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Abstract

Eukaryotic cells adequately control the mass and functions of orga-
nelles in various situations. Autophagy, an intracellular degradation
system, largely contributes to this organelle control by degrading the
excess or defective portions of organelles. The endoplasmic reticulum
(ER) is an organelle with distinct structural domains associated with
specific functions. The ER dynamically changes its mass, components,
and shape in response to metabolic, developmental, or proteotoxic
cues to maintain or regulate its functions. Therefore, elaborate mech-
anisms are required for proper degradation of the ER. Here, we
review our current knowledge on diverse mechanisms underlying
selective autophagy of the ER, which enable efficient degradation of
specific ER subdomains according to different demands of cells.
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Introduction

Degradation, as well as synthesis, plays pivotal roles for cellular

homeostasis in various physiological situations. Degradation of aber-

rant or excess components is important for the maintenance and

regulation of related cellular functions. Degradation also mobilizes

building blocks of macromolecules, which are used as nutrients for

cells to cope with starvation. The same holds true for the degradation

of organelles. Cells degrade organelles to control their mass and

quality and could also obtain scarce molecules by organelle degrada-

tion. However, organelles, which are large structures bound by lipid

membranes and contain different macromolecules including DNA,

RNA, proteins, and sugar chains, seem difficult to be degraded. In

addition, organelle degradation by cytoplasmic enzymes could result

in the leakage of the contents, perturbing different cellular processes.

To circumvent these difficulties, eukaryotes have evolved to utilize

the system of autophagy for organelle degradation. In autophagy,

organelles are sequestered within lysosomes or vacuoles, which

contain different hydrolases, including lipases, proteases, nucleases,

and glycosidases, and therefore can be efficiently degraded.

Autophagy mediates the degradation of a wide range of intracellu-

lar materials, including proteins, RNAs, and organelles, in lysosomes

or vacuoles (Yang & Klionsky, 2010; Ohsumi, 2014; Morishita &

Mizushima, 2019). Autophagy is a collective term for lysoso-

mal/vacuolar degradation of cells’ own constituents, and previous

studies have revolved around three major types of autophagy:

macroautophagy, microautophagy, and chaperone-mediated autop-

hagy (Kaushik & Cuervo, 2018; Nakatogawa, 2020; Schuck, 2020).

In macroautophagy, a membrane cisterna called the isolation

membrane or phagophore forms in the cytoplasm, expands, bends,

and finally closes to complete a double membrane vesicle called the

autophagosome (Fig 1A). During this process, cytoplasmic constitu-

ents are selectively or nonselectively sequestered within the

autophagosome. Then, the outer autophagosomal membrane fuses

with the endosomal/lysosomal or vacuolar membrane to allow the

degradation of the inner autophagosomal membrane and the seques-

tered material. In selective types of macroautophagy (selective

macroautophagy), proteins called macroautophagy receptors or

adaptors play central roles in the selection of degradation targets

(Fig 1A; Kirkin & Rogov, 2019). These proteins bind to degradation

targets and interact with the scaffold protein Atg11 in yeast or

FIP200 in mammals, which recruits core autophagy-related (ATG)

proteins that initiate autophagosome formation in the vicinity of the

targets. Macroautophagy receptors, via a common motif called the

ATG8-family interacting motif (AIM) or LC3 interacting region (LIR)

with the consensus sequence of Trp/Tyr/Phe-X-X-Leu/Ile/Val, also

bind to ATG8-family proteins anchored to the isolation membrane

via lipidation (conjugation to phosphatidylethanolamine) to link the

targets to the membrane for their efficient sequestration into

the autophagosome (Kirkin & Rogov, 2019). In microautophagy, the

vacuolar or lysosomal/endosomal membrane invaginates, and

membrane fission caused by the ESCRT machinery results in the

release of lysosomal/endosomal membrane-bound vesicles contain-

ing degradation targets into the lumen (Fig 1B). Microautophagy

also occurs in a selective manner, and several organelles such as the

nucleus, peroxisome, and the endoplasmic reticulum (ER) are

known to be targets of selective microautophagy (Schuck, 2020).
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Previous studies have identified macroautophagy receptors for

