6 1141–1158
www.jcb.org/cgi/doi/10.1083/jcb.201007152 JCB 1141

Correspondence to Katsuyoshi Mihara: mihara@cell.med.kyushu-u.ac.jp
Abbreviations used in this paper: CCCP, carbonyl cyanide m-chlorophenyl-
hydrozone; CKO, conditional KO; DSP, dithiobis (succinimidyl propionate); FRT, 
flippase recognition target; IRES, internal ribosome entry site; KO, knockout; 
MEF, mouse embryonic fibroblast; Mff, mitochondrial fission factor; MOM,  
mitochondrial outer membrane; Neo, Neomycin; ROI, region of interest; shRNA, 
short hairpin RNA; TMD, transmembrane domain; WT, wild type.

Introduction
Mitochondrial morphology is dynamically changed by continu-
ous fission and fusion to form small units or interconnected  
mitochondrial networks, and this dynamic morphology is essential 
for normal mitochondrial and cellular functions (Karbowski 
and Youle, 2003; Okamoto and Shaw, 2005; Chan, 2006;  
McBride et al., 2006; Cerveny et al., 2007b; Hoppins et al., 
2007; Benard and Karbowski, 2009). These morphological 
changes are closely associated with apoptosis: apoptotic stimuli 
trigger extensive mitochondrial fission accompanied by cristae  
disorganization, permeabilization of the mitochondrial outer 
membrane (MOM), and release of apoptosis regulatory pro-
teins, including cytochrome c (Scorrano et al., 2002; Frezza et al., 
2006). High molecular weight GTPases are key regulators of 
these morphological dynamics. In mammals, mitofusin proteins 

(Mfn1 and Mfn2) of MOM and the inner membrane protein 
Opa1 are essential for mitochondrial fusion (Alexander et al., 
2000; Delettre et al., 2000; Santel and Fuller, 2001). Opa1 is 
also involved in cristae remodeling (Olichon et al., 2003). Cris-
tae are thought to trap large pools of cytochrome c, and down-
regulation of Opa1 may lead to the opening of cristae junctions 
and mobilization of cytochrome c, which is released into the 
cytosol by a Bax/Bak-dependent mechanism. Another dynamin-
related GTPase, Drp1 (Dnm1 in yeast), is involved in mitochon-
drial fission. Dnm1, localizing in the cytosol as self-assembled 
punctate structures, is recruited to the MOM receptor Fis1 
through the adaptor protein Mdv1 (or its paralogue Caf4), self-
assembles into helical structures, and drives membrane scission 
in a GTP-dependent manner (Okamoto and Shaw, 2005; Cerveny 
et al., 2007b; Hoppins et al., 2007).

The cytoplasmic dynamin-related guanosine triphos-
phatase Drp1 is recruited to mitochondria and medi-
ates mitochondrial fission. Although the mitochondrial 

outer membrane (MOM) protein Fis1 is thought to be a 
Drp1 receptor, this has not been confirmed. To analyze 
the mechanism of Drp1 recruitment, we manipulated the 
expression of mitochondrial fission and fusion proteins 
and demonstrated that (a) mitochondrial fission factor 
(Mff) knockdown released the Drp1 foci from the MOM 
accompanied by network extension, whereas Mff over-
expression stimulated mitochondrial recruitment of Drp1  

accompanied by mitochondrial fission; (b) Mff-dependent 
mitochondrial fission proceeded independent of Fis1;  
(c) a Mff mutant with the plasma membrane–targeted 
CAAX motif directed Drp1 to the target membrane; (d) Mff 
and Drp1 physically interacted in vitro and in vivo; (e) exoge-
nous stimuli–induced mitochondrial fission and apoptosis 
were compromised by knockdown of Drp1 and Mff but 
not Fis1; and (f) conditional knockout of Fis1 in colon car-
cinoma cells revealed that it is dispensable for mitochon-
drial fission. Thus, Mff functions as an essential factor in 
mitochondrial recruitment of Drp1.
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Figure 1. Mff siRNA compromises mitochondrial localization of Drp1. (A) Control, Mff, or Fis1 RNAi HeLa cells were analyzed by immunofluorescence 
microscopy using anti-Drp1 antibody (green) and antimitofilin antibodies (red). Magnified images are shown in insets. (B and C) Mitochondrial network 
connectivity in either control, Fis1, Mff, or Drp1 RNAi HeLa cells transfected with mito-YFP. In brief, a 2.1-µm circle containing multiple mitochondria was 
photobleached and monitored for recovery (Fig. S2). The normalized and photobleach corrected curves (B) or mobile fractions (C) represent the mean ± 
SEM of 60 individual FRAP curves from two independent experiments (30 FRAP curves per experiment). The results were analyzed by the Student’s t test, 
and p-values are noted on the figure. (D) HeLa cells transfected with the indicated siRNAs were fractionated into cytosol (C) and heavy membrane (HM) 
fractions, which were analyzed by Western blotting using the indicated antibodies (cytosol/heavy membrane = 1:5 in volume equivalents). Five times the 
volume equivalent of heavy membrane fraction versus cytosol fraction was loaded to show the difference on mitochondrial recruitment of Drp1 in control  
(Cont) and Mff RNAi cells. Lactate dehydrogenase (LDH) is a cytosolic marker. (E) Mff RNAi cells were transfected with FLAG-Mff and subjected to  
immunostaining with anti-Drp1 (green) and anti-FLAG (red) antibodies. Asterisks indicate FLAG-Mff–expressing cells. (F) HeLa cells subjected to the indicated  
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carcinoma cells revealed that hFis1 is dispensable for mito-
chondrial fission. We thus concluded that Mff, but not hFis1, is 
an essential factor for mitochondrial recruitment of Drp1 during 
mitochondrial fission in mammalian cells.

Results
Mff down-regulation inhibits mitochondrial 
recruitment of Drp1 and induces 
mitochondria elongation
We first examined the effect of Mff knockdown on mitochondrial 
localization of Drp1 and mitochondrial morphology using three 
independent pairs of oligonucleotides, two of which efficiently re-
duced endogenous levels of Mff (Fig. S1 A). Mff RNAi (#2; Mff 
depletion 94%) induced formation of closed mitochondrial  
networks similar to when the fission was inhibited by Drp1 RNAi 
(Fig. 1 A and Fig. S1 C), confirming the findings of Gandre-Babbe 
and van der Bliek (2008). Unexpectedly, eight independent oligo-
nucleotide pairs for hFis1 (four siRNAs and four short hairpin 
RNAs [shRNAs]), including one previously reported to be effec-
tive (Koch et al., 2005), significantly reduced the hFis1 levels in 
HeLa cells (hFis1 depletion 95%; Fig. S3 A and see Fig. 9 C) 
but resulted in only weak or no mitochondrial morphology changes 
(note that some siRNA and shRNA induced an increase of the cell 
volume, which apparently resulted in subtle mitochondrial mor-
phology changes; Fig. 1 A; see Fig. 9, C and D; Fig. S1 C; and  
Fig. S3 B). The mitochondria in Mff RNAi cells had fewer free 
ends than those in hFis1 RNAi or control cells (Fig. 1 A and  
Fig. S1 C). Many balloon- or bulblike structures were observed at 
the base of the mitochondrial tubules in Drp1 and Mff RNAi cells 
but not in hFis1 RNAi cells (Fig. S1 C). We concluded that Mff 
RNAi caused similar mitochondrial morphology changes as Drp1 
RNAi, and the effect was much stronger than those induced by 
hFis1 RNAi. A quantitative FRAP assay that measures mitochon-
drial connectivity confirmed that Mff RNAi cells and Drp1 RNAi 
cells had significantly faster recovery rates and higher mobile frac-
tions of mitochondrial YFP (mito-YFP) fluorescence than hFis1 
RNAi and control RNAi cells (Fig. 1, B and C; and Fig. S2).

