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Autophagy is a process in which a myriad membrane structures called autophagosomes are formed de novoin a
single cell, which deliver the engulfed substrates into lysosomes for degradation. The size of the autophagosomes is
relatively uniform in non-selective autophagy and variable in selective autophagy. It has been recently established
that autophagosome formation occurs near the endoplasmic reticulum (ER). In this review, we have discussed recent
advances in the relationship between autophagosome formation and endoplasmic reticulum. Autophagosome
formation occurs near the ER subdomain enriched with phospholipid synthesizing enzymes like phosphatidylino-
sitol synthase (PIS)/CDP-diacylglycerol-inositol 3-phosphatidyltransferase (CDIPT) and choline/ethanolamine phos-
photransferase 1 (CEPT1). Autophagy-related protein 2 (Atg2), which is involved in autophagosome formation has a
lipid transfer capacity and is proposed to directly transfer the lipid molecules from the ER to form autophagosomes.
Vacuole membrane protein 1 (VMP1) and transmembrane protein 41b (TMEM41b) are ER membrane proteins that
are associated with the formation of the subdomain. Recently, we have reported that an uncharacterized ER mem-
brane protein possessing the DNAJ domain, called ERdj8/DNAJCI16, is associated with the regulation of the size of
autophagosomes. The localization of ERdj8/DNAJC16 partially overlaps with the PIS-enriched ER subdomain, thereby
implying its association with autophagosome size determination.
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Background

Autophagy (specifically macroautophagy) is an intracel-
lular degradation system that maintains cellular homeo-
stasis and is associated with many pathophysiological
phenomena, including cancer and neurodegenerative
diseases [1, 2]. Autophagy involves membrane structures
called autophagosomes, which envelop the substrates
and subsequently fuse with the lysosomes, resulting in
the degradation of the substrates [3]. In the last 30 years,
the molecular mechanism of autophagosome forma-
tion has been progressively understood. Autophagosome
formation is controlled by a group of proteins called Atg
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proteins, which are evolutionarily conserved in eukary-
otes [4, 5].

There are two types of autophagy: non-selective and
selective. Non-selective autophagy engulfs cytoplas-
mic solution non-selectively, which includes soluble
proteins among others. The diameter of non-selective
autophagosomes is thought to be relatively uniform
(~1 pm). Selective autophagy engulfs diverse substrates
of various sizes while large autophagosomes enwrap large
autophagic substrates such as mitochondria and bacte-
ria [6-9]. The size of autophagosomes varies from a few
hundred nanometers in diameter to over a micrometer
[10, 11]. Recently, we have reported that the ER resident
membrane protein, ERdj8/DNAJCI16, is involved in the
size determination of autophagosomes [12]. Herein, we

©The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-3581-7961
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12929-020-00691-6&domain=pdf

Yamamoto and Noda J Biomed Sci (2020) 27:97

introduce recent advances in the relationship between
autophagosome formation and endoplasmic reticulum.

Main text

The endoplasmic reticulum (ER) is an organelle that plays
diverse roles, such as the synthesis of secreted proteins
and membrane proteins [13], protein transport [14], mis-
folded protein degradation [15], lipid synthesis [16], and
calcium storage [17].

The architecture of the ER is composed of a tubular
network and sheet like structures; recent advances in
super-resolution microscopy imaging techniques have
revealed that the ER sheet structure consists of a dense
assembly of ER tube structures [18] (Fig. 1). The tubular
structures are maintained by a family of proteins termed
reticulons [19, 20]. Cytoskeleton-linking membrane pro-
tein 63 (CLIMP-63) is responsible for the maintenance of
the sheet-like structures [21]. The tubular structures are
maintained by constant membrane fission and fusion,
while the GTPase Atlastin regulates ER membrane fusion
[22, 23]. Additionally, a type of subdomain within the ER,
was recently identified; for example, a subset of ER mem-
brane proteins such as Sec61b and Atlastin localize to
specific regions within the ER [18].

The intracellular site where autophagosome formation
takes place had earlier been the subject of controversy;
however, it is now clear that it occurs near the ER subdo-
main called the omegasome [24] (Fig. 1). Double FYVE
domain-containing protein (DFCP1) is a phosphati-
dylinositol 3-phsosphate binding protein that serves as a
specific marker of omegasome [24]. Indeed, local turno-
ver of phosphatidylinositol 3-phsosphate occurs in the
omegasome by the balanced activity of class 3 phosphati-
dyl inositol 3-kinase complex containing Atgl4L and
phosphatase, such as MTMR3 [25, 26]. Ultrastructural
analyses have revealed that autophagosomes emerge
from the vicinity of the ER [27-29]. Further, autophago-
some formation in yeast takes place near a specific region
of the ER (ER exit sites) [30, 31] and the nuclear mem-
brane [32]. The ULK1 complex, a scaffold of Atg proteins,
is localized in the tubular vesicular ER subdomain where
autophagosome formation occurs [33].