the degradation of almost all the membrane-bound organelles, that

is, mitochondria, peroxisomes, lysosomes, the nucleus, the Golgi

apparatus, and the ER (Gatica et al, 2018; Nthiga et al, 2021; Li &

Nakatogawa, 2022). The ER, which has versatile functions, includ-

ing protein and lipid synthesis, calcium homeostasis, and cell death,

forms tubular and sheet-like structures, which connect with each

other and establish a network widely spreading throughout the cyto-

plasm (English & Voeltz, 2013). Given that the ER has distinct func-

tional and structural domains and responds to different signals or

stresses within or without cells, multiple mechanisms would be

required for the proper execution of selective autophagy of the ER

(ER-phagy) to maintain the homeostasis of this organelle. A specific

mechanism by which ER tubules or sheets are efficiently packed

Glossary

AIM
ATG8-family interacting motif
Atg11
autophagy-related 11
Atg39
autophagy-related 39
Atg40
autophagy-related 40
ATI1
ATG8-interacting protein 1
ATI2
ATG8-interacting protein 2
ATL3
atlastin 3
ATZ
the Z variant of human alpha-1 antitrypsin
CALCOCO1
calcium-binding and coiled-coil domain-containing protein 1
CAMK2B
calcium/calmodulin-dependent protein kinase type II subunit beta
CCPG1
cell cycle progression gene 1
CDK5RAP3
CDK5 regulatory subunit-associated protein 3
COPII
coat protein complex II
DDRGK1
DDRGK domain containing 1
Epr1
ER-phagy receptor 1
ERAD
ER-associated degradation
ERLAD
ER-to-lysosome-associated degradation
ERPHS
ER-phagy sites
ESCRT
endosomal sorting complex required for transport
FAM134B
family with sequence similarity 134 member B
FFAT
two phenylalanines in an acidic tract
FIP200
focal adhesion kinase family interacting protein of 200 kDa
GABARAP
gamma-aminobutyric acid type A receptor-associated protein
HSAN I
hereditary sensory and autonomic neuropathy type I
HSAN II
hereditary sensory and autonomic neuropathy type II
IDR
intrinsically disordered region

LC3
microtubule-associated protein 1 light chain 3
Lnp1
lunapark family member
Lst1
lethal-with-sec-thirteen 1
LDS
LIR docking site
LIR
LC3 interacting region
NDV
nucleus-derived double membrane vesicle
NPC1
Niemann–Pick type C 1
MIDY
mutant INS-gene-induced diabetes of youth
MSBP1
membrane steroid-binding protein 1
PGRMC1
progesterone receptor membrane component 1
p62
EBI3-associated protein of 60 kDa
RHD
reticulon homology domain
RTN3L
the longest isoform of reticulon 3
SEC24C
a paralog of the COPII component SEC24
SEC62
a component of the Sec61 protein translocation machinery
TEX264
testis expressed gene 264
TORC1
target of rapamycin complex 1
TRIM13
tripartite motif containing 13
ULK1
Unc-51 like kinase 1
UPR
unfolded protein response
VAP
vesicle-associated membrane protein-associated protein
UDS
ubiquitin-interacting motif docking site
UIR
UDS-interacting region
UFL1
UFM1-specific ligase 1
UFM1
ubiquitin-fold modifier 1
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into autophagosomes would also be required. Indeed, as over-

viewed in this article, recent studies have revealed that diverse

mechanisms involving multiple receptors work for the spatiotempo-

ral regulation of ER-phagy in different organisms.

ER-phagy in yeast

Macro-ER-phagy in budding yeast
Macro-ER-phagy defined with specific receptor proteins was first

reported in the budding yeast Saccharomyces cerevisiae and

mammals (see below; Mochida et al, 2015; Khaminets et al, 2015).