We then examined whether Mff RNAi affects the intra-
cellular distribution of Drp1. In contrast to control RNAi cells, 
Drp1 foci on the mitochondria was clearly decreased and rather was 
dispersed throughout the cytoplasm in Mff RNAi cells (Fig. 1 A).  
In contrast, hFis1 RNAi did not affect the mitochondrial localiza-
tion of Drp1 as previously reported (Fig. 1 A). These results were 
confirmed by cell fractionation. Drp1 in mitochondrial fraction 
was significantly reduced in Mff RNAi cells but not in control 
and hFis1 RNAi cells (Fig. 1 D). Knockdown of other MOM 
proteins, including March5/MITOL, preprotein import receptors 
Tom20, Tom22, and Tom70, VDAC1 and 2, and GDAP1, did not 
affect the mitochondrial distribution of Drp1 (unpublished data).

The Mff gene encodes at least nine different splice variants, 
although their functional difference is not known (Gandre-Babbe 

The fundamental molecular mechanisms of mitochondrial 
fission seem to be conserved across species because the mam-
malian homologues of yeast Fis1 (hFis1 for human homologues) 
and Drp1 (Smirnova et al., 2001; James et al., 2003; Yoon et al., 
2003; Stojanovski et al., 2004) have been identified, whereas 
homologues for Mdv1 and Caf4 have not. Drp1 localizes 
throughout the cytosol, and a minor fraction of Drp1 localizes 
to the mitochondrial foci representing future fission sites 
(Smirnova et al., 2001; Benard and Karbowski, 2009). In mam-
mals, the mechanism of the mitochondrial recruitment of Drp1 
by MOM proteins remains unclear. As in yeast, exogenous ex-
pression of hFis1 induces mitochondrial fragmentation, and 
down-regulation of hFis1 induces a perinuclear accumulation 
of elongated mitochondria. Furthermore, Drp1 and hFis1 co-
immunoprecipitate after cross-linking in vitro, suggesting that  
mitochondrial fission mechanisms are somewhat conserved 
throughout eukaryotes (Yoon et al., 2003). Mitochondria undergo 
extensive fragmentation early during apoptosis, and Drp1 is  
essential for the normal progression of apoptosis (Youle and 
Karbowski, 2005; Parone and Martinou, 2006; Arnoult 2007; 
Suen et al., 2008; Ishihara et al., 2009). In this context, hFis1 
overexpression induces Drp1-dependent mitochondrial fission 
and apoptosis, and, conversely, hFis1 knockdown inhibits the 
progression of apoptosis (Lee et al., 2004). However, there are 
conflicting observations: hFis1 localizes throughout the MOM 
in contrast to the punctate localization of Drp1, and mitochon-
drial recruitment of Drp1 is not affected by hFis1 knockdown 
(Lee et al., 2004; Stojanovski et al., 2004; Wasiak et al., 2007). 
Similarly, neither mitochondria-associated Drp1 nor mitochon-
drial fission is affected by hFis1 overexpression (Suzuki et al., 
2003). These contradictory observations on hFis1 may suggest 
that, although Fis1 is required for the mitochondrial fission, the 
Fis1 level is not a limiting factor in the mitochondrial fission 
process and mitochondrial recruitment of Drp1 is regulated by 
other elements.

In addition to Fis1, MOM-anchored proteins ganglioside-
induced differentiation–associated protein 1 (GDAP1; Niemann 
et al., 2005) and RING (really interesting new gene)-type E3-
ubiquitin ligase March5/MITOL (Karbowski et al., 2007) are 
involved in mitochondrial fission. A recent study identified another 
tail-anchored MOM protein mitochondrial fission factor (Mff; 
Gandre-Babbe and van der Bliek, 2008). However, their specific 
roles in Drp1-dependent mitochondrial fission are not known.

Here, we study the requirement of mitochondrial proteins 
for mitochondrial targeting of Drp1 by manipulating the expres-
sion of mitochondrial fission and fusion proteins, including 
hFis1, Mff, March5/MITOL, GDAP1, and Opa1, and found that 
Mff clearly limited Drp1 function in mitochondrial fission and 
apoptosis. In contrast, these effects were not observed for the 
other proteins, including hFis1. In this context, Drp1 and Mff 
physically interacted both in vivo and in vitro. Furthermore, 
conditional knockout (KO; CKO) of hFis1 in human colon  

manipulations were fractionated and analyzed as in D. Cytosol/heavy membrane = 1:3 in volume equivalents. (G) FLAG-Mff mutant lacking a TMD 
(MffC) was expressed in HeLa cells. After incubation for 24 h, the cells were fixed and immunostained with anti-FLAG antibody (green) and antimitofilin 
antibodies (red). Bars, 20 µm.
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FLAG-tagged Drp1. In this cell line, the vast majority of FLAG-
Drp1 was localized in the cytoplasm but rarely detected on mito-
chondria by immunofluorescence microscopy (Fig. 3 A, a). The 
cells were then transfected with pMff-IRES-GFP-NLS to simul-
taneously express Mff and nuclear-targeted GFP. More than 94% 
of the GFP-overexpressing cells exhibited the Drp1-positive and 
dotlike structures that were colocalized with Mff on the mito-
chondria (Fig. 3, A [c] and B). In contrast, no such changes were 
detected in the cells transfected with the phFis1-IRES-GFP-NLS 
plasmid (Fig. 3 A, b), although hFis1 overexpression induced 
perinuclear accumulation of fragmented mitochondria (Fig. 2, 
A [f] and C). Importantly, Mff-dependent Drp1 recruitment was 
observed even in hFis1 RNAi cells (Fig. 3 A, d), indicating that 
hFis1 is dispensable for the function of Mff in the mitochondrial 
recruitment of Drp1.

Next, we generated an Mff mutant in which the TMD of 
Mff was replaced with the secretory membrane–targeted CAAX 
motif (Robert et al., 2002) and expressed in the Mff-depleted 
HeLa cells. Mff-CAAX was localized to the plasma membrane, 
and endogenous Drp1 was colocalized with Mff-CAAX (Fig. 3 C), 
whereas it was diffusely localized throughout the cytoplasm in 
the cells not expressing Mff-CAAX (Fig. 3 C, asterisks), thus 
revealing an interaction of Mff and Drp1 in vivo.

To further confirm the interaction, we performed a co-
immunoprecipitation assay. FLAG-Mff was coexpressed with  
HA-Drp1 in HeLa cells. Without cross-linking, Drp1 did not 
coprecipitate with FLAG-Mff, suggesting that the interaction 
between Mff and Drp1 is transient or unstable (unpublished 
data). Therefore, the cells were treated with the thiol-cleavable 
cross-linker dithiobis (succinimidyl propionate) (DSP) before 
membrane solubilization with either SDS (stringent condition) 
or digitonin (mild condition). DSP treatment did not change the 
subcellular localization pattern of Drp1 (unpublished data).  
Under the stringent condition, HA-Drp1 coimmunoprecipitated 
with FLAG-Mff but not with FLAG-hFis1 (Fig. 3 D). Interest-
ingly, however, Drp1 and hFis1 coprecipitated under the mild 
condition. These results may suggest that Drp1 preferentially 
interacts with Mff to develop into oligomeric complexes, and 
hFis1 then interacts with the oligomerized Drp1; this later inter-
action might be detected only under the mild condition. As a 
control, neither the release of Drp1 foci from mitochondria nor 
mitochondrial accumulation of Drp1 was detected during the 
DSP treatment (unpublished data). Next, to directly address the 
interaction between Mff and Drp1, we performed immuno-
precipitation in vitro using purified proteins and found that MffC 
coprecipitated with Drp1 after cross-linking (Fig. 3 E). In con-
trast to wild-type (WT) Drp1, Drp1 A395D mutant, identified 
from a human patient and with defects in higher order assembly 
and mitochondrial division (Waterham et al., 2007; Chang et al., 
2010), failed to interact with MffC (Fig. 3 E). We found in this 
context that Drp1 A395D failed to be recruited to mitochondria in 
response to Mff overexpression (Fig. 3, F and G). Furthermore, co-
overexpression of Drp1 A395D and Mff still stimulated mito-
chondrial network extension, exhibiting a dominant-negative effect 
similar to Drp1 K38A mutant (Fig. 3, H and I). Together, these  