Recent advances have helped in understanding the
relation between ER and autophagosome formation.
Several reports have demonstrated the critical role of
Atg2 in the connection between ER and autophago-
somes both in mammalian and yeast cells [34, 35].
Atg2 binds to the ER along with Atg9 and Atgl8 to
form autophagosomes at the contact site between the
autophagosome and the ER subdomain [34, 36]. A part
of Atg2 shows homology to Vps13, which transfers lipid
molecules from one organelle to another at the con-
tact site [37]. Indeed, Atg2 shows lipid transfer activity,
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Fig. 1 Schematic representation of the endoplasmic reticulum (ER)
and the ER subdomain. The ER network is composed of tubules and
sheet-like structures that are formed by the ER-shaping proteins,

of which reticulon (red) creates the curvature of the ER membrane.
CLIMP-63 (orange), which is a single spanning ER membrane protein,
forms an oligomer into the ER luminal space to maintain the ER sheet
structure. Atlastin (blue) localizes on the three-way junction of the

ER network to create an interconnection of the ER tubules. The inset
region shows the ER tubular matrices within the ER sheet structures.
DFCP1 (green) localizes and forms the omegasome structures on the
ER subdomain

suggesting that lipid molecules flow from the ER to the
autophagosome via Atg2 protein [35, 38, 39].

The lipid molecules that flow into the autophago-
somes may not be preexisting ER constituents. Phos-
pholipid synthases like phosphatidylinositol synthase
(PIS)/CDP-diacylglycerol-inositol 3-phosphatidyl-
transferase (CDIPT) and choline/ethanolamine phos-
photransferase 1 (CEPT1), accumulate in the ER
subdomain and promote local lipid synthesis and elon-
gation of the tube structure [40]. The small GTPase
Rab10 is involved in the organization of the ER sub-
domain [40]. It is noteworthy that autophagosome
formation takes place near this ER subdomain; the
localization of the ULK1 complex occurs in the prox-
imity of the PIS-enriched region [41]. Indeed, de
novo phosphatidylcholine synthesis is required for
autophagosome formation [42]. In vyeast, de novo
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synthesis of fatty acids at the autophagosome forma-
tion site is further reported to be essential [43]. There-
fore, it is possible that phospholipids synthesized near
the autophagosome formation site are utilized. VMP1
is a multiple transmembrane ER protein [44—47]. Abla-
tion of VMP1 inhibits the formation of PIS and CEPT1
subdomains of the ER [46] and leads to accumulation
of the ULK1 complex and other autophagic machinery
at the ER isolation membrane contact [47]. Another ER
membrane protein called TMEM41b is also presumed
to collaborate with VMP1 in these processes [48, 49].
Thus, these proteins play pivotal roles in the ER subdo-
main involved in autophagosome formation.

Are these Atg2-mediated lipid transfers the sole lipid
source of autophagosome membrane formation? Coat
protein complex II (COPII) vesicles, which bud from the
ER, are also suggested to be involved in autophagosome
formation [50]. Atg9 is a transmembrane protein that
localizes to the autophagosomal membrane and trans-
ports vesicles between the Golgi and endosomes [51].
The Atg9 vesicle, which is a transport vesicle in which the
Atg9 protein resides, is further suggested to constitute a
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part of the autophagosome [52], although the other pos-
sibility is also discussed [51]. The involvement of recy-
cling endosome derived vesicles has also been reported
[53]. Future studies are needed to understand the full
repertoire of the lipid source of the autophagosome
membrane.

The ERdj proteins are a family of proteins harboring the
DNAJ domain that cooperate with the molecular chaper-
ones and play diverse roles in the ER [54—56]. Recently, we
analyzed their uncharacterized member, ERdj8 [12]. ERdj8
was partially colocalized with PIS-enriched ER subdomains
and also partially colocalized with Atg proteins (Fig. 2).
When ERdj8 was ectopically overexpressed, there was an
increase in the diameter of the autophagosomes in non-
selective autophagy. When the expression of ERdj8 was
knocked down, the size of nonselective autophagosomes
was reduced. Moreover, knockdown or knockout of ERdj8
resulted in the failure of autophagosomes to enwrap large
substrates such as mitochondria and latex beads with a
diameter of 3 pm, while engulfment of smaller substrates
such as paternally derived mitochondria or latex beads
with a diameter of 1 pm was not affected (Fig. 3. Based on

ERdj8

Inset

Fig. 2 ERdj8 localizes at the ER subdomain. Cos7 cells expressing RFP-Sec61 were stained with anti-Erdj8 and imaged by super-resolution
microscopy (SpinSR10, OLYMPUS). Scale bar is 10 um. ERdj8 forms the ER meshwork structures near the Sec61 weak signal and creates the ER
subdomain

Sec61p
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Fig. 3 The expression level of ERdj8 alters the size of the autophagosomes. a Autophagosomes can capture both small and large substrates when
ERd)8 expression is at the endogenous level. b ERdj8 overexpression induces the expansion of autophagosome membrane and both small and
large substrates are degraded by autophagy. ¢ Knockdown of ERdj8 induces the small autophagosomes to capture small substrates, whereas the

these results, we propose that ERdj8 regulates the size of
the autophagosomes. The underlying mechanism remains
to be determined; however, partial colocalization of ERdj8
with PIS may imply that ERd;j8 affects the supply of phos-
pholipids to the autophagosomes at the ER subdomain.
VMP1 also colocalizes with PIS and CEPT1 on the ER
subdomain, which suggests a functional relationship in
autophagosome formation.

Conclusions

In this review, we have discussed how the ER is related to
autophagosome formation. In this regard, current studies
are expected to shed light on the mechanisms that regu-
late the size of the autophagosomes.
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