In S. cerevisiae, searching for macroautophagy receptors among

Atg8-binding proteins identified Atg39 and Atg40 as receptors

responsible for the degradation of the ER membrane protein Sec63 (a

subunit of the Sec61 protein translocation channel; Mochida

et al, 2015). Sec63 degradation was partially impaired by deletion of

either ATG39 or ATG40 and completely blocked by deletion of both.

In yeast cells, the ER consists of three distinct subdomains, the perin-

uclear ER, the cortical (cell periphery) ER, and the cytoplasmic ER

(Friedman & Voeltz, 2011; Fig 2A). While Sec63 resides in all of

these ER subdomains, Atg39 and Atg40 had a clear preference in

their localization, that is, the perinuclear ER and the cortical and

cytoplasmic ER, respectively. Consistent with this observation, the

disruption of ATG39 and ATG40 preferentially impaired the degrada-

tion of the perinuclear ER protein Hmg1 and the cortical and cyto-

plasmic ER protein Rtn1, respectively. Thus, Atg39 and Atg40 were

found to be macro-ER-phagy receptors specific to these ER subdo-

mains, rather than those redundantly acting in degradation of the

entire ER (Mochida et al, 2015). However, in S. cerevisiae cells, the

perinuclear ER scarcely develops and is therefore practically equiva-

lent to the nuclear envelope. In addition, nucleus-derived double
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Figure 1. Basic process of autophagic degradation of the ER.

(A) In macro-ER-phagy, receptor proteins trigger autophagosome biogenesis in the vicinity of the ER by recruiting the Atg1 and ULK complexes via the interactions with
Atg11 and FIP200 in yeast and mammalian cells, respectively. The Atg1 and ULK complexes serve as a scaffold to recruit downstream core ATG proteins, and these pro-
teins mediate the formation and expansion of the isolation membrane (or phagophore). Receptor proteins also bind to ATG8-family proteins anchored to the isolation
membrane via conjugation to phosphatidylethanolamine to facilitate the uptake of the ER into autophagosomes following ER membrane fission and isolation membrane
closure. Eventually, the outer autophagosomal membrane fuses with the vacuolar or lysosomal membrane, leading to the degradation of the inner autophagosomal
membrane and sequestered ER fragments by different hydrolases within these lytic organelles. (B) In micro-ER-phagy, the vacuolar or lysosomal membrane directly con-
tacts the ER, invaginates along with the ER, and causes ESCRT-dependent fission, releasing vacuolar/lysosomal membrane-bound vesicles containing ER fragments into
the lumen.
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membrane vesicles (NDVs) of ~200 nm, which form through the

budding of the nuclear envelope and contain intranuclear compo-

nents, are sequestered within autophagosomes depending on Atg39

(Fig 2B). Cells lacking Atg39 or expressing Atg39 mutants defective

in the interaction with Atg11 and/or Atg8 exhibit abnormal nuclear

morphology and cause cell death under nitrogen starvation, suggest-

ing that Atg39-mediated macroautophagy is important for nuclear

homeostasis under the condition (Mochida et al, 2015). In addition,

a recent work suggests that Atg39 is involved in the selection of

nuclear proteins for autophagic degradation (also see below; Chan-

dra et al, 2021; Mochida et al, 2022). By contrast, there is no

evidence for a role of Atg39 in the maintenance or regulation of

perinuclear ER function and mass. Therefore, currently, it may be

more adequate to regard Atg39-mediated autophagy as macronucle-

ophagy rather than macro-ER-phagy.