and van der Bliek, 2008). Hereafter, we analyze variant 8 domi-
nantly expressed in HeLa cells (Fig. S1 B). Expression of FLAG-
Mff completely restored mitochondrial recruitment of Drp1 in Mff 
RNAi cells (variant 6 was equally effective; Fig. 1 E, asterisks; and 
Fig. S1 D). These results were further confirmed by cell fraction-
ation (Fig. 1 F), indicating that Mff functions in mitochondrial fis-
sion by regulating the mitochondrial recruitment step of Drp1.

Exogenous expression of Mff induces 
extensive mitochondrial fission
We next investigated whether expression of Mff induces mito-
chondrial fission. A stable HeLa cell line expressing the mitochon-
drial matrix–targeted precursor Su9-DsRed was transfected with 
the plasmid pMff–internal ribosome entry site (IRES)–GFP-NLS, 
which directs coexpression of untagged Mff and a nuclear-targeted 
GFP (GFP-NLS) under a single promoter. More than 80% of the 
cells had extensively fragmented mitochondria irrespective of the 
Mff expression level (Fig. 2, A and B). The same results were ob-
tained when Tom22 was analyzed as the MOM marker (Fig. 2 C), 
indicating that Mff promotes mitochondrial fission. However, no 
such mitochondrial fragmentation was detected in cells expressing 
the Mff mutant lacking the transmembrane domain (TMD) and 
dispersed to the cytoplasm (MffC; Fig. 1 G), indicating that Mff 
functioning on the correct membrane is a prerequisite for mito-
chondrial fission. In contrast to our findings, it was previously  
reported that exogenously expressed Mff (variant 8) does not stim-
ulate mitochondrial fission (Gandre-Babbe and van der Bliek, 
2008). We have no adequate explanation for this discrepancy.

Because mammalian Fis1 was previously shown to induce 
mitochondrial fission (James et al., 2003; Yoon et al., 2003), we re-
evaluated the effect of hFis1 in our assay system and compared it 
with Mff activity. Expression of hFis1 collapsed the mitochondrial 
networks with much weaker morphological changes than those in-
duced by Mff, and high hFis1 expression induced perinuclear ag-
gregation of vesiculated mitochondria (Fig. 2, A–C). Notably, the 
hFis1-induced fragmented mitochondria were significantly larger 
than the Mff-induced ones. Together, these observations indicated 
that Mff has a stronger effect on mitochondrial fission than hFis1.

Mff localizes in puncta on mitochondria
Immunofluorescence microscopy revealed that Mff is localized 
mostly in puncta on mitochondria, and the disappearance of the 
puncta in Mff RNAi cells was accompanied by the extension of 
mitochondrial tubular network structures (Fig. 2 D), confirming 
that those structures were Mff related. Interestingly, these struc-
tures were detected on the extended tubular networks in Drp1 
RNAi cells but were not affected by hFis1 RNAi or Drp1/hFis1 
double RNAi (unpublished data for Drp1/hFis1 RNAi), sug-
gesting that Mff is present as preassembled structures on the 
MOM irrespective of Drp1 or hFis1 expression. Notably, double 
immunofluorescence staining and a line scan plot of Mff and 
Drp1 revealed that they were mostly colocalized in foci on the 
MOM (Fig. 2, E and F).

Mff interacts with Drp1 on the MOM
To test whether Mff directly recruits Drp1 to the mitochondrial 
foci, we established a HeLa cell line overexpressing N-terminally 
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amino acid repeats in the N-terminal half and a coiled-coil do-
main just upstream of the TMD into the cytosol (Gandre-Babbe 
and van der Bliek, 2008). To define the Mff region responsible 
for mitochondrial recruitment of Drp1, N-terminally truncated 
Mff constructs (Fig. 4 A) were expressed in Mff RNAi cells. 
Like full-length Mff, four truncated Mff constructs (Mff20, 
Mff50, Mff60, and Mff100) were localized to mitochon-
dria (Fig. 4 B). However, mitochondrial recruitment of Drp1 

results indicate that Mff plays a key role in recruiting Drp1 to 
the MOM to mediate mitochondrial fission.

The N-terminal cytosolic region of Mff  
is required for Drp1 recruitment  
to mitochondria
Mff is anchored to the MOM through the C-terminal TMD, ex-
truding the bulk of the N-terminal portion containing two short 

Figure 2. Mff and Drp1 colocalize in puncta on mitochondria. (A) Mff overexpression leads to mitochondrial fragmentation. HeLa cells stably expressing 
Su9-DsRed were transfected with pMff-IRES-GFP-NLS, phFis1-IRES-GFP-NLS, or empty vector and subjected to live imaging by confocal microscopy. Top 
and bottom images show the cells expressing low and high levels of nuclear GFP, respectively. Typical images are shown in insets at high magnification. 
(B) Percentages of cells with indicated mitochondrial morphologies in cells (n = 100) transfected with indicated plasmids at 24 h after transfection. Data 
were collected from three independent experiments and represent the mean ± SD. (C) HeLa cells manipulated as in A were immunostained with anti-Tom22 
antibodies (red). The insets show magnified images of the mitochondrial regions. (D) Immunofluorescence microscopy of endogenous Mff in HeLa cells trans-
fected with the indicated siRNA immunostained with anti-Mff (green) and anti-Tom20 (red). (E and F) HeLa cells were immunostained with anti-Drp1 (green) 
and anti-Mff (red) antibodies. (F) A line scan (shown in the vertical line) plot of relative fluorescence intensities of Mff and Drp1 in the indicated images 
(same as in E) was analyzed using AxioVision 4.7.1 software (Carl Zeiss, Inc.). The insets in D and E show magnified images of the squared regions.
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Figure 3. Mff interacts with Drp1 both in vivo and in vitro. (A) HeLa cells stably expressing FLAG-Drp1 were transfected with the indicated siRNA and 
further transfected with phFis1-IRES-GFP-NLS (b) and pMff-IRES-GFP-NLS (c and d). After 24 h, the cells were fixed and immunostained with anti-FLAG anti-
bodies (red). (B) HeLa cells stably expressing FLAG-Drp1 were transfected with HA-Mff. After 24 h, the cells were immunostained with anti-HA antibodies 
(green) and anti-FLAG antibodies (red). High magnification images (insets) show colocalization of FLAG-Drp1 and HA-Mff. (C) HeLa cells were transfected 
with Mff siRNA and further transfected with FLAG-Mff-CAAX. The cells were immunostained with antibodies against Drp1 (green) and FLAG (red). Asterisks 
show FLAG-Mff-CAAX–nonexpressing cells. The insets show magnified images of the squared regions. (D) HeLa cells expressing the indicated proteins were 
treated with DSP, solubilized either with digitonin buffer (mild condition) or with SDS buffer (stringent condition), and subjected to immunoprecipitation (IP) 
using anti-FLAG antibody (see Materials and methods). Asterisk shows IgG light chain. IB, immunoblot. (E) Purified proteins were mixed in the indicated 
combinations and treated with 1 mM DSP. The reaction mixtures were solubilized with 1% Triton X-100 and subjected to immunoprecipitation with anti-Drp1 
antibodies. See Materials and methods for details. (F) pMff-IRES-GFP-NLS was cotransfected with HA-WT-Drp1 or HA-Drp1-A395D into HeLa cells, and the 
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(Setoguchi et al., 2006) had normal Drp1-recruiting activity 
(Fig. 4, A–C).

