
RESEARCH ARTICLE

Appoptosin interacts with mitochondrial outer-membrane fusion

proteins and regulates mitochondrial morphology
Cuilin Zhang1, Zhun Shi1, Lingzhi Zhang1, Zehua Zhou1, Xiaoyuan Zheng1, Guiying Liu1, Guojun Bu1,

Paul E. Fraser2, Huaxi Xu1,3 and Yun-wu Zhang1,*

ABSTRACT

Mitochondrial morphology is regulated by fusion and fission

machinery. Impaired mitochondria dynamics cause various

diseases, including Alzheimer’s disease. Appoptosin (encoded by

SLC25A38) is a mitochondrial carrier protein that is located in the

mitochondrial inner membrane. Appoptosin overexpression causes

overproduction of reactive oxygen species (ROS) and caspase-

dependent apoptosis, whereas appoptosin downregulation abolishes

β-amyloid-induced mitochondrial fragmentation and neuronal death

during Alzheimer’s disease. Herein, we found that overexpression

of appoptosin resulted in mitochondrial fragmentation in a manner

independent of its carrier function, ROS production or caspase

activation. Although appoptosin did not affect levels of mitochondrial

outer-membrane fusion (MFN1 and MFN2), inner-membrane fusion

(OPA1) and fission [DRP1 (also known as DNM1L) and FIS1]

proteins, appoptosin interacted with MFN1 and MFN2, as well as with

the mitochondrial ubiquitin ligase MITOL (also known as MARCH5)

but not OPA1, FIS1 or DRP1. Appoptosin overexpression impaired

the interaction between MFN1 and MFN2, and mitochondrial fusion.

By contrast, co-expression of MFN1,MITOL and a dominant-negative

form of DRP1, DRP1K38A, partially rescued appoptosin-induced

mitochondrial fragmentation and apoptosis, whereas co-expression

of FIS1 aggravated appoptosin-induced apoptosis. Together, our

results demonstrate that appoptosin can interact with mitochondrial

outer-membrane fusion proteins and regulates mitochondrial

morphology.
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INTRODUCTION

Mitochondria are dynamic organelles, whose shapes continually

change from filament to fragment (and vice versa) through balance

between the rates of mitochondrial fusion and fission. Morphology

variations in the mitochondria are physiologically important for cell

homeostasis. Mitochondrial fusion is necessary for the fidelity of

oxidative phosphorylation, the complementation of damaged

mitochondria and the repairing of small amounts of mitochondrial

damage. Although mitochondrial fission is required for the

formation of new mitochondria, it is also involved in

mitochondrial mobility, mitophagy, cell mitosis and apoptosis

(Youle and van der Bliek, 2012).

Mitochondrial fusion comprises two events – outer-membrane

fusion and inner-membrane fusion. In mammalian cells, two

GTPases MFN1 and MFN2, which anchor on the outer

membrane of mitochondria, are responsible for the outer-

membrane fusion (Chen et al., 2003; Koshiba et al., 2004).

However, compared to MFN2, MFN1 is relatively specific in

regulating mitochondrial fusion (Shen et al., 2007). MFN1-

harboring mitochondria have a higher tethering efficiency than

those with MFN2, and purified MFN1 also possesses higher

GTPase activity than MFN2 (Ishihara et al., 2004). In contrast,

MFN2 is more tissue specific in its expression pattern than MFN1

(Liesa et al., 2009). In addition to promoting mitochondrial fusion

(Chen et al., 2003; Neuspiel et al., 2005), MFN2 is also reported to

be involved in various signaling cascades and acts as a pro-apoptotic

and anti-proliferative protein (Guo et al., 2007; Papanicolaou et al.,

2011; Shen et al., 2007; Wang et al., 2015). Mitochondrial inner-

membrane fusion is mediated by the protein OPA1, which is located

in the intra-mitochondrial space (Alavi and Fuhrmann, 2013).

However, there are eight OPA1 isoforms generated from alternative

splicing and processing during maturation, making the mechanism

of inner-membrane fusion much more complicated (Westermann,

2010).

Mitochondrial fission is primarily mediated by FIS1 and DRP1

(also known as DNM1L) in mammalian cells. During the fission

process, mitochondrial outer-membrane protein FIS1 recruits the

GTPase DRP1 from the cytosol to the cytosolic face of

mitochondria, where oligomeric DRP1 assembles into a spiral

structure and severs mitochondria membranes following GTP

hydrolysis (Westermann, 2010).

Recently, MITOL (also known as MARCH5), which belongs to

the membrane-associated RING-CH E3 ubiquitin ligase (MARCH)

family, has been illustrated to be an important regulator of

mitochondrial morphology. MITOL is a mitochondrial ubiquitin

ligase and has been reported to interact with DRP1, FIS1, MFN2

(Nakamura et al., 2006) and acetylated MFN1 (Park et al., 2014).