Macro-ER-phagy in S. cerevisiae is induced by nitrogen starva-

tion or rapamycin, suggesting that inactivation of TORC1 is a key

to trigger macro-ER-phagy (Hamasaki et al, 2005; Mochida

et al, 2015). In addition, ER stress, such as cell treatment with the

reducing reagent dithiothreitol or the N-linked glycosylation inhi-

bitor tunicamycin, also induces macro-ER-phagy (Mizuno

et al, 2020). The expression of ATG39 and ATG40 is both upregu-

lated in response to TORC1 inactivation or ER stress (Mochida

et al, 2015; Vevea et al, 2015; Mizuno et al, 2020). The transcrip-

tion of ATG40 is repressed under normal conditions by the Rpd3-

Pho23 histone deacetylase complex, and this repression is thought

to be canceled upon TORC1 inactivation or ER stress (Cui

et al, 2019). In the transcriptional regulation of ATG39, the AMP-

activated protein kinase Snf1 phosphorylates the transcription

repressors Mig1 and Mig2 to dissociate them from the ATG39

promoter in response to ER stress but not nitrogen starvation

(Mizuno et al, 2020). In addition, protein kinase A and the tran-

scription factors Msn2 and Msn4 are involved in ATG39 upregula-

tion upon both ER stress and nitrogen starvation (Mizuno &

Irie, 2021). Overexpression of Atg39 and Atg40 is not sufficient for

macro-ER-phagy/nucleophagy induction (Mochida et al, 2015),

which is therefore likely to require stress-induced expression or

posttranslational modification of related factors. For the latter,

Atg39 and Atg40 may undergo phosphorylation to interact with

Atg11 as with other macroautophagy receptors in yeast (Kanki

et al, 2013; Mochida et al, 2014; Pfaffenwimmer et al, 2014;

Tanaka et al, 2014).
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Figure 2. Macro-ER-phagy receptors in yeasts.

(A) The sub-ER localization and domain architecture of ER-phagy receptors in S. cerevisiae and S. pombe. Atg39 binds to the outer and inner nuclear membranes (ONM
and INM) via the transmembrane domain and amphipathic helices (APHs), respectively. Atg40 localizes to a site for ER-phagy depending on Lnp1 and cooperates with
the Lst1-Sec23 complex. Epr1 interacts with VAPs to localize to the ER. (B) Atg39 localizes to the outer nuclear membrane/perinuclear ER and recruits core Atg proteins to
initiate autophagosome formation. It also deforms the nuclear envelope to form a nucleus-derived double membrane vesicle (NDV) and binds to Atg8 on the isolation
membrane to load the vesicle into the autophagosome. (C) Atg40 dimers mainly localize to the cortical and cytoplasmic ER, form a super-assembly at ER contacts with
the isolation membrane via multivalent interactions between Atg8, and bend the ER by the reticulon-like function for efficient ER packing into the autophagosome.
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Atg40 is an integral membrane protein with two hydrophobic

segments and has the AIM in the C-terminal cytoplasmic tail (the

Atg11-interacting region in Atg40 has not been determined; Fig 2A;

Mochida et al, 2015). The second hydrophobic segment has a struc-

tural similarity to the reticulon homology domain (RHD), which is

shared by reticulon-family proteins and adopts a wedge-like confor-

mation (Voeltz et al, 2006). These proteins insert the RHD into the

ER membrane and generate membrane curvature to shape ER

tubules and the edge of ER sheets (Voeltz et al, 2006; Shibata

et al, 2010). Atg40 also has an ability to generate membrane curva-

ture in the ER (Mochida et al, 2020). Atg40 forms a dimer, and

Atg40 dimers are further assembled via the interaction with Atg8 at

contact sites between the ER and the forming autophagosomal

membrane, and locally concentrated Atg40 exerts reticulon-like

activity high enough to fold the ER for its efficient packing into the

autophagosome (Fig 2C). Vps13, which transfers lipids at contacts

between the ER and several different organelles, was also reported

to be important for ER packaging into autophagosomes (Chen

et al, 2020). However, how Vps13 is involved in this process awaits

further analysis.