Knockdown of hFis1 does not interfere 
with Mff-dependent mitochondrial fission
To obtain definitive evidence for the Drp1-dependent function 
of Mff, the effect of FLAG-Mff expression on mitochondrial 
morphology was examined in Drp1/ mouse embryonic fibro-
blast (MEF) cells (Ishihara et al., 2009). In WT cells, the  
expressed FLAG-Mff resulted in extensive mitochondrial 
fragmentation, whereas the extended mitochondrial network 

was barely detectable for Mff50, Mff60, and Mff100. Par-
tial deletion within the 1–20-residue segment (Mff20) slightly 
compromised the recruiting activity. In contrast, Drp1 recruit-
ment was detected for the coiled-coil domain deletion mutant 
MffCC, whereas it was partly dispersed in the cytoplasm, sug-
gesting that the coiled-coil domain is required for correct mito-
chondrial targeting of Mff. Together, these findings indicated 
that the N-terminal 50 residues containing one of the short amino 
acid repeats are essential for the Drp1 recruitment (Fig. 4 A).  
The TMD of Mff is not required for the Drp1 recruitment be-
cause the Mff mutant with the TMD of a MOM protein Omp25 

cells were analyzed by immunofluorescence microscopy using anti-HA antibodies (red). Note that HA-WT-Drp1, but not HA-Drp1-G395A, was targeted to 
mitochondria in the Mff-expressing cells. (G) The cells (n = 200) for HA-WT-Drp1 and HA-Drp1-A395D with the cytosol- or mitochondria-localized pattern 
of Drp1 in A were quantified. vec, vector. (H) The cells treated as in F were analyzed by immunofluorescence microscopy using anti-Tom22. (I) Percentages 
of cells (n = 200) for HA-WT-Drp1, HA-Drp1-A395D, and HA-Drp1-K38A with the indicated mitochondrial morphology in H. Data were collected from 
three independent experiments and represent mean ± SD.

 

Figure 4. N-terminal cytosolic region is required for the recruitment of Drp1 to mitochondria. (A) Schematic representation of Mff deletion constructs, and  
summary of their expression effects on the recruitment and intracellular localization of Drp1 in Mff RNAi cells. Yellow box, TMD from Omp25. Mt, mitochondria. 
Cyto, cytoplasm. (B) Mff mutants were expressed in Mff RNAi cells and analyzed by immunofluorescence microscopy with anti-Drp1 (green) and anti-FLAG 
antibodies (red). The insets show magnified images of the mitochondrial regions. (C) Percentages of cells with the indicated mitochondrial morphologies in 
HeLa cells expressing various Mff deletion mutants as in B. 200 cells in each of three independent experiments were counted. Data represent mean ± SD.
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stably expressing Su9-DsRed was transfected with siRNA for 
Drp1, Mff, or hFis1 and incubated with CCCP (Fig. S3, D–F). 
Both Drp1 RNAi and Mff RNAi strongly inhibited CCCP- 
induced mitochondrial fission. However, the inhibition was not 
observed in hFis1 RNAi cells at any time point during incuba-
tion. Furthermore, simultaneous knockdown of Mff and hFis1 
did not have an additive phenotype, indicating that the function 
of Mff and hFis1 is not redundant.

Opa1 knockdown–induced mitochondrial 
fragmentation is suppressed by knockdown 
of either Drp1 or Mff but not hFis1
Opa1 knockdown causes extensive mitochondrial fragmen-
tation and cristae disorganization with increased sensitivity 
to apoptotic stimuli (Olichon et al., 2003; Lee et al., 2004; 
Frezza et al., 2006). We took advantage of this response to 
further confirm the aforementioned results. Mff/Opa1 double 
RNAi cells displayed elongated tubular mitochondria with 
bulb- or balloonlike structures similar to the phenotype in 

structures in Drp1/ MEFs were not affected by the expres-
sion of FLAG-Mff (Fig. 5, A and B). These results clearly 
demonstrated that Mff and Drp1 function together in the same 
mitochondrial fission pathway. We further found that the over-
expressed Mff in Fis1 RNAi cells induced mitochondrial fis-
sion to an extent comparable with that of the control RNAi 
cells (Fig. 5, C–E), confirming the results of the aforemen-
tioned Drp1 recruitment assay (Fig. 3 A, d) and suggesting that 
hFis1 cannot be the rate-limiting factor in the Mff-dependent 
mitochondrial fission.

Knockdown of Mff, but not hFis1, 
compromises carbonyl cyanide  
m-chlorophenylhydrozone (CCCP)–induced 
mitochondrial fission
We further evaluated the requirement of hFis1 and Mff in  
exogenous signal–triggered mitochondrial fission. Treatment of 
cultured cells with a protonophore, CCCP, leads to rapid mito-
chondrial fragmentation (Ishihara et al., 2006). A HeLa cell line 

Figure 5. Mff-induced mitochondrial fission 
depends on Drp1. (A) FLAG-Mff was trans-
fected in WT or Drp1/ MEFs. After 36 h, 
the cells were fixed and immunostained with 
anti-Tom70 antibodies (green) and anti-FLAG 
antibodies (red). (B) Percentage of cells with 
tubular and fragmented mitochondria. Three 
distinct fields for each 100 cells were counted. 
Data represent mean ± SD. (C) HeLa cells sta-
bly expressing Su9-DsRed were transfected  
with the indicated siRNA and further transfected 
with pMff-IRES-GFP-NLS. Live images were ob-
tained by confocal microscopy. (D) HeLa cells 
in C were subjected to immunoblot analysis  
using the indicated antibodies with mitofilin  
as a loading control. Molecular mass is given 
in kilodaltons. (E) Percentages of cells (n = 100) 
with the indicated mitochondrial morphologies  
in mock- and Mff-transfected cells at 24 h  
after transfection. Data were obtained from 
three independent experiments and repre-
sent mean ± SD.
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Opa1/hFis1 double RNAi cells displayed extensively fragmented 
mitochondria with disorganized cristae strongly resembling those 
in the Opa1 RNAi cells (Fig. 6 A, j and g), confirming findings of 
a previous study on the Opa1/hFis1 double RNAi cells (Lee et al., 
2004) and indicating that hFis1 is not rate limiting in the Drp1- 
and Mff-dependent mitochondrial fission reaction. Together, these 
two independent assays strongly indicate that, whereas Mff is  
essential for Drp1-dependent mitochondrial fission, hFis1 seems 
to be dispensable for the reaction.