MITOL ubiquitylates FIS1 and DRP1, resulting in their

degradation. Overexpression of MITOL can also promote the

formation of long tubular mitochondria in a manner that is

dependent on MFN2 activity (Nakamura et al., 2006); MITOL

can also reverse the phenotypes caused by FIS1 overexpression

(Yonashiro et al., 2006). By contrast, MITOL is also reported to be a

regulator of the subcellular trafficking of DRP1 and, therefore, is

required for DRP1-dependent mitochondrial fission (Karbowski

et al., 2007).

Disruption of mitochondria homeostasis has been found in and

proposed as the cause of diseases such as cancer, cardiovascular

disease, diabetes and neurodegenerative diseases (Archer, 2013;

Jheng et al., 2012). Alzheimer’s disease is one of the most commonReceived 30 June 2015; Accepted 20 January 2016
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neurodegenerative diseases and is primarily caused by the

accumulation and deposition of neurotoxic β-amyloid (Aβ)

peptides in vulnerable brain regions (Jiang et al., 2014; Lemere,

2013). Mitochondrial morphology has been found to be abnormal in

degenerating dendrites in the brains of individuals with Alzheimer’s

disease (Saraiva et al., 1985). More recently, mitochondria have

been found to be redistributed away from axons in the pyramidal

neurons of Alzheimer’s disease brain, accompanied by decreased

levels of DRP1, OPA1, MFN1 and MFN2, and increased levels

of FIS1 (Wang et al., 2009). Another research group has also

confirmed the change of FIS1, OPA1, MFN1 and MFN2, except

that they report increased levels of DRP1 in Alzheimer’s disease

brain instead (Manczak et al., 2011). Moreover, overproduction

of Aβ as well as treatment with Aβ can cause mitochondrial

fragmentation by affecting these mitochondrial-morphology-

regulating proteins (Manczak et al., 2010; Wang et al., 2008).

These results demonstrate that mitochondria dynamics are perturbed

during Alzheimer’s disease. However, the underlying mechanism

has yet to be fully elucidated.

We have recently identified a new pro-apoptotic protein,

appoptosin (also known as SLC25A38), that belongs to the

mitochondria carrier family (MCP) and resides in the

mitochondrial inner membrane. The physiological function of

appoptosin is to transport glycine and δ-aminolevulinic acid

between mitochondria and the cytosol to initiate heme

biosynthesis (Guernsey et al., 2009; Kannengiesser et al., 2011).

We found that overexpression of appoptosin results in the

overproduction of reactive oxygen species (ROS) and caspase-

dependent apoptosis. Importantly, the levels of appoptosin are

upregulated in neurons that had been treated with Aβ and samples

from the brain of Alzheimer’s disease individuals, whereas

downregulation of appoptosin abrogates mitochondrial

fragmentation and caspase activation caused by insults of

glutamate and Aβ in neurons (Zhang et al., 2012). These results

suggest that appoptosin is a crucial regulator of Aβ-induced

neuronal injury and mitochondrial dysfunction during

Alzheimer’s disease. In the present study, we found that

overexpression of appoptosin directly induced mitochondrial

fragmentation in an ROS-overproduction- and caspase-activation-

independent manner. In addition, we showed that appoptosin

interacted with MFN1, MFN2 and MITOL but not OPA1, FIS1 or

DRP1. Overexpression of appoptosin decreased the heterotypic

interaction of MFN1–MFN2 and reduced mitochondrial fusion

activity. Co-expression of MFN1, MITOL and a dominant-negative

form of DRP1, DRP1K38A, rescued appoptosin-induced apoptosis,

whereas co-expression of FIS1 aggravated appoptosin-induced

apoptosis. Finally, we found that SLC25A26, another MCP-family

member that is closely related to appoptosin based on their protein

sequence similarity, could interact with MITOL but not MFN1 or

MFN2, and the expression of SLC25A26 did not affect

mitochondrial morphology. Taken together, these results suggest

that appoptosin is a unique MCP that can interact with

mitochondrial outer-membrane fusion proteins and regulate

mitochondrial morphology.

