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Spotlight

No ATG8s, no problem? How LC3/GABARAP

proteins contribute to autophagy

Sascha Martens

Department of Biochemistry and Cell Biology, Max F. Perutz Laboratories, University of Vienna, 1030 Vienna, Austria

The ATG8 family LC3/GABARAP proteins are attached to
the membrane of nascent autophagosomes, but their
functions during autophagy are unclear. In this issue,
Nguyen et al. (2016. J. Cell Biol. https://doi.org/10
.1083/cb.201607039) show that LC3/GABARAP
proteins are not essential for autophagosome formation
but are critical for autophagosome-lysosome fusion.

Macroautophagy (hereafter autophagy) is a major pathway
for endo-lysosomal degradation of cellular cargo sequestered
within double-membrane organelles called autophagosomes.
Upon induction of autophagy, autophagosomes form de novo
and initially appear as small membrane structures referred to
as isolation membranes or phagophores. The isolation mem-
branes expand, gradually enclosing a part of the cytoplasm, and
eventually close to give rise to autophagosomes. Subsequently,
the outer membrane of the autophagosome fuses with the lyso-
some membrane, and the autophagosome inner membrane and
autophagosome cargo are degraded. When induced by starva-
tion, autophagy is largely nonselective with regard to the cargo
enclosed in autophagosomes. In contrast, specific intracellular
cargo such as damaged mitochondria can selectively trigger
the formation of autophagosomes for its degradation (Zaffag-
nini and Martens, 2016) in a process called selective autophagy
(or mitophagy, in the case of damaged mitochondria). The for-
mation of autophagosomes is generally thought to require the
action of a conserved machinery that includes the ULK1/Atg]
complex, the class III phosphatidylinositol 3-kinase complex 1,
ATG9, the WIPIs, and the ATG12 and LC3/GABARAP conju-
gation systems. All of these components localize to the isola-
tion membrane at some stage of autophagosome formation. In
addition to these conserved core components, other factors such
as cargo receptors are required for selective autophagy (Zaffag-
nini and Martens, 2016).

LC3/GABARAP family proteins are conserved ubiquitin-
like proteins that are conjugated to the headgroup of the mem-
brane lipid phosphatidylethanolamine (PE) during autophago-
some formation (Ichimura et al., 2000) in a reaction that requires,
among other proteins, ATG3, ATGS, and ATG7 (Fig. 1). Whereas
there is a single LC3/GABARAP-like protein in Saccharomy-
ces cerevisiae (Atg8), there are seven of them in humans, which
are subdivided into the LC3 and GABARAP families. One of
these proteins, LC3B, is widely used as marker for isolation
membranes and autophagosomes. Autophagosome formation
is almost completely abolished in Atg8-deficient S. cerevisiae
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cells (Kirisako et al., 1999) and deletion of genes required for
LC3/GABARAP conjugation to PE blocks autophagosome bio-
genesis in human cells (Sou et al., 2008). These findings led to
the assumption that the conjugation of LC3/GABARAP pro-
teins to PE is essential for autophagosome biogenesis. How-
ever, the precise mechanism of action of ATG8 family proteins
is unclear. In addition, mammalian LC3/GABARAPs recruit
adaptor proteins including PLEKHM1 to fully formed autopha-
gosomes to facilitate autophagosome—-lysosome fusion (Stolz et
al., 2014; McEwan et al., 2015), suggesting that they have an
important role downstream of autophagosome formation. Fur-
thermore, LC3s and GABARAPs function during selective au-
tophagy via their interaction with cargo receptors, which in turn
link the LC3/GABARAP-coated isolation membrane to specific
cargo material (Zaffagnini and Martens, 2016).

Because up to seven LC3/GABARAPs are expressed in
human cells, determining the function of each protein is chal-
lenging, and many of the previous experiments addressing the
essential functions of ATG8 family members were indirect.
For example, researchers addressed the contribution of ATG8
proteins by mutating the specific sequences in ATGS8 partners
that are known to mediate the interaction with ATG8 proteins
(these sequences are known as LIR motifs). Another approach
used was to delete the enzymes that are required for the con-
jugation of LC3/GABARAPs to PE and to analyze the effects
of these manipulations on autophagy. If LIR motifs have roles
independent of LC3/GABARAP binding and if the deleted
enzymes have functions distinct from LC3/GABARAP con-
jugation, the data interpretation becomes less straightforward.
These lines of investigation also fail to address the potential
functional redundancy of individual LC3/GABARAPs or of the
two subfamilies. In this issue, Nguyen et al. generated CRISPR/
Cas9-mediated knockouts of all LC3 and GABARAP proteins,
allowing them to analyze the essential functions of ATGS8 sub-
families and specific members.