Mff RNAi cells, whereas Opa1 RNAi cells had extensively frag-
mented mitochondria (Fig. 6, A and C; and Fig. S1 C), indicating 
that Mff limited Opa1 RNAi–induced mitochondrial fission. Sim-
ilar results were obtained for the simultaneous knockdown of 
Drp1 and Opa1, suggesting that Mff and Drp1 mediated mito-
chondrial fission in a similar way. EM analysis revealed that both 
Opa1/Drp1 and Opa1/Mff double RNAi cells had mitochondria  
with disrupted cristae structures (Fig. 6 A, h and i) or onionlike 
innermembrane structures (Fig. 6 B). In marked contrast, the 

Figure 6. Depletion of Mff, but not hFis1, blocks Opa1 RNAi–induced extensive mitochondrial fragmentation and increased hypersensitivity to  
apoptosis. (A) HeLa cells stably expressing Su9-DsRed were transfected with the indicated siRNA. Live images were obtained by fluorescence  
microscopy (a–e magnified images are shown as insets in b and e). EM of these manipulated cells are shown in f–j. (B) Onionlike mitochondrial inner  
membrane structures in Opa1/Drp1 and Opa1/Mff double knockdown cells. (C) Percentages of cells with the indicated mitochondrial morphol-
ogies in various RNAi cells. Data were obtained from 100 cells in each of three independent experiments and represent mean ± SD. (D) HeLa cells  
were transfected with the indicated siRNA and then treated with actinomycin D in the presence of Z-VAD-FMK. Cells were fixed at the indicated time 
points, and cytochrome c release was detected by immunostaining. Data were obtained from 300 cells in each of three independent experiments and 
represent mean ± SD.
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confirming our previous observations (Ishihara et al., 2009).  
Together, these results suggest that mitochondrial fission re-
action limits the cytochrome c release early during apoptosis. 
Consistent with this, overexpression of Mff induced extensive 
mitochondrial fragmentation concomitant with an increase in 
the cell sensitivity to apoptosis (unpublished data).

hFis1 is dispensable for fission in  
HCT116 cells
To investigate the role of hFis1 in mitochondrial fission explic-
itly, we conditionally knocked out Fis1 in human HCT116 cells 
(see Materials and methods for detail; Fig. S4, A and B). As shown 
in Fig. 8 A, mitochondria exhibit normal morphology in Fis1 
CKO cells relative to the WT HCT116 cells. We also conducted 
FRAP analysis to quantitatively examine the mitochondrial  
connectivity in live cells. After photobleaching, the recovery  
rate of mito-YFP in Fis1 CKO cells was indistinguishable from 
that in the WT cells (Fig. 8, B and C). Although we conducted our 
analysis as early as 3 d after Ad-Cre infection, there might still be 
a compensation effect by components of the mitochondrial fusion 
machinery to counter a reduced mitochondrial fission rate.  
To address this possibility, we performed mito-photoactivatable 
GFP analysis (Karbowski et al., 2006), and we found no signifi-
cant difference in the mitochondrial fusion rate between Fis1 
CKO cells and the WT cells (Fig. 8 D), suggesting the absence of 
compensatory effects on mitochondrial fusion rate.

Cytochrome c release in Opa1 RNAi cells 
is suppressed by knockdown of either Drp1 
or Mff but not hFis1
Because mitochondrial morphology is intertwined with apop-
tosis (Lee et al., 2004; Youle and Karbowski, 2005; Parone and 
Martinou, 2006; Arnoult 2007; Gandre-Babbe and van der Bliek, 
2008; Suen et al., 2008; Wasilewski and Scorrano 2009), we  
assessed the contributions of Mff and hFis1 to actinomycin  
D–triggered cytochrome c release in the aforementioned cells. 
Opa1 RNAi stimulated cytochrome c release, and additional 
knockdown of either Drp1 or Mff strongly compromised the re-
sponse to the same extent as in single Drp1 or Mff RNAi cells 
(Fig. 6 D). In contrast, the response was not affected by hFis1 
RNAi or simultaneous RNAi of Opa1 and hFis1 (Fig. S3 C and 
Fig. 6 D), consistent with the aforementioned mitochondrial 
morphology response. As indicated in Fig. 6, both Opa1 RNAi 
and Opa1/hFis1 double RNAi cells had extensively fragmented 
mitochondria with disorganized cristae structure and released 
cytochrome c, whereas the cytochrome c release–incompetent 
Opa1/Drp1 or Opa1/Mff double RNAi cells had enlarged mito-
chondria with disorganized cristae structures, suggesting that 
the fission step rather than cristae disorganization limits the re-
lease of cytochrome c. Of note, mitochondrial targeting of Bax 
and the release of Smac/DIABLO proceeded with the same  
kinetics as in the control cells irrespective of any of these manip-
ulations (Fig. 7, A–D; unpublished data for Smac/DIABLO), 

Figure 7. Inhibition of Mff does not affect Bax activation during apoptosis. (A) HeLa cells were transfected with the indicated siRNAs and then treated 
with actinomycin D (act D) in the presence of Z-VAD-FMK. The cells were immunostained with anti-Bax antibody (green) and anti-Tom22 antibody (red). 
(B) Time course of Bax activation. HeLa cells (n = 300) in A with mitochondria-targeted Bax were counted in three distinct fields, and data represent mean ± SD. 
(C) Cells in A were subjected to immunoblot analysis using the indicated antibodies. (D) Mff RNAi HeLa cells in A were fractionated to cytosol (C) and 
membrane (M) fractions, which were subjected to immunoblot analysis using the indicated antibodies. LDH, lactate dehydrogenase. Molecular mass is 
given in kilodaltons.
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Figure 8. Characterization of mitochondrial morphology in Fis1 CKO cells. (A) Comparison of mitochondrial morphology in WT and Fis1 CKO cells immuno-
stained with anti-Tom20 antibody. (B and C) The mitochondrial network connectivity assay showing FRAP curves (B) or mobile fractions (C) from either WT 
or Fis1/-LoxP HCT116 cells was performed as in Fig. 1 (B and C). (D) Mitochondrial fusion rate in either WT or Fis1/-LoxP HCT116 cells. A 1.88-µm  
circle containing multiple mitochondria was activated with a 413-nm laser, and images were acquired at 0, 10, 20, and 30 min after activation using the 
488-nm laser. The fraction of remaining activated mitochondria was quantified using MetaMorph software (MDS Analytical Technologies). The mean ± SEM  
of 23 distinct photoactivated regions is plotted and is representative of three independent experiments. MitoPAGFP, mito-photoactivatable GFP. n.s., not 
significant. (E) Comparison of mitochondrial fission and fusion protein levels in WT and two sets of Fis1 CKO cells. (F) Drp1 subcellular localization in Fis1 
CKO cells. In A and F, magnified images of the squared regions are shown. Bars, 10 µm.
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HCT116 cells using the same shRNA of Lee et al. (2004; un-
published data). To further rule out the possibility of the cell 
type–specific effect of hFis1, we tested four validated Fis1 shRNA 
from Sigma-Aldrich in both HeLa and HCT116 cells. These new 
sets of RNAi knocked down Fis1 protein level to >80%, but 
none of them affected mitochondrial morphology in either cell 
line (Fig. 9, C and D), consistent with our observations in  
Fis1 KO cells and further indicating that hFis1 has no or a minor 
role in mitochondrial fission.

Mff RNAi, but not hFis1 RNAi  
and hFis1 CKO, stimulates peroxisomal 
tubular extension
Because mammalian peroxisomes and mitochondria have been 
shown to share components of the fission machinery, namely Drp1, 
hFis1, and Mff (Koch et al., 2005; Schrader, 2006; Waterham et al., 
2007; Gandre-Babbe and van der Bliek, 2008), we reevaluated 
the effect of hFis1 RNAi on peroxisomal morphology compared 
with that of Mff RNAi. Mff RNAi induced significant peroxi-
somal tubulation to a similar extent as Drp1 RNAi, confirming 
a previous study of Gandre-Babbe and van der Bliek (2008;  
Fig. 10 A). However, no significant morphology changes were 
observed in hFis1 RNAi cells. This was further corroborated by 
immunofluorescence microscopy of hFis1 CKO human colon 
tumor cells (Fig. 10 B). Together, these results clearly indicate 
that Drp1 and Mff regulate peroxisomal fission, as is the case 
for mitochondrial fission. Contribution of Fis1 in Drp1-dependent 
peroxisomal fission seemed to be very low, if at all.