RESULTS

Overexpression of appoptosin induces mitochondrial

fragmentation

We have previously found that downregulation of appoptosin

prevents mitochondrial fragmentation and apoptosis that is induced

by β-amyloid (Aβ) peptides and treatment with glutamate in

neuronal cells (Zhang et al., 2012). These results imply that

appoptosin modulates mitochondrial morphology. To prove this, we

overexpressed appoptosin in HeLa cells (Fig. 1A) and neurons

(Fig. 1B). We found that overexpressed Myc–appoptosin

colocalized well with the mitochondrial marker MitoTracker Red,

and this is consistent with the suggested mitochondrial inner-

membrane localization of appoptosin. Notably, we also found that

mitochondria in Myc–appoptosin-overexpressing cells had dot-like

small punctum morphology, in contrast to the long filamentous

morphology in pCMV-Myc (empty vector) transfected cells

(Fig. 1A,B). These results suggest that overexpression of

appoptosin leads to dramatic mitochondrial fragmentation.

Interestingly, we found that mitochondrial morphology was

unaffected (Fig. S1A,B) when appoptosin was downregulated

(Fig. S1C), implying that only an excess of appoptosin can interfere

with mitochondrial morphology.

Appoptosin-induced mitochondrial fragmentation is not

dependent on its carrier function, ROS generation or

caspase activity

Appoptosin functions as a carrierof glycine and δ-aminolevulinic acid

in order to transport them across the mitochondrial inner membrane

for the initiation of heme synthesis. Because overexpression of

appoptosin induces caspase-dependent cell apoptosis through the

promotion of heme synthesis and ROS generation (Zhang et al.,

2012), oxidative stress might be one of the stimuli for appoptosin-

induced mitochondrial fragmentation. Oxidative stress has been

Fig. 1. Overexpression of appoptosin induces

mitochondrial fragmentation. (A) HeLa cells and (B) mouse

primary neurons were transfected with pCMV-Myc (as control,

CMV) and Myc–appoptosin (appop) for 24 h. MitoTracker Red

was added into medium 30 min before fixation to stain

mitochondria. After immunostaining with an anti-myc antibody

(to indicate appoptosin, myc), cells were counterstained with

DAPI and observed under a confocal microscope. The number

of cells exhibiting the different types of mitochondria

morphology (normal and fragmented) were quantified (n>100).

Means±s.e.m., *P<0.05, ***P<0.001 (unpaired t-test). Signals

for Myc–appoptosin, mitochondria and nuclei are shown in

green, red and blue, respectively. Scale bars: 5 μm (‘zoom in’

images in A); 10 μm (all other images in A); 50 μm (‘zoom in’

images in B); 100 μm (all other images in B).
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suggested to cause mitochondrial fragmentation by increasing the

mitochondrial translocation of DRP1 (Iqbal and Hood, 2014; Wu

et al., 2011). Herein, after transfection with appoptosin in HeLa cells,

we treated cells with the ROS scavenger, N-acetyl-L-cysteine (NAC)

(Fig. 2A), the anti-oxidant resveratrol (RSV) (Fig. 2B), the caspase

inhibitor Z-VAD (Fig. 2C) and the heme-synthesis inhibitor

succinylacetone (Fig. 2D). However, we found that none of these

chemicals could block appoptosin-induced mitochondrial

fragmentation (Fig. 2A–E), suggesting that this process is not

dependent on ROS generation, caspase activity or the carrier function

of appoptosin.

Appoptosin does not affect the levels of proteins involved in

mitochondrial fusion and fission

Mitochondrial morphology is maintained by the balance between

fusion and fission machinery. To determine the mechanism

underlying appoptosin-induced mitochondrial fragmentation, we

first studied whether appoptosin affects the proteins involved in

mitochondrial morphology regulation. However, we found that

overexpression of appoptosin did not affect the protein levels of

DRP1, FIS1, MFN1, MFN2 or OPA1 (Fig. 3A,B). Because

translocation of DRP1 from the cytosol to mitochondria is a

requisite event in DRP1-dependent mitochondrial fragmentation,

we studied whether appoptosin affects DRP1 translocation. We

transfected HeLa cells with pCMV-Myc or Myc–appoptosin, and

then separated the cytosolic and mitochondrial fractions. Western

blot results showed that overexpression of appoptosin did not alter

DRP1 content in either cytosolic or mitochondrial fractions

(Fig. 3C,D), suggesting that the translocation of DRP1 is not

required for appoptosin-induced mitochondrial fragmentation.

Appoptosin interacts with MFN1, MFN2 and MITOL

Next, we studied whether appoptosin interacts with the

mitochondrial morphology-regulating proteins. We co-expressed

Myc–appoptosin with hemagglutinin (HA)-tagged important

regulators of mitochondrial morphology in HEK 293T cells and

performed a co-immunoprecipitation study. We found that an

antibody against Myc immunoprecipitated appoptosin, as well as

HA-tagged MFN1 (Fig. 4C) and MFN2 (Fig. 4D), but not DRP1

(Fig. 4A), FIS1 (Fig. 4B) or OPA1 (Fig. 4E). By contrast, although

an antibody against HA immunoprecipitated all HA-tagged proteins

(Fig. 4A–E), it only immunoprecipitated appoptosin from HA–

MFN1- (Fig. 4C) and HA–MFN2-expressing (Fig. 4D) cells. In

addition, we found that endogenous appoptosin could also be pulled

down by antibodies against MFN1 (Fig. 4G) and MFN2 (Fig. 4H).

