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Spotlight

A dividing matter: Drp1/Dnm1-independent mitophagy

Martin Graef!2

"Max Planck Institute for Biology of Ageing, 50931 Cologne, Germany

2Cologne Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases, University of Cologne, 50931 Cologne, Germany

Whether or not mitophagy depends on prior mitochondrial
fragmentation by the canonical mitochondrial division
machinery is controversial. In this issue, Yamashita et al.

(2016. J. Cell Biol. https://doi.org/10.1083/jcb
.201605093) report that mitochondrial fragments start to
bud and divide from mitochondrial tubules when in tight
association with forming autophagosomes, but indepen-
dently of the mitochondrial division factor Drp1/Dnm1.

Macroautophagy, hereafter autophagy, is a highly conserved
catabolic pathway critically involved in intracellular homeo-
stasis, quality control, and stress responses. Double-mem-
braned vesicular structures, so-called autophagosomes, are a
hallmark of autophagy and form de novo and transfer portions
of the cytoplasm for degradation and recycling to lysosomes
or vacuoles (Feng et al., 2014). A multicomponent core auto-
phagy machinery seems to coopt membranes and membrane-
remodeling components of diverse sources to drive the nucle-
ation, expansion, and closure of a single-membrane structure,
the isolation membrane, to form the double-membrane auto-
phagosome. Autophagy can proceed in a nonselective manner,
in which autophagosomes appear to randomly enwrap portions
of the cytoplasm. However, selective modes of autophagy also
exist, allowing cells to target specific cargoes preferentially
or even exclusively for degradation. Selectivity is achieved
by receptor-mediated physical interactions linking the auto-
phagy machinery to the cargo, which subsequently drives the
formation of an isolation membrane closely surrounding the
bound cargo. The selective turnover of mitochondria by auto-
phagy, so-called mitophagy, is critically involved in the quality
control of mitochondria.

Mitochondria form highly dynamic networks of intercon-
nected tubules, which undergo constant fusion and division. To
maintain structural and functional integrity, fusion and division
of mitochondrial outer and inner membrane occur in a spatially
and temporally coordinated manner mediated by evolutionarily
conserved dynamin-related GTPases: Mfn1/2 (Fzol) and Opal
(Mgm1) for fusion and Drpl (Dnml) for fission in mammals
(yeast). During mitochondrial division, Drpl/Dnml is re-
cruited to mitochondria by the effectors/adaptors, Mdvl and
Fisl in yeast and Fisl, Mff, MiD49, and MiD51 in mammals.
Drpl assembles in its GTP-bound state into helical oligomeric
structures wrapping around mitochondrial constriction sites
established and marked by the endoplasmic reticulum (Lack-
ner, 2014). GTP hydrolysis-driven conformational changes
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in Drpl/Dnml assemblies result in helical constriction and
scission of the two mitochondrial membranes. Mitochondrial
architecture is intimately linked to the functional state of the
organelle and the cell, and mitochondrial fragmentation result-
ing from increased Drpl/Dnml-mediated division is generally
associated with mitochondrial stress and dysfunction (Nunnari
and Suomalainen, 2012).

In mammalian cells, dysfunctional mitochondria acti-
vate the ubiquitin ligase parkin and the ubiquitin kinase PINK1
(PINK 1-parkin pathway), which generate phospho-ubiquitinated
mitochondrial outer membrane proteins. Phospho-ubiquitin
serves as an autophagy signal and recruits the core autophagy ma-
chinery through the action of two mitophagy receptors, NDP52
and optineurin (Narendra et al., 2008; Lazarou et al., 2015). In
addition, mitochondrial outer membrane proteins Bcl2-L-13,
the mammalian homologue of Atg32 in yeast, also recruits the
autophagy machinery upon mitochondrial dysfunction, indicat-
ing redundant pathways exist to intiate mitophagy (Kanki et al.,
2009; Okamoto et al., 2009; Murakawa et al., 2015). Given that
mitochondria are engulfed by autophagosomes of a seemingly
limited size, a critical role for Drpl/Dnm1-mediated division to
generate mitochondrial fragments of appropriate size for turn-
over was anticipated and supported by several studies in yeast
and mammalian cells (Fig. 1 A; Kanki et al., 2009; Tanaka et al.,
2010; Rambold et al., 2011; Abeliovich et al., 2013; Mao et al.,
2013; Kageyama et al., 2014; Ikeda et al., 2015). However, a few
studies indicated that Drpl/Dnm1-independent mitophagy might
occur in yeast and mammals (Mendl et al., 2011; Bernhardt et
al., 2015; Murakawa et al., 2015). Whether or not Drpl/Dnm1-
mediated mitochondrial division is required for mitophagy re-
mained a controversial topic.