Discussion
Here, we demonstrate that Mff plays a key role in Drp1 recruit-
ment. In yeast, mitochondrial fission is controlled by four genes: 
Dnm1, Mdv1, Caf4, and Fis1. Dnm1 is recruited to mitochon-
dria by Fis1 via two adaptor proteins, Mdv1 and Caf4 (Tieu and 
Nunnari, 2000; Griffin et al., 2005; Zhang and Chan, 2007). Be-
cause both Dnm1 and Fis1 are homologues in mammals (Drp1 
and Fis1 have been shown to mediate mitochondria fission as 
well), it is believed that the mechanism underlying mitochon-
dria fission is conserved between yeast and mammals. However, 
there are some gaps that need to be filled. First, whereas Mdv1 
and Caf4 have been shown to be essential for bridging the inter-
action between Dnm1 and yFis1, no homologues of these two 
adaptor proteins have been found in the mammalian genome. 
Second, although yFis1 is required for Dnm1 recruitment to  
mitochondria, knockdown of Fis1 in mammalian cells does not  
affect Drp1 recruitment to mitochondria. In this study, we pres-
ent findings that help fill in the gaps: (a) hFis1 is dispensable for 
mitochondria and peroxisome fission in human cells; and (b) a 
novel mitochondria fission protein Mff is essential for Drp1 re-
cruitment to mitochondria. Given that no Mff homologue exists 
in yeast (Gandre-Babbe and van der Bliek, 2008), our data sug-
gest that new mechanisms or new components of mitochondrial 
fission machinery have evolved in mammals.

The role of Mff in Drp1-mediated mitochondrial fission 
is strongly supported by several lines of evidence. First, the ability 
of Mff to promote mitochondrial fission is strictly dependent on 

Because the available anti-Fis1 antibody was generated 
from an N-terminal epitope, a potential truncated Fis1 protein 
could be produced and functional in our initial Fis1 CKO cells 
given that the exon 2 was targeted. Therefore, we sought to 
make a second version of Fis1 CKO in which no truncated Fis1 
protein would be made (see Materials and methods for details; 
Fig. S4, C and D). To distinguish the two versions of Fis1 CKO 
cells, we called the first version Fis1/-LoxP and the second 
version Fis1/–flippase recognition target (FRT). Nevertheless, 
mitochondrial morphology remained normal in this new version 
of Fis1 CKO cells (Fig. 8 A).

Because many mammalian genes exhibit alternative splic-
ing and certain aberrant splicing events have been reported to 
occur in KO cells but not in WT cells (Egger et al., 2006; Spada 
et al., 2007), we also investigated whether any functional Fis1 
transcripts were made in Fis1 CKO cells, which might not be 
detectable by the antibody we used. There are nine alternative 
hFis1 splicing variants all sharing exons 3–5 (although in differ-
ent reading frames; Fig. S5 A). The hFis1-001 transcript is the 
only one encoding a functional Fis1 protein. We performed 
5RACE using the GeneRacer kit to capture full-length 5 ends 
of hFis1 cDNAs in both the WT cells and Fis1/-LoxP cells. 
The 5RACE PCR products were cloned, and individual clones 
were sequenced. Among 20 clones obtained from the WT cells, 
nine contained the hFis1-001 transcript. In contrast, among 21 
clones obtained from the Fis1/-LoxP cells, no hFis1-001 tran-
scripts or hFis1-001 transcripts containing the LoxP sequence 
(from the targeting allele) or other aberrant splicing variants 
were detected (Fig. S5 B), indicating that the Fis1 CKO cells 
are truly null.

To see whether other mitochondrial fission and fusion 
protein levels were altered in the Fis1 CKO cells owing to po-
tential compensatory effects, we performed Western blotting 
to compare the expression levels of those proteins in the Fis1 
CKO cells and the WT HCT116 cells. Very similar expression 
levels of mitochondrial fusion proteins Mfn1, Mfn2, and Opa1 
were detected in WT cells and the two versions of Fis1 CKO 
cells (Fig. 8 E). Mitochondrial fission proteins Drp1 and Mff 
were not reduced in the Fis1 CKO cells. In addition, immuno-
fluorescence staining with anti-Drp1 antibody indicated that 
mitochondrial recruitment of Drp1 was not altered in Fis1-null 
cells (Fig. 8 F).

Fis1 RNAi in Fis1 CKO cells still causes 
mitochondria elongation
We also performed Fis1 RNAi in HCT116 cells. Surprisingly, 
the same shRNA that was effective in HeLa cells (Lee et al., 
2004) failed to knock down hFis1 levels in HCT116 cells (pos-
sibly because of sequence polymorphism between HeLa and 
HCT116 cells; Fig. 9 A, compare lane 1 with lane 6). However, 
this Fis1 shRNA did induce the formation of elongated mito-
chondria to a similar extent to that seen in Drp1 knockdown 
HCT116 cells (Fig. 9 B). Of note, such elongated mitochondria 
are likely caused by unusually enlarged cell size induced by this 
particular hFis1 shRNA (Fig. 9 B). Unlike previous findings 
that Fis1 RNAi also led to elongated peroxisomes in HeLa cells 
(Koch et al., 2005), such a phenotype was not observed in 
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Figure 9. Off-target effect of Fis1 RNAi on mitochondrial morphology. (A) Fis1 and Drp1 protein levels in the indicated RNAi cells. (B) Comparison of 
mitochondrial morphology in WT, Fis1 CKO, and the indicated RNAi cells. Cells were immunostained with anti–cytochrome c antibody. (C and D) Compari-
son of mitochondrial morphology in lentivirus-infected control RNAi or Fis1 RNAi HeLa (C) or HCT116 (D) cells immunostained with anti-Tom20 antibody. 
Knockdown level of each Fis1 shRNA was indicated by Western blotting. The insets show magnified images of the squared regions. Bars, 10 µm.
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for mitochondria fission or there is an unknown redundant pro-
tein that can functionally substitute for hFis1. Mitochondrial 
fusion rates are indistinguishable between WT HCT116 cells 
and the Fis1 CKO cells (Fig. 8 D), which is consistent with un-
altered protein levels of the well-established mitochondrial fis-
sion and fusion proteins in the CKO cells (Fig. 8 E). All these 
data strongly indicated that the lack of mitochondrial morpho-
logical change in Fis1 CKO cells was not caused by compensa-
tory effects. It is noteworthy that all previous studies on the role 
of Fis1 in human mitochondrial and peroxisomal fission were 
shown with one single piece of RNAi (Yoon et al., 2003; Lee  
et al., 2004; Stojanovski et al., 2004; Koch et al., 2005). In con-
trast, we found that knockdown of Fis1 by four new siRNAs and 
four new shRNAs (with a more effective knockdown level) fails 
to alter either mitochondrial or peroxisomal morphology. So, 
why is Fis1 not essential for mitochondrial fission in mammals? 
Although plant Fis1 orthologues have been shown to be re-
quired for mitochondrial fission (Zhang and Hu, 2008), deletion 
of Fis1 and Fis2 in Caenorhabditis elegans did not result in any 
detectable mitochondrial defects (Breckenridge et al., 2008). 
Moreover, hFis1 cannot rescue the phenotype of yeast fis1 
cells (Stojanovski et al., 2004; Suzuki et al., 2005). Swapping 
the C-terminal domains between rat Fis1 and yeast Fis1p results 
in the loss of the ability to induce mitochondrial fission (Jofuku 
et al., 2005), indicating that either the two proteins are structur-
ally divergent or act through different mechanisms.