These results indicate that appoptosin can interact with MFN1 and

MFN2 but not DRP1, FIS1 or OPA1. MITOL has been reported to

be an important regulator of mitochondrial morphology in recent

years. Here, in cells co-expressing Myc–appoptosin and HA–

MITOL, we found that antibodies against Myc and HA

immunoprecipitated appoptosin and MITOL (Fig. 4F), indicating

that appoptosin also interacts with MITOL.

Because overexpression of appoptosin promotes ROS production

and apoptosis, we studied whether interactions between

appoptosin and MFN1, MFN2 and MITOL were mediated by

ROS production and apoptosis. However, appoptosin still interacted

with MFN1, MFN2 and MITOL upon treatment with NAC or

Z-VAD (Fig. S2A,B), implying that ROS levels and apoptosis do

not contribute to such interactions.

Overexpression of appoptosin reduces MFN1–MFN2 hetero-

oligomer formation and mitochondrial fusion

It has been demonstrated that MFN1 and MFN2 regulate fusion of

the mitochondrial outer membrane by forming homo- or hetero-

oligomers in cis or in trans (Detmer and Chan, 2007). We tested

whether overexpression of appoptosin could affect the formation of

MFN1 and MFN2 homo-oligomers, and MFN1–MFN2 hetero-

oligomers. As shown in Fig. 5A, overexpression of appoptosin

reduced the hetero-interaction of MFN1–MFN2 but not the

formation of MFN1–MFN1 and MFN2–MFN2 homo-dimers.

To measure mitochondrial fusion activity, we generated

mitochondria-targeted GFP (mtGFP) and mitochondria-targeted

RFP (mtRFP) plasmids by fusing GFP and RFP with COX8. When

cells expressing mtGFP were mixed with cells expressing mtRFP

and treated with polyethylene glycol (PEG) for 7 h to induce fusion,

we found that 100% of fused cells contained fully fused

mitochondria in controls, as demonstrated by colocalization of red

and green fluorescent signals (Fig. 5B). However, only about 33%

of fused cells contained fully fused mitochondria, and 67% of fused

cells contained partially fused mitochondria in appoptosin-

overexpressing cells (Fig. 5B), indicating decreased fusion

efficiency upon appoptosin overexpression.

Fig. 2. Appoptosin-induced mitochondrial fragmentation is not dependent on ROS generation or caspase activation. HeLa cells were transfected

with pCMV-Myc (CMV) or Myc–appoptosin (appop). Four hours later, the medium was refreshed and the cells were treated with (A) 1 mM NAC, (B) 50 μM RSV,

(C) 50 μM Z-VAD or (D) 1 μM succinylacetone (SA) for an additional 20 h. After staining with MitoTracker Red, fixation, immunostaining with an antibody against

Myc (to indicate appoptosin) and staining with DAPI, cells were observed under a confocal microscope. Signals for Myc–appoptosin, mitochondria and nuclei are

shown in green, red and blue, respectively. (E) The number of cells exhibiting the different types of mitochondria morphology were counted and the percentages of

cells with fragmented mitochondria were compared (n>100). Means±s.e.m.; ns, not significant (unpaired t-test). Ctrl, control. Scale bars: 5 μm (for ‘zoom in’

images); 10 μm (all other images).
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Appoptosin-mediated mitochondrial fragmentation is

alleviated by overexpression of MFN1, MITOL and DRP1K38A

MFN1 and MFN2 regulate fusion of the mitochondrial outer

membrane, whereas FIS1 and DRP1 regulate mitochondrial fission

(Knott et al., 2008; Westermann, 2010). We first ascertained the

effects of these proteins on mitochondrial morphology. As shown in

Fig. 6A, transient overexpression of DRP1 had no effect on

mitochondrial morphology, and this was consistent with previous

studies (Pitts et al., 1999; Smirnova et al., 1998). DRP1K38A is a

dominant-negative mutant of DRP1 and its overexpression has been

shown to inhibit mitochondrial fission and block cell death (Frank

et al., 2001; James et al., 2003). We found that transient

overexpression of DRP1K38A led mitochondria to fuse into an

inter-connected network. By contrast, transient overexpression of

FIS1 resulted in the fragmentation of mitochondria into dot-like

puncta (Gomes and Scorrano, 2008). Conversely, mitochondria in

MFN1- and MFN2-expressing cells hyper-fused into ‘grape-like’

clusters. Mitochondria in MITOL-overexpressing cells appeared to

be inter-connected and elongated filaments, and this is consistent

with previous reports (Nakamura et al., 2006; Yonashiro et al.,

2006).