In this issue, Yamashita et al. examine the role of Drpl/
Dnml-mediated mitochondrial division for mitophagy in an
extensive study covering two yeast systems, Saccharomyces
cerevisiae and Pichia pastoris, as well as three different cell cul-
ture systems, including HeLLa and SH-SYSY cells and mouse
embryonic fibroblasts, under several mitophagy-inducing con-
ditions. In both yeasts, Yamashita et al. (2016) detected slightly
delayed but significant turnover of mitochondria during starva-
tion in the absence of Dnml itself or the Dnm1 anchor protein
Fis1. Confirming a minor role for Dnm1-mediated fission during
mitophagy, dnmlA and fisIA yeast cells accumulated small mi-
tochondrial fragments in autophagosomes when analyzed by
fluorescence or electron microscopy, indicating that bite-sized
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Figure 1. Drp1/Dnml-dependent and -independent mi-
tophagy. (A) Drp1/Dnm1-mediated mitochondrial division
generates a mitochondrial fragment, which is subsequently
targeted by an isolation membrane (IM) and engulfed in an
autophagosome (AP). (B) Drp1/Dnm1-independent mitoph-
agy. Autophagosome biogenesis is initiated on mitochondrial

tubules and leads to budding and division of a mitochon-
drial fragment concurrently with the expansion of the isola-
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tion membrane. The autophagy machinery might drive the
scission event directly or through closure of the isolation
membrane before the mitochondrial fragment is encapsu-

lated by an autophagosome.

@D @)

©

@m”w)

MAP

AP

mitochondrial fragments are generated and taken up by autopha-
gosomes independently of the canonical mitochondrial division
machinery. Next, the authors tested different cell culture systems
for the effect of loss of Drpl-mediated mitochondrial division
on mitophagy. For this, mitophagy was induced primarily by
exposing cells to hypoxic conditions as well as by treating cells
with deferiprone, an iron-chelating drug, or by dissipation of the
mitochondrial membrane potential using carbonyl cyanide m-
chlorophenylhydrazone. Under all tested conditions, Yamashita
et al. (2016) observed turnover of small mitochondrial fragments
by mitophagy in the absence of the Drpl-based mitochondrial
division machinery. Collectively, these data indicate that Drp1/
Dnml-independent mitophagy is evolutionarily conserved and
occurs under a variety of mitophagy-inducing conditions.

These observations raised two important questions: How
are the mitochondrial fragments found in autophagosomes gen-
erated in the absence of Drpl/Dnml, and does such a Drpl/
Dnm1l-independent mechanism still occur when the canon-
ical mitochondrial division machinery is present? To address
these questions, Yamashita et al. (2016) performed fluores-
cence-based live-cell imaging and followed the formation of
autophagosomes and the generation of mitochondrial fragments
over time in wild-type and Drpl-knockout HeLa cells during
hypoxia-induced mitophagy. Remarkably, autophagosome bio-
genesis occurred on mitochondrial tubules and small mitochon-
drial fragments started to bud and divide from mitochondrial
tubules concurrently with the expansion and closure of the iso-
lation membrane of forming autophagosomes, irrespective of
whether Drp1 was present in these cells or not (Fig. 1 B). In fact,
using triple color imaging, (Yamashita et al., 2016) showed that
whereas Drpl formed foci at canonical division sites on mito-
chondrial tubules as expected, it was not detected at the sites of
mitochondrial budding associated with autophagosome forma-
tion. Hence, Drp1/Dnml is not only dispensable for mitophagy,
it also seems to be absent from sites of mitochondrial constric-
tion and division during mitophagy. These key findings provide
a novel perspective on the process of mitophagy. In contrast to
previous sequential models proposing that mitochondrial frag-
ments form in a Drp1/Dnm1-dependent manner before they can
be subsequently targeted by autophagy, data presented by Ya-
mashita et al. (2016) support a model in which autophagosome
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formation and mitochondrial budding and division are spatially
and temporally coordinated events (Fig. 1). In fact, they showed
that the generation of these mitochondrial fragments depended
on the integrity of the autophagy machinery, raising the possi-
bility that the autophagy machinery itself drives mitochondrial
budding and division through nucleation and expansion of the
isolation membrane at these sites. Alternatively, an as-yet-
unidentified machinery might promote membrane scission
during autophagosome formation for mitophagy.

The model proposed by Yamashita et al. (2016) of Drpl/
Dnml-independent mitochondrial division during mitophagy
poses some interesting new questions. Foremost, how are sites
of autophagosome formation on mitochondrial tubules for mi-
tophagy determined and what are the potential signals from
mitochondria to the autophagy machinery? It was shown pre-
viously that the autophagy machinery is recruited in a punctate
pattern that coincides with focal ubiquitination sites after parkin
recruitment along mitochondrial tubules that are producing el-
evated levels of reactive oxygen species (ROS; Yang and Yang,
2013). Thus, generation of a short-ranged ROS signal could
initiate formation of autophagosomes by selectively targeting
ROS-producing regions on mitochondrial tubules. Future work
is required to dissect the detailed mechanisms that control auto-
phagosome formation on damaged mitochondria.

How can we reconcile this new study by Yamashita et
al. (2016) with previously published data suggesting a role for
Drpl/Dnml in mitophagy into a unifying model? Although
Drpl/Dnml-mediated mitochondrial division is not essential,
it might facilitate mitophagy by generating mitochondrial frag-
ments that are easily targeted and degraded. Perhaps the se-
verity or nature of the stress may determine if mitochondrial
fragmentation driven by Drpl/Dnml becomes the dominant
factor for mitochondrial turnover by mitophagy. Under stress
conditions that do not induce Drpl/Dnml-mediated fragmen-
tation, or only lower rates, Drpl/Dnml-independent mito-
chondrial fragmentation driven by the autophagy machinery
might be the rate-limiting process for mitochondrial turnover
by mitophagy. Careful analysis of mitochondrial dynamics, and
the contribution of these two partially redundant pathways for
mitophagy, in the presence of different cellular stresses will be
required to clarify these issues.
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