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Plasma membrane helps autophagosomes grow
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he membrane origin of autophago-

somes has long been a mystery and
it may involve multiple sources. In this
punctum, we discuss our recent finding
that the plasma membrane contributes
to the formation of pre-autophagic struc-
tures via clathrin-mediated endocytosis.
Our study suggests that Atgl6L1 inter-
acts with clathrin heavy-chain/AP2 and
is also localized on vesicles (positive for
clathrin or cholera toxin B) close to the
plasma membrane. Live-cell imaging
studies revealed that the plasma mem-
brane contributes to Atgl6L1-positive
structures and that this process and
autophagosome formation are impaired
by knockdowns of genes regulating
clathrin-mediated endocytosis.

Where do autophagosomes get their
membrane from? Although the field
of autophagy has grown tremendously
since its discovery a few decades ago, the
origin(s) of the membranes that contrib-
ute to autophagosome biogenesis has been
a mystery among autophagy researchers
until recently. Mammalian autophago-
somes are formed randomly throughout
the cytoplasm via a process that involves
elongation and fusion of phagophores
to form double-membraned autophago-
somes. This process involves two ubiqui-
tin-like conjugation systems: conjugation
of Atgl2 to Atg5 that later forms a mac-
romolecular complex with Atgl6L1, and
conjugation of phosphatidylethanolamine
(PE) with Atg8/LC3-I. The Atgl2-Atg5-
Atgl6L1 complex is targeted to the pre-
autophagic structures, which then acquire
Atg8. Atgl2-Atg5-Atgl6L1
from completed autophagosomes, while
LC3-PE (LC3-II) is associated both with
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pre-autophagic structures and completed
autophagosomes.

Some recent studies have explored the
contribution of membranes from dif-
ferent organelles supporting the general
idea that autophagosomes derive mem-
branes from pre-existing organelles. It is
quite possible that there may be multiple
membrane sources involved. A few groups
have revisited the hypothesis that the
endoplasmic reticulum (ER) may be one
of the membrane donors. High-resolution
2D electron microscopy (EM) and 3D
EM-tomography studies have revealed
connections between the ER and the
growing autophagosomes. Whether the
ER contributes to general autophagy or a
specific form of autophagy, reticulophagy,
remains to be determined. In addition, it
has not been shown if ER membrane is
required for autophagosome formation.
Recently another study has reported that
autophagosomes receive lipids from the
outer mitochondrial membrane, but only
under starvation conditions, again fueling
the multiple-membrane source hypothesis.

We have now found evidence for plasma
membrane contribution to pre-autophagic
structures via endocytosis. Unlike the pre-
vious studies, which have focused on LC3-
positive structures, we looked specifically
at the Atg5-, Atgl2- and Atgl6-positive
pre-autophagic structures, an idea that
stemmed from our finding that clathrin
heavy-chain immunoprecipitates with
Atgl6L1. We think that this interaction
is partly mediated by the adaptor protein
AP2, since knockdown of AP2 decreases
the clathrin heavy-chain-Atgl6L1 interac-
tion. Immunogold EM also shows clathrin
localization on Atgl6LI-labeled vesicles
close to the plasma membrane.
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Figure 1. Plasma membrane contributes to the formation of early autophagic precursors. Previous studies show that delivery of fully formed autopha-
gosomes to lysosomes requires fusion of such autophagosomes with early or late endosomes to form amphisomes, which are Atg16L1-negative, LC3-
positive and are also positive for endosomal markers. We show that blocking clathrin-mediated endocytosis inhibits formation of Atg16L1-positive
structures that mature to form phagophores and later autophagosomes. These Atg16L1-vesicles are positive for other early autophagosomal markers
like Atg5 and Atg12, but are negative for early endosomal markers like EEA1, suggesting that they are high up in the autophagosome biogenesis cas-
cade. Inhibition of dynamin with Dynsasore or the use of a dominant negative K44A mutant blocks scission and results in Atg16L1 accumulation on the
plasma membrane, suggesting that endosomal scission is critical for this process.
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These findings led us to test whether
knockdown of proteins involved in
clathrin-mediated endocytosis affected
Atgl6L1-positive pre-autophagic struc-
tures. Indeed, knockdown of key proteins
in the clathrin-mediated endocytic path-
way results in a decrease in the formation
of Atgl6L1-positive structures both under
basal or autophagy-induced conditions
(starvation or trehalose treatment). This
correlates with a decrease in the number
of LC3-labeled autophagosomes. When
we directly analyzed vesicle fusion by live-
cell microscopy, we observed that vesicles
endocytosed from the plasma membrane
fuse to the Atgl6L1-positive vesicles close
to the plasma membrane. This was con-
firmed by immuno-EM when we found
cholera toxin B-labeling (used to label
plasma membrane that is subsequently
internalized by endocytosis) on Atgl6L1-
vesicles. We noticed that overexpres-
sion of an Atgl6L1 mutant that does not
bind clathrin heavy-chain does not form
Atgl6L1-vesicular structures in the way
we see with wild-type Atgl6L1, suggest-
ing that the binding of Atgl6L1 to AP2/
clathrin is required for the subsequent for-
mation of the Atgl6L1 vesicles.
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When we blocked endocytic vesicle
scission (using both genetic and chemi-
cal inhibitors) we found that Atgl6L1
strongly ~ immunoprecipitates  with
clathrin-heavy chain probably due to
the accumulation of clathrin-Atgl6L1
structures at the plasma membrane that
failed to pinch off. This was strongly
supported by our fluorescence micros-
copy and immuno-EM studies that
showed what we predicted—accumu-
lation of Atgl6L1 at the plasma mem-
brane. This suggests that Atgl6L1 in a
complex with AP2/clathrin is targeted
to the plasma membrane and subse-
quently internalized as Atgl6L1-positive
structures. Thus, our data strongly sug-
gest that plasma membrane contributes
to early autophagic precursors that sub-
sequently mature to form phagophores
(Fig. 1).

Although previous studies suggest
that completely formed autophagosomes
need to fuse with early or late endosomes
in order for subsequent autophagosome-
lysosome fusion to occur, they did not
look at the formation of pre-autophagic
structures. Our study shows that active
endocytosis is required both for the
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formation of autophagosomes, when
early endocytic
immediately pinching off the plasma

very intermediates
membrane (not early endosomes) fuse
with Atgl6L1-positive structures to form
phagophores, and also for maturation
of autophagosomes when early or late
endosomes fuse with Atgl6L1-negative
but  LC3-positive  autophagosomes
to form amphisomes. Since blocking
clathrin-mediated endocytosis does not
abrogate autophagosome
formation, we believe that other endo-
cytic pathways may have a similar role.
Depending on the cell type or the physi-
ological conditions, the contributions

completely

from the different endocytic pathways
may vary accordingly. It will be inter-
esting to know if the endocytic path-
way continuously delivers membrane
for early steps in autophagy as the pre-
autophagic structures grow and mature
to form autophagosomes, deriving mem-
brane from other sources.
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