To investigate whether appoptosin-induced mitochondria

fragmentation can be affected by factors involved in mitochondria

fusion, we co-expressed Myc–appoptosin and HA–MFN1 or HA–

MITOL in HeLa cells. We found that overexpression of MFN1

reversed appoptosin-induced mitochondria fragmentation, resulting

in mitochondria with a highly fused morphology (Fig. 6B–C).

Overexpression of MITOL also dramatically rescued appoptosin-

induced mitochondrial fragmentation (Fig. 6B–C). In addition, we

found that co-expression of DRP1K38A, which was reported to block

mitochondrial fission and promote mitochondrial fusion (Frank

et al., 2001; James et al., 2003), also markedly ameliorated

appoptosin-induced mitochondrial fragmentation (Fig. 6B–C).

Appoptosin-induced apoptosis is inhibited by DRP1K38A,

MFN1 and MITOL, and is aggravated by FIS1

Because mitochondrial fission is directly involved in the initiation

of apoptosis (Frank et al., 2001; Karbowski et al., 2002) and

overexpression of appoptosin induces apoptosis, we studiedwhether

these regulators of mitochondrial morphology affect appoptosin-

induced apoptosis. As expected, overexpression of appoptosin alone

induced dramatic polyADP ribose polymerase (PARP) cleavage

(indicative of apoptosis) in HeLa cells (Fig. 7A–E). In addition, we

found that overexpression of FIS1 alone induced marked PARP

cleavage and that co-expression of FIS1 with appoptosin further

enhanced appoptosin-induced PARP cleavage (Fig. 7A,F). In

contrast, overexpression of DRP1K38A (Fig. 7B,F), MFN1

(Fig. 7C,F) or MITOL (Fig. 7E,F) alone had no notable effect on

PARP cleavage, but their co-expression significantly reduced

appoptosin-induced PARP cleavage. Interestingly, although

MFN2 is a mitochondrial fusion protein, its overexpression alone

resulted in marked PARP cleavage (Fig. 7D,F). PARP cleavage

resulting from co-expression of MFN2 with appoptosin was

comparable to that from overexpression of MFN2 alone but more

intensive than that from overexpression of appoptosin alone

(Fig. 7D,F). However, because co-expression of MFN2 seemed to

Fig. 3. Appoptosin does not affect the levels of mitochondrial fusion and

fission proteins nor the mitochondrial translocation of DRP1. (A) HeLa

cells were transfected with pCMV-Myc (−) and Myc–appoptosin (+) for 24 h

before western blot analysis. (B) Protein levels of DRP1, FIS1, MFN1, MFN2

and OPA1 were quantified by using densitometry and normalized to those of

β-actin for comparison, n=3. (C) Cells were transfected with Myc–appoptosin

(+) or control vector (−) for 24 h. Mitochondria (mito) and the cytosol (cyto)

were then separated, and subsequently subjected to western blot analysis.

(D) Protein levels of DRP1 in experiments described in C were quantified by

using densitometry and normalized to those of tubulin (cytosolic fractions) or

COX-IV (mitochondrial fractions) for comparison, n=3. ns, not significant.

Fig. 4. Appoptosin interacts with MFN1, MFN2 and MITOL. Myc–

appoptosin was co-transfected with (A) HA–DRP1, (B) HA–FIS1, (C) HA–

MFN1, (D) HA–MFN2, (E) HA–OPA1 or (F) HA–MITOL into HEK 293T

cells for 24 h. Cell lysates were subjected to co-immunoprecipitation (co-IP)

with mouse IgG (mIgG), mouse antibody against Myc or mouse antibody

against HA, and then western blot (WB) analysis. (G) HEK 293T cell lysates

were subjected to co-IP with rabbit IgG (RIgG) or a rabbit antibody against

MFN1 and then western blot analysis. (H) HEK 293T cell lysates were

subjected to co-IP with mIgG or a mouse antibody against MFN2 and

then western blot analysis. Images are representative of three biological

replicates.
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interfere with appoptosin overexpression (Fig. 7D), the exact role of

MFN2 in appoptosin-induced apoptosis requires further determination.