Nguyen et al. (2016) set out to determine which of the
many functions of the LC3/GABARAPs are essential and which
of these proteins and subfamilies are most important for auto-
phagy. The authors knocked out the LC3 and GABARAP sub-
families, respectively, as well as all of these proteins in HeLa
cells using the CRISPR/Cas9 technology. The researchers stud-
ied PINK/Parkin-dependent mitophagy and starvation-induced
autophagy and made several fascinating observations. They
first confirmed an important function of the LC3/GABARAPs

© 2016 by The Rockefeller University Press This article is distributed under the terms of
an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months
after the publication date (see http://www.rupress.org/terms). After six months it is available
under a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported
license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

JCB

761

620z Jequiede( GO U0 3senb Aq 4pd 9111 1910Z a0l/2GSE09L/19./9/S L Zpd-8onte/qol/Bio sseidny//:dpy woly pepeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201611116&domain=pdf
https://doi.org/10.1083/jcb.201607039
https://doi.org/10.1083/jcb.201607039
http://www.rupress.org/terms
http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:

LC3/GABARAP

¢ ATG3, ATG5, ATG7...

LC3/GABARAP-PE *

782

isolation
membrane

/

isolation membrane
elongation

Figure 1.

/ autophagosome

isolation membrane
closure

autolysosome

%

autolysosome
formation

How LC3/GABARAPs regulate autophagy. LC3/GABARAP proteins are initially synthesized as soluble precursors and become conjugated to

PE in the isolation membrane during a series of reactions requiring the activity of several enzymes, including ATG3, ATGS5, and ATG7. Several steps of
autophagosome formation and their fusion with lysosomes have been proposed to require the action of LC3/GABARAPs. These steps are the promotion of
isolation membrane elongation, isolation membrane closure, and the fusion of autophagosomes with lysosomes to form autolysosomes. LC3/GABARAPs
have also been shown to link cargo material to the isolation membrane to confer selectivity to autophagy. This interaction is mediated by cargo receptors.
The steps that were found to require LC3/GABARAPS in the work of Nguyen et al. (2016) are highlighted in red.