Macro-ER-phagy also requires proteins involved in the deforma-

tion or shaping of the ER membrane. In S. cerevisiae, the COPII

protein Sec24, which forms a complex with Sec23 and plays

pivotal roles for cargo selection and COPII vesicle formation, has

two paralogs, Iss1 and Lst1. A recent study discovered that the

Lst1–Sec23 complex associates with Atg40 via Lst1 to organize ER-

phagy sites (ERPHS) in the ER, which are distinct from conven-

tional ER exit sites (ERES) where the Sec24–Sec23 complex acts to

form COPII vesicles (Fig 2A; Cui et al, 2019). At ERPHS, the Lst1–

Sec23 complex is thought to be involved in ER deformation and/or

selection of ER proteins or domains to be degraded by Atg40-

mediated macro-ER-phagy. Macro-ER-phagy in mammalian cells

also requires the Lst1 homolog SEC24C but no other SEC24

isoforms (Cui et al, 2019). The finding of ERPHS was linked to the

previous observation that Lnp1, which localizes to three-way junc-

tions formed by ER tubules and stabilizes the ER network, is

important for macro-ER-phagy (Chen et al, 2018); Lnp1-mediated

ER remodeling is required for Atg40 recruitment to ERPHS

(Fig 2A). Macro-ER-phagy also requires Ypt1 (RAB1 homolog),

which acts in COPII vesicle targeting to the Golgi in the secretory

pathway (Lipatova et al, 2013). In the context of autophagy, this

GTPase is required for the recruitment of the core Atg proteins that

mediate autophagosome formation as well as that of COPII vesicles

which contribute to autophagosomal membranes (Wang

et al, 2013, 2015; Davis et al, 2016; Shima et al, 2019). Thus, Ypt1

is likely to be involved in autophagosome formation rather than

ER deformation during macro-ER-phagy. In COPII vesicle recruit-

ment, Ypt1 activates Hrr25 (casein kinase 1d), which phosphory-

lates Sec24, enhancing its binding to Atg9 residing in another

membrane source called Atg9 vesicles (Yamamoto et al, 2012;

Davis et al, 2016). Hrr25 also phosphorylates a number of

macroautophagy receptors to enhance their interactions with

Atg11, stimulating selective macroautophagy pathways mediated

by these receptors (Mochida et al, 2014; Pfaffenwimmer

et al, 2014; Tanaka et al, 2014). Thus, there is another possibility

that Ypt1 activates macro-ER-phagy by stimulating Hrr25-mediated

phosphorylation of Atg39 and Atg40.

Atg39 is a single membrane-spanning protein and contains the

AIM and Atg11-binding sequence in its N-terminal region in the cyto-

plasm (Fig 2A; Mochida et al, 2022, Mochida et al, 2015; Chandra

et al, 2021). While Atg39 is anchored to the outer nuclear membrane

via the transmembrane segment, it also binds to the inner nuclear

membrane via amphipathic helices in the perinuclear space region,

linking these membranes and preventing Atg39 from leaking into the

ER which is continuous with the nuclear envelope (Chandra

et al, 2021; Mochida et al, 2022). Overexpression of Atg39 leads to

the formation of protrusions or blebs from the nuclear envelope,

which are likely to represent intermediate structures in the formation

of NDVs to be sequestered within autophagosomes (Chandra

et al, 2021; Mochida et al, 2022). Since amphipathic helices are

known to deform membranes by inserting into one side of the lipid

bilayer (Drin & Antonny, 2010), the amphipathic helices in the perin-

uclear space region of Atg39 are likely to play a central role for

nuclear envelope deformation during macronucleophagy (Fig 2B).

Previous studies also described the physiological impact of

macro-ER-phagy in yeast. The expression of ATG40 is upregulated

by overexpression of ATZ, an aggregation-prone protein that

induces the unfolded protein response (UPR) and can be subjected

to ER-associated degradation (ERAD) when expressed in yeast cells

(Cui et al, 2019). In addition, aggregates of ATZ accumulate in cells

lacking Atg40 or Lst1. Moreover, ATG40 expression is upregulated

in cells defective in the UPR, and the UPR is more strongly induced

in macro-ER-phagy-deficient cells in the presence or even absence

of ER stress. These results suggest that Atg40-mediated macro-ER-

phagy, in cooperation with ERAD, degrades aberrant ER proteins to

maintain proteostasis in the ER. A recent study also showed that

expression of Atg40 is upregulated during meiosis and Atg40-

mediated macro-ER-phagy degrades the collapsed cortical ER for

structural remodeling of the ER (Otto et al, 2021).