Moreover, we studied whether co-expression of mitochondrial

fusion and/or fission proteins affects appoptosin-promoted ROS

production. However, co-expression of these proteins did not affect

ROS production in cells overexpressing appoptosin (Fig. S3), even

though co-expression of MFN1, MITOL and DRP1K38A attenuated

mitochondrial fragmentation (Fig. 6) and apoptosis (Fig. 7). This

suggests that mitochondrial fragmentation is not necessarily

required for increased ROS production.

SLC25A26 does not affect mitochondrial morphology

Another mitochondrial-carrier-family member, SLC25A26, is

closely related to appoptosin based on their protein sequence

similarity and has been identified as mitochondrial S-

adenosylmethionine transporter (Agrimi et al., 2004; Haitina et al.,

2006). In order to study whether the mitochondrial-morphology-

regulating effect of appoptosin applies to other mitochondrial-

carrier-family members, we transiently overexpressed SLC25A26 in

HeLa cells. However, we found that overexpression of SLC25A26

had no obvious effect on mitochondrial morphology (Fig. 8A,B).

Fig. 5. Overexpression of appoptosin impairs the

MFN1–MFN2 interaction and mitochondrial fusion.

HEK 293T cells were co-transfected with (A) HA–

MFN1+Myc–MFN1, HA–MFN1+Myc–MFN2 or HA–

MFN2+Myc–MFN2. After equal splitting, cells were

transfected with control or appoptosin-expressing

plasmids for 24 h. Cell lysates were subjected to co-

immunoprecipitation (IP) with the mouse anti-Myc

antibody 9E10 and then western blot (WB) analysis for

the indicated proteins. (B) After co-culture of HeLa cells

expressing pCMV-myc+mtGFP with those expressing

pCMV-myc+mtRFP (left panels, CMV), or cells

expressing Myc–appoptosin+mtGFP with those

expressing Myc–appoptosin+mtRFP (right panels,

appoptosin), cells were treated with 40% PEG 1500 for

5 min and then incubated in cycloheximide-containing

medium for 7 h. Cells were then fixed, counterstained

with DAPI and observed by using microscopy. Bottom

panels are zoomed images of the areas indicated in the

upper panels. Scale bars: 20 μm (upper panels); 5 μm

(zoomed images). The number of fusing cell clusters

exhibiting different mitochondrial fusion status (full or

partial) were counted for comparison, n≥100 cells,

**P<0.01 (unpaired t-test). Means±s.e.m. are shown.

Fig. 6. Appoptosin-induced mitochondrial fragmentation is alleviated by promoting mitochondrial fusion. (A) HeLa cells that had been transfected with

pCMV-HA (CMV), HA–DRP1 (DRP1), HA–FIS1 (FIS1), HA–DRP1
K38A

(K38A), HA–MFN1 (MFN1), HA–MFN2 (MFN2) and HA–MITOL (MITOL) were treated

with MitoTracker Red, immunofluorescently stained and observed under a confocal microscope. Mitochondria (MitoTracker) and HA signals are shown in red and

green, respectively. (B) Myc–appoptosin was co-transfected with HA–MFN1, HA–MITOL or HA–DRP1
K38A

into HeLa cells. 24 h later, cells were subjected

to immunofluorescent staining and counterstaining with DAPI. Myc–appoptosin, HA and DAPI signals are shown in green, red and blue, respectively.

(C) Quantitative analysis of the numbers of transfected cells with normal, fragmented or aggregated and/or fused mitochondria in experiments detailed in B;

n≥100 cells. Scale bars: 5 μm (‘zoom in’ images); 10 μm (all other images). *P<0.05; **P<0.01 (unpaired t-test). Means±s.e.m. are shown.
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We also found that SLC25A26 could interact with MITOL but not

with MFN1 or MFN2 (Fig. 8C,D).

DISCUSSION

Mitochondrial morphology is regulated by a series of proteins that

are involved in mitochondrial fusion and fission. Dysregulation of

these proteins might impair mitochondria homeostasis and lead

to the pathogenesis of various diseases, including Alzheimer’s

disease. However, the detailed mechanism underlying

mitochondrial morphology regulation is still obscure and requires

further elucidation. We have previously found that the MCP

member appoptosin can mediate Aβ neurotoxicity during

Alzheimer’s disease and that a reduction of appoptosin can

abolish Aβ-induced mitochondrial fragmentation. Here, we have

further shown that overexpression of appoptosin directly resulted in

mitochondrial fragmentation. However, although overexpression of

appoptosin can cause ROS overproduction and caspase activation,

we found that neither reduction of ROS nor inhibition of caspase

activity affected appoptosin-induced mitochondrial fragmentation.

These results confirm that mitochondrial fragmentation is an early

event during cell death (Karbowski et al., 2002).