What is the functional relation of Mff and hFis1? The most 
plausible possibility is that Mff functions as a Drp1 receptor and 
hFis1 functions downstream of Mff, where hFis1 modulates the as-
sembly of fission foci containing Drp1, Mfn2, Bax, or Endophilin 
B1 and the subsequent severing process (Karbowski et al., 2004; 

Drp1 because overexpression of Mff fails to induce mitochon-
drial fission in Drp1/ MEF cells, indicating that Mff acts 
through Drp1. Second, Drp1 remains in the cytosol and cannot 
be recruited to the mitochondria in Mff-depleted cells. Further-
more, direct interaction between Drp1 and Mff is detected both 
in vitro and in vivo. It was recently reported that the human 
patient Drp1 mutant A395D is defective in forming higher  
ordered assembly and mitochondrial recruitment (Chang et al., 
2010). Corroborating the necessity of the Mff–Drp1 interaction, 
this mutant is also defective in binding to Mff. Based on this, it 
is worthy to test in the future whether Mff is responsible for 
Drp1 assembling into a higher order complex. Two other Drp1 
mutants, G350D and G363D, exhibit similar defects as A395D 
(Chang et al., 2010), indicating that the middle domain of Drp1 
might be mediating the interaction between Drp1 and Mff.  
Although the interaction is direct, it is likely transient and dy-
namic and possibly regulated by a GTP/GDP-bound form or 
other modifications of Drp1. If the interaction were stable, Drp1 
should be constantly recruited to mitochondria by Mff. Consis-
tent with a transient complex, the interaction between Drp1 and 
Mff cannot be detected without cross-linking both in vivo and  
in vitro. The transient nature of the Mff–Drp1 interaction likely 
explains the lack of a dominant-negative activity of the MffC mu-
tant, which is strikingly similar to yeast Fis1C, which does not 
exhibit a dominant-negative effect either (Mozdy et al., 2000). It is 
intriguing to speculate as to whether novel adaptor proteins have 
evolved to substitute for Mdv1/Caf4 in mammals or whether the 
adaptor proteins have been lost during evolution and Mff can fulfill 
all the functions of a receptor and an adaptor.

The normal mitochondrial morphology in the Fis1 CKO 
HCT116 cells further indicates that hFis1 is either dispensable 

Figure 10. Mff, but not hFis1, affects peroxisomal morphology. (A) HeLa cells were transfected with the indicated siRNAs, and peroxisome morphology 
was revealed by immunostaining with anti-PMP70 antibody. (B) Peroxisome morphology in WT and Fis1 CKO cells was detected as in A. The insets show 
magnified images of the squared regions. Bars, 10 µm.
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pairs of hFis1 siRNA oligonucleotides were based on the following se-
quences: 5-AACGAGCTGGTGTCTGTGGAG-3 (hFis1 siRNA #1), 5-AAAG-
GCCATGAAGAAAGATGG-3 (hFis1 siRNA #2), 5-CCGGCTCAAGGA-
ATACGAGAA-3 (hFis1 siRNA #3), and 5-AAGGCCATGAAGAAAGA-
TGGA-3 (hFis1 siRNA #4). The results shown were obtained with the first 
pair, but the other pairs were equally effective (Fig. S3, A–C). Pairs of Drp1, 
March5, and Opa1 siRNAs were based on the sequences 5-AAGC-
AGAAGAATGGGGTAAAT-3, 5-AATCTTGGGTGGAATTGCGTT-3, and 
5-AACACGTTTTAACCTTGAAAC-3, respectively.

For RNAi work in HCT116 cells, scrambled, Fis1, and Drp1 shRNA 
were constructed as previously described (Lee et al., 2004) and recloned into 
the pREP4-puro vector (obtained from F. Bunz, Johns Hopkins University, Balti-
more, MD; Liu et al., 2001) because HCT116 cells are resistant to hygromycin 
selection. The shRNA plasmids were transfected into HCT116 or Fis1 CKO 
cells. After 36 h, cells were selected with 0.5 µg/ml puromycin for 3 d (when 
100% of nontransfected control cells were killed) and then maintained in  
0.3 µg/ml puromycin. Four validated Fis1 shRNAs were purchased from 
Sigma-Aldrich in lentiviral particles (titer between 2.7 and 3.4 × 107 TU/ml). 
The target sequences for each Fis1 shRNA are 5-CAAGAGCACGCAGTTT-
GAGT-3 (#5, clone TRCN0000155375), 5-GCTCATTGACAAGGCC-
ATGA-3 (#6, clone TRCN0000155276), 5-GTACAATGATGACATCCGTA-3 
(#8, clone TRCN0000151188), and 5-GAACTACCGGCTCAAGGAAT-3 
(#9, clone TRCN0000154799). HeLa and HCT16 cells were infected with  
30 µl of lentiviral particles in the presence of 4 µg/ml polybrene (Sigma- 
Aldrich) for 2 d and selected with puromycin for 3 d before immunofluores-
cence staining analysis.

Cell culture and transfection
HeLa cells, a Su9-DsRed–expressing cell line, a FLAG-Drp1– or HA-Drp1–
expressing cell line, and MEF cells were maintained at 37°C in DME sup-
plemented with 10% FBS. HCT116 cells were purchased from American 
Type Culture Collection and cultured in McCoy’s 5A medium supplemented 
with 10% FBS, 1 mM glutamine, and nonessential amino acids. AAV-293 
cells (Agilent Technologies) were cultured in DME medium supplemented 
with 10% FBS, 1 mM glutamine, nonessential amino acids, 1 mM sodium 
pyruvate, and 10 mM Hepes buffer solution. DNA transfection was per-
formed using FuGENE HD (Roche) according to the manufacturer’s instruc-
tions for HeLa cells and Lipofectamine LTX (Invitrogen) for HCT116 cells. 
Cells were transfected with siRNA duplexes at a concentration of 75 pM 
by Lipofectamine 2000 (Invitrogen). At 24 h after the initial treatment, the 
second siRNA transfection was performed, and cells were grown for 48 h. 
At 72 h after initial treatment, cells were fixed with 4% PFA for indirect immuno-
fluorescence study or lysed with SDS-loading buffer for immunoblotting.  
For cotransfections with overexpression constructs, the siRNA-transfected 
cells were split after 72 h and retransfected with 75 pM siRNA oligonucle-
otides and the expression plasmids. After 24 h, these cells were used for 
the assays.

Gene targeting
To make the conditional gene-targeting construct (CKO), two 1-kb se-
quences flanking exon 2 of the human Fis1 gene were PCR amplified from 
HCT116 genomic DNA with DNA polymerase (Phusion; New England  
Biolabs, Inc.). The 5 homologue arm (HA) was ligated with Neomycin (Neo) 
cassette cut out from pSEPT (obtained from K. Zhao, National Heart, Lung, 
and Blood Institute, National Institutes of Health, Bethesda, MD; Topaloglu 
et al., 2005) and cloned into pBluescript SK II. The exon 2 was PCR ampli-
fied with two LoxP sites introduced in the two PCR primers, resulting in exon 
2 flanked with LoxP sites. This PCR fragment was ligated with the 3 homo-
logue arm and cloned into pBluescript SK II. The inserts containing the  
5 arm and Neo cassette and the floxed exon 2 and 3 arm were cut out, 
respectively, and ligated together with the pAAV-MCS vector (Agilent Tech-
nologies) to make the final CKO construct pAAV-Fis1 CKO. To make the 
constitutive gene-targeting construct, the 5 arm and 3 arm were PCR am-
plified and ligated together with pAAV-MCS, and the Neo cassette was cut 
out from the pSEPT vector to make the pAAV-Fis1 KO construct.