for both types of autophagy, as assessed by detection of the
degradation of mitochondrial DNA and CoxII for mitophagy,
and the degradation of the autophagy substrate p62 for starva-
tion-induced autophagy. The authors went on to determine at
which step autophagy was blocked by analyzing autophagoso-
mal structures via fluorescence and electron microscopy. They
combined these imaging data with a protease protection assay
evaluating whether autophagosomes are fully closed. Perhaps
most surprisingly, the main defect Nguyen et al. (2016) ob-
served in cells knocked out for all ATG8 members was not at
the level of autophagosome biogenesis or during the selective
encapsulation of mitochondria, but at the autophagosome—
lysosome fusion step (Fig. 1). To determine the cause of this
fusion defect, the authors analyzed the recruitment of the adap-
tor protein PLEKHMI1 to autophagosomes by fluorescence
microscopy. PLEKHM1 was previously shown to bind to au-
tophagosomes via LC3/GABARAPs (McEwan et al., 2015),
and the researchers found that PLEKHMI1 failed to localize to
autophagosomes when all LC3/GABARAPs are knocked out.
Therefore, they speculated that its absence was responsible for
the autophagosome-lysosome fusion defect. Among the LC3/
GABARAPs, analysis of cells deficient for the LC3 subfam-
ily only showed that LC3 proteins do not appear to have any
essential functions during PINK/Parkin-dependent mitophagy
and starvation-induced autophagy, based on analyses of the
degradation of mitochondrial DNA, CoxII, and p62 as well as
the mtKeima assay, which measures autophagosome—lysosome
fusion. In contrast, the depletion of all GABARAPs resulted in
a marked decrease in autophagic activity, demonstrating that
the LC3s cannot fully compensate for the loss of GABARAPs.
Consistently, PLEKHM1 was still recruited to autophagosomes
lacking LC3s, but much less so in GABARAP-depleted cells.
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Although the results of Nguyen et al. (2016) show that
the LC3/GABARAPs are not essential for autophagosome
formation under the conditions tested, they do seem to play
some role during this process because autophagosomes in cells
knocked out for all ATG8 proteins formed at a lower rate and
were smaller. This result indicates that ATG8 proteins function
during isolation membrane expansion, for example, by acting
as fusion or tethering factors, as proposed previously (Weidberg
etal., 2011), or by recruiting and activating other ATG proteins,
as presented earlier (Kraft et al., 2012; Joachim et al., 2015).
Consistent with the findings by Nguyen et al. (2016), a recent
study showed that blocking LC3/GABARAP conjugation to PE
by knocking out ATG3, ATGS, or ATG7 slows down isolation
membrane elongation and closure but does not abolish auto-
phagosome formation (Tsuboyama et al., 2016). However, in
contrast to Nguyen et al. (2016), Tsuboyama et al. (2016) report
that the degradation of the inner autophagosomal membrane
rather than the fusion of autophagosomes with lysosomes is
blocked in cells that are deficient in LC3/GABARAP-PE con-
jugation. This difference may arise from the fact that Nguyen et
al. (2016) knocked out LC3/GABARAPs, whereas Tsuboyama
et al. (2016) knocked out ATG3 and ATGS proteins, which are
required for ATGS8 conjugation to PE. Thus, LC3/GABARAP
proteins could have conjugation-independent functions and/
or ATG3 and ATGS could have functions independent of LC3/
GABARAP conjugation. More generally, the function of LC3/
GABARAPs may be less intimately linked to the formation
of double membrane structures (i.e., autophagosomes) than
often assumed, as it becomes increasingly clear that the con-
jugation of these proteins to the membrane also occurs during
processes that are not directly related to autophagosome for-
mation. For instance, LC3/GABARAP conjugation has been
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shown to occur at phagosomes, which are plasma membrane—
derived single-membrane structures (Sanjuan et al., 2007) and
LC3C was shown to play a role during COPII-mediated ER-
Golgi transport (Stadel et al., 2015), two processes that do not
involve autophagosomes. Collectively, the current evidence
strongly suggests that there is an LC3/GABARAP-independent
mechanism for the formation of isolation membranes and auto-
phagosomes that is rendered more robust by LC3/GABARAP
proteins. Consistently, ATG5- and ATG7-independent, Golgi-
related forms of autophagosome formation have been reported
(Nishida et al., 2009). The results by Nguyen et al. (2016) lastly
indicate that ATG8 proteins are not essential for autophago-
some sealing, suggesting that other factors may mediate this
membrane remodeling event.

Another surprising finding in the work of Nguyen et al.
(2016) is that mitochondria are apparently still selectively
engulfed by autophagosomes as assessed by electron mi-
croscopy and protease protection assays, even when all LC3/
GABARAPs are missing. So far, it was widely assumed that
the selective characteristic of autophagic processes was me-
diated by cargo receptors (e.g., optineurin, NDP52, and p62)
that bind the cargo and link it to the isolation membrane via
LIR-dependent interactions with membrane-localized LC3/
GABARAPs. The results by Nguyen et al. (2016) suggest
that there are likely other factors or mechanisms that link
the cargo to the membrane in the absence of ATGS8 proteins.
Nguyen et al. (2016) used PINK/Parkin-dependent mitoph-
agy induced by oligomycin/antimycin A treatment. Under
these conditions, isolation membrane formation is initiated
locally at the mitochondrial surface. However, these treat-
ments also lead to inactivation of mTORCI1; therefore, the
mechanism of membrane expansion may be analogous to
that triggered by starvation, which also requires mTORC1
inactivation (Lazarou et al., 2015). Under these conditions,
the recruitment of cargo receptors and their binding to LC3/
GABARAPs: to link the cargo to the nascent autophagosome
may not be required. It will be interesting to see if other less
dramatic forms of selective autophagy also do not require
LC3/GABARAPs proteins and to reanalyze the role of spe-
cific LC3/GABARAPs such as LC3C during other, special-
ized forms of selective autophagy, such as xenophagy (von
Muhlinen et al., 2012). Overall, the work of Nguyen et al.
(2016) suggests an important shift in the classical view of
the essential function of ATG8 family proteins in autopha-
gosome formation. More work will be needed to dissect the
mechanisms and determinants of autophagosome biogenesis
and the specific contributions of ATG8 family proteins in
all types of autophagy.
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