Although the levels of mitochondrial fission (DRP1 and FIS1)

and fusion (OPA1, MFN1 and MFN2) proteins have been shown to

be altered in the brains of individuals with Alzheimer’s disease

(Manczak et al., 2011; Wang et al., 2009), we found that

overexpression of appoptosin did not affect their protein levels.

Rather, we found that appoptosin interacted with MFN1 andMFN2,

as well as with the mitochondrial ubiquitin ligase MITOL but not

DRP1, FIS1 or OPA1. In addition, we found that overexpression of

appoptosin decreased the hetero-interaction between MFN1 and

MFN2, and caused a reduction of mitochondrial fusion activity.

Because the fusion activity of MFN1–MFN2 heterotypic oligomers

is comparable to those of homo-oligomers of MFN1 or MFN2

(Detmer and Chan, 2007), overexpression of appoptosin might

interfere with the fusion machinery by impairing the interaction

between MFN1 and MFN2, thus leading to mitochondrial

fragmentation. Interestingly, considerable efforts have been

devoted to studying the fission machinery deficits in Alzheimer’s

disease, with a focus on DRP1, and findings show that excessive

ROS increases DRP1 activity (Iqbal and Hood, 2014; Wu et al.,

2011), that Aβ interacts with DRP1 and increases its activity

(Manczak et al., 2011), that S-nitrosylation of DRP1 enhances its

activity (Cho et al., 2009) and that phosphorylation of DRP1 at

specific sites promotes its activity (Chang and Blackstone, 2007;

Cribbs and Strack, 2007; Merrill et al., 2011; Meuer et al., 2007;

Rambold et al., 2011; Rehman et al., 2012; Taguchi et al., 2007). In

contrast, research on the fusion machinery during Alzheimer’s

disease is limited. Hence, our findings suggest that a defect in the

fusion machinery could be as equally important during Alzheimer’s

disease, which deserves further scrutiny.

Appoptosin-overexpression-induced mitochondrial fragmentation

and apoptosis were at least partially reversed upon co-expressionwith

MFN1, MITOL or the dominant-negative form of DRP1, DRP1K38A.

These results further support the idea of targeting mitochondria

dynamics as a therapeutic strategy for Alzheimer’s disease.

Interestingly, although appoptosin also interacted with the

mitochondrial fusion protein MFN2, co-expression with MFN2

had a stronger effect on apoptosis induction than appoptosin

overexpression alone. This is possibly because MFN2 is also

involved in various signaling cascades and acts as a pro-apoptotic

and anti-proliferative protein (Guo et al., 2007; Papanicolaou et al.,

2011; Shen et al., 2007; Wang et al., 2015). Indeed, here, we also

found that overexpression of MFN2 alone resulted in apoptosis.

Appoptosin belongs to the MCP family, whose members are

primarily located in the inner membrane of mitochondria and shuttle

metabolites, nucleotides, and cofactors between cytoplasm and

mitochondrial matrix (Palmieri, 1994). However, to our knowledge,

we are the first to show that a member of the MCP family (i.e.

appoptosin) can regulate mitochondrial morphology. To study

whether other MCPs also regulate mitochondrial morphology, we

investigated SLC25A26, another MCP that is closely related to

appoptosin based on their protein sequence similarity. However,

although we found that SLC25A26 interacted with MITOL,

overexpression of SLC25A26 had no effect on mitochondrial

morphology. Because SLC25A26 does not interact with MFN1 or

MFN2, it is possible that interaction with MFN1 and/or MFN2

is a prerequisite for appoptosin-induced mitochondrial

fragmentation. To address this, we generated several appoptosin

deletion constructs of its mitochondrial carrier domains (Fig. S4A,

B). However, although these appoptosin deletion mutants did not

interact with MFN1 and/or MFN2 (data not shown), their

overexpression also resulted in mitochondrial fragmentation and

apoptosis (Fig. S4C–E). We noticed that these overexpressed

appoptosin deletion mutants localized all over the cell body rather

than specifically in mitochondria; therefore, we speculate that these

Fig. 7. Appoptosin-induced apoptosis is aggravated by expression of

FIS1 and alleviated by expression of DRP1
K38A

, MFN1 and MITOL. Myc–

appoptosin was co-transfected with (A) HA–FIS1, (B) HA–DRP1
K38A

, (C) HA–

MFN1, (D) HA–MFN2 or (E) HA–MITOL into HeLa cells for 24 h. Cell lysates

were subjected to western blot analysis in order to study the levels of cleaved

PARP (c-PARP). (F) Densitometry was used to quantify blots (A–E); n=3; ns,

not significant; *P<0.05; **P<0.01; ***P<0.001 (unpaired t-test). Means±s.e.m.

are shown.
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deletion mutants induce mitochondrial fragmentation and cell death

through a different mechanism (possibly by overwhelming the

ubiquitin–proteasome system) than that of full-length appoptosin.