The pAAV-Fis1 CKO and pAAV-Fis1 KO plasmid were cotransfected 
with pAAV-RC and pHelper into AAV-293 cells for virus packaging accord-
ing to the manufacturer’s instruction (Agilent Technologies). 3 × 106 
HCT116 cells were infected with the aforementioned virus. After 24 h, the 
cells were harvested and plated into four 96-well plates containing  
0.5 mg/ml G418 for selection. After 7–10 d, the single colonies were 
transferred to 24-well plates, and genomic DNA was isolated from each 
clone for PCR screening. Positive clones were expanded and frozen. To re-
move the Neo cassette, targeted clones were either infected with adeno-
virus Ad-Cre–GFP (Vector Laboratories) or transiently transfected with 
pPGKFLPobpA (plasmid 13793; Addgene). Cells were then serial diluted 

Lee et al., 2004; Suen et al., 2008; Benard and Karbowski, 
2009). Another possibility might be that Mff and hFis1 are  
involved in distinct Drp1-dependent functions such as mitochon-
drial translocation. In mammalian cells, F-actin and the dynein/
dynactin microtubule system function in Drp1 recruitment to  
the mitochondria (Varadi et al., 2004; DeVos et al., 2005).  
In yeast, Dnm1 often colocalizes with Num1 as punctate struc-
tures Fis1 independently and participates in the division and  
intracellular distribution of mitochondria (Cerveny et al., 2007a; 
Hammermeister et al., 2010). Finally, we cannot rule out the 
possibility that protein overexpression sometimes induces non-
physiological stress in the cells, which leads to changes in the 
mitochondrial morphology and localization, or apoptosis; i.e., 
overexpression of MOM proteins, including Tom20, induces 
perinuclear accumulation of fragmented mitochondria (Kanaji  
et al., 2000; Eura et al., 2003). Therefore, caution should be 
taken when interpreting data from overexpression studies.

In summary, our data solidify the differences observed in 
the mitochondrial fission process between yeast and metazoans 
so that new models might need to be conceptualized. Our data 
also emphasize the needs of identifying novel or missing factors 
involved in mammalian mitochondrial fission.

Materials and methods
Materials
Antibodies against Mff (Sigma-Aldrich; gift from A. van der Bliek, Univer-
sity of California, Los Angeles, CA; Gandre-Babbe and van der Bliek, 
2008), Drp1, Opa1 (BD), Tom20 (Santa Cruz Biotechnology, Inc.), FLAG 
(M2; Sigma-Aldrich), lactate dehydrogenase, actin (Sigma-Aldrich), HA 
(Covance), cytochrome c (BD), and cleaved caspase-3 (Cell Signaling 
Technology) were purchased from the indicated vendors. Antibodies 
against Fis1 (Jofuku et al., 2005), Tom70 (Suzuki et al., 2002), and mito-
filin (Eura et al., 2006) were described previously. Rabbit polyclonal anti-
bodies against Mfn1 and Mfn2 were raised against recombinant truncated 
Mfn1 proteins (C terminal) and Mfn2 proteins (N terminal). March5 cDNA 
was a gift from S. Yanagi (Tokyo University of Pharmacology and Life Sci-
ence, Tokyo, Japan). Actinomycin D (Sigma-Aldrich) was used at a final 
concentration of 10 µM. Z-VAD-FMK (Peptide Institute) was used at a final 
concentration of 100 µM. CCCP (Sigma-Aldrich) was used at a final con-
centration of 20 µM.

Cloning, RNAi, and mutagenesis
Mff cDNA was obtained with RT-PCR using total RNA isolated from MEF 
cells. The PCR product was cloned into the AflII and NotI sites of the 
pcDNA3.1 vector and sequenced to rule out mutations introduced by PCR. 
All truncation mutants of Mff were also cloned into AflII and NotI sites of 
the pcDNA3.1 vector using standard molecular biology techniques with 
PCR. A FLAG-tag sequence was inserted by PCR at the 5 end of the se-
quence. To replace endogenous Mff with RNAi-resistant FLAG-Mff, the under-
lined nucleotides were changed to introduce a silent mutation in the Mff siRNA 
target sequence (Mff siRNA #2: 5-AACGCTGACCTGGAACAAGGA-3). 
Mff cDNA was also cloned into pNucScrIII, a vector containing humanized 
Renilla reniformis GFP (Agilent Technologies) with three tandem SV40 
NLSs downstream of the IRES sequence to coexpress both humanized  
Renilla GFP and Mff. Fis1 and March5 constructs were also created by PCR 
using the appropriate cDNAs as templates and the appropriate combina-
tions of forward and reverse oligonucleotide primers. All resulting PCR 
fragments were cloned into the appropriate restriction sites of the pNucScrIII 
vector (Oka et al., 2008). All constructs were confirmed by nucleotide se-
quencing and used for the assays.

Oligonucleotides for siRNA were made by QIAGEN. The three pairs 
of Mff siRNA oligonucleotides were based on the following sequences:  
5-ACCGATTTCTGCACCGGAGTA-3 (Mff siRNA #1), 5-AACGCTGACCT-
GGAACAAGGA-3 (Mff siRNA #2), and 5-CTGAGCAGTTCTGCAGT-
AACA-3 (Mff siRNA #3). The results shown in the figures were obtained with 
the second pair, but the third pair was equally effective (Fig. S1 A). The four 
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containing 0.25 M sucrose), homogenized in 1 ml of homogenization buffer 
by passing through a 27-gauge needle 10 times, and then centrifuged at 
1,000 g for 10 min to obtain a postnuclear supernatant. The postnuclear 
supernatant was centrifuged at 8,000 g for 10 min to obtain a mitochondria-
rich heavy membrane fraction. The resultant supernatant was further centri-
fuged at 100,000 g for 15 min to obtain the cytosol fraction.

EM
For EM, cells were fixed in 4% PFA and 1% glutaraldehyde at 25°C for  
30 min and analyzed as described previously (Eura et al., 2003).

5RACE
Total RNA was isolated with the RNeasy Mini kit (QIAGEN). 5RACE was 
performed with a GeneRacer kit (Invitrogen) according to the manufac-
turer’s instruction with a gene-specific primer, hFis1-GSP1 (5-TCCGAT-
GAGTCCGGCCAGTCC-3). Nested PCR was performed with another 
gene-specific primer, hFis1-GSP2 (5-CCCACGAGTCCATCTTTCTT-3). The 
PCR products were cloned into the zero-blunt TOPO vector (Invitrogen), 
and positive clones were sequenced to confirm the nature of different splic-
ing variants.

Mitochondrial photoactivation fusion assay
After cells were transfected using Lipofectamine LTX (HCT116) or Fugene 6 
(HeLa) with mito-photoactivatable GFP (Karbowski et al., 2006), a small 
circular region of interest (ROI; 1.88 µm) containing multiple mitochondria 
was activated using a 413-nm laser, and the remaining portion of the ex-
periment was performed as previously described (Cleland et al., 2010).

Mitochondrial connectivity FRAP assay
After cells were transfected with mito-YFP, a 36-µm by 18-µm rectangle was 
imaged with the 100× objective (zoom 2.5) before and after a six-iteration 
photobleach of a 2.1-µm circle placed over multiple mitochondria, and the 
remaining portion of the experiment was performed as previously de-
scribed (Cleland et al., 2010).

Online supplemental material
Fig. S1 shows the characterization of Mff siRNA. Fig. S2 shows raw data 
and the circular ROI on mitochondria for bleaching. Fig. S3 shows the char-
acterization of hFis1 siRNA. Fig. S4 depicts the generation of two different 
versions of conditional Fis1 KO cells. Fig. S5 demonstrates that no functional 
hFis1 transcripts exist in Fis1 CKO cells. Online supplemental material is 
available at http://www.jcb.org/cgi/content/full/jcb.201007152/DC1.
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