This deserves further scrutiny.

Taken together, our study newly identifies a function of the

pro-apoptotic protein appoptosin in regulating mitochondrial

morphology, which might strengthen our understanding of the

interplay between mitochondrial morphology and apoptosis, as well

as the pathology of Alzheimer’s disease.

MATERIALS AND METHODS

Cells, plasmids, antibodies and reagents

Maintenance of HeLa cells (Wang et al., 2006), HEK 293T cells and

primary neurons derived from mouse at embryonic day 17.5 (Zhang et al.,

2012) have been described previously. HeLa cells and HEK 293T cells

were originally purchased from American Type Culture Collection

(ATCC). The Myc–appoptosin expression plasmid has also been

described previously (Zhang et al., 2012). MFN1, MFN2, DRP1, FIS1,

MITOL and DRP1K38A plasmids were constructed using pCMV-HA,

pCMV-Myc or pEGFP-C1 as backbones. mtGFP and mtRFP were

generated by fusing GFP or RFP to mitochondria-localized COX8,

following the previously reported procedure (Partikian et al., 1998).

Anti-appoptosin antibody (ab133614) and rabbit anti-HA antibody

(ab9110) were from Abcam, UK; anti-Myc antibody (clone 9E10, SC-40)

was from Santa Cruz Biotechnology; mouse anti-HA antibody

was from Abmart (26D11), China; anti-MFN1 (13798-1-AP) and anti-

FIS1 (10956-1-AP) antibodies were from Proteintech; anti-MFN2

(WH0009927M3-100UG) antibody was from Sigma-Aldrich; anti-actin

(4970), anti-cleaved PARP (5625), anti-COX IV (4850) and anti-DRP1

antibodies (8570) were from Cell Signaling. All the primary antibodies were

used at 1:1000 dilution. Horseradish peroxidase (HRP)-conjugated goat

anti-rabbit IgG (H+L) secondary antibody (31460), HRP-conjugated

goat anti-mouse IgG (H+L) secondary antibody (31430), Alexa-Fluor-

488-conjugated goat anti-mouse IgG (A-11017) and Alexa-Fluor-594-

conjugated goat anti-rabbit IgG (A-11012) were purchased from Thermo

Fisher Scientific.

RSV was from Bio Basic, Canada; NAC, Z-VAD, 2,7-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA), propidium iodide

and 4′,6-diamidino-2-phenylindole (DAPI) were from Sigma-Aldrich;

MitoTracker Red was purchased from Life Technologies; protease and

phosphatase inhibitor cocktails were obtained from Roche.

Plasmid transfection

Plasmids were transfected into cells by using Turbofect (Thermo Fisher

Scientific) by following the manufacturer’s instructions.

PEG cell fusion assay

HeLa cells were first transfected with (i) pCMV-Myc+mtGFP, (ii) pCMV-

Myc+mtRFP, (iii) Myc–appoptosin+mtGFP or (iv) Myc–appoptosin+

mtRFP. Then pCMV-Myc+mtGFP-transfected cells were mixed with

pCMV-Myc+mtRFP-expressing cells, and Myc–appoptosin+mtGFP-

expressing cells were mixed with Myc–appoptosin+mtRFP-expressing

cells. After co-culture on cover slips for 24 h, cells were washed with PBS

once, treated with pre-warmed 40% PEG 1500 for 5 min, washed with PBS

five times and cultured in cycloheximide-containing medium for 7 h. Cells

were then fixed with 4% paraformaldehyde, counterstained with DAPI and

observed by using microscopy.

Mitochondria isolation

Fractionation of mitochondria and the cytosol was performed by using a cell

mitochondria isolation kit (Beyotime, China), following the manufacturer’s

instructions. Briefly, cells were pelleted by centrifuging at 600 g for 5 min at

4°C; cells were then re-suspended in mitochondria isolation solution with

protease inhibitor cocktail and homogenized on ice using a tight-fitting

pestle attached to a homogenizer. The homogenate was then centrifuged at

different speeds to isolate intact cells, mitochondria and cytosol fractions.

Immunofluorescence microscopy

MitoTracker Red was added into cell medium 30 min before fixation. Cells

were then fixed in 4%paraformaldehyde saline for 15 min at room temperature,

permeabilized, immunostained with the indicated antibodies, incubated with

fluorescence-conjugated secondary antibodies, counterstained with DAPI and

visualized under a two-photon microscope (FV10-MEP, Olympus, Japan).

Statistics

Results were expressed as means±s.e.m. using GraphPad Prism 5 software.

Unpaired t-test was used to assess statistical significance in two groups.
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