It was reported that when plasma membrane proteins are overex-

pressed in yeast cells, these proteins are stacked in the ER and,

along with a number of endogenous ER proteins, targeted to degra-

dation by macro-ER-phagy in the presence of nutrients, which

depends on Atg11 but not Atg39 and Atg40 (Lipatova et al, 2013,

2020; Lipatova & Segev, 2015). There may exist an unknown recep-

tor that mediates this type of ER-phagy.

Macro-ER-phagy in fission yeast
While the homologs of Atg39 and Atg40 are not found in the fission

yeast Schizosaccharomyces pombe, a recent study identified the

soluble Atg8-binding protein Epr1 as a receptor for macro-ER-phagy

induced by ER stress (dithiothreitol treatment) in this yeast (Zhao

et al, 2020). In response to ER stress, EPR1 expression is upregu-

lated depending on the UPR sensor Ire1. VAMP-associated proteins

(VAPs) interact with proteins containing the two phenylalanines in

an acidic tract (FFAT) motif to tether these proteins to the ER or

establish inter-organelle contacts (Murphy & Levine, 2016). Epr1

localizes to the ER by interacting with VAPs (Scs2 and Scs22) via

the FFAT motif (Fig 2A) and targets the ER to forming autophagoso-

mal membranes by binding to Atg8. Intriguingly, although VAPs do

not contribute to autophagosome biogenesis in S. pombe unlike

mammals (Zhao et al, 2018), their role for the maintenance of

contacts between the ER and the plasma membrane is important for

macro-ER-phagy. The possibility was discussed that the morphology
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and/or lipid composition of the ER maintained by ER-plasma

membrane contacts are important for ER fragmentation for its

sequestration into autophagosomes (Zhao et al, 2020). EPR1 knock-

out sensitized S. pombe cells to dithiothreitol, suggesting that

macro-ER-phagy is crucial for cellular homeostasis under ER stress.

Importantly, Epr1 is dispensable for macro-ER-phagy induced by

nitrogen starvation, implying the existence of another receptor

acting under starvation conditions.

Micro-ER-phagy in budding yeast
Saccharomyces cerevisiae induces not only macro-ER-phagy but also

micro-ER-phagy under ER stress. As a strategy to cope with accumu-

lation of aberrant proteins in the ER, S. cerevisiae cells expand

the volume of the ER via the UPR (Bernales et al, 2006; Schuck

et al, 2009). Electron microscopy analyses demonstrated that stacks

of expanded ER cisternae establish tight contacts with the vacuolar

membrane, and then bend into whorls during their uptake into the

vacuole through vacuolar membrane invagination (Bernales et al,

2006; Schuck et al, 2014; Sch€afer et al, 2020). Subsequently, vacuo-

lar membrane fission depending on the ESCRT machinery releases

vacuolar membrane-bound vesicles containing these ER whorls into

the vacuolar lumen for degradation. This micro-ER-phagy pathway

proceeds independently of macro-ER-phagy factors such as the core

Atg proteins, Atg39, and Atg40. ER expansion without ER stress (ac-

cumulation of misfolded proteins) by activating lipid biosynthesis

also led to the formation of ER whorls and their degradation via

micro-ER-phagy, suggesting that the physiological significance of

micro-ER-phagy under ER stress is to control the ER volume.

Micro-ER-phagy in fission yeast has not been described so far.

ER-phagy in mammals

In mammals, eleven ER-phagy receptors, FAM134B, FAM134A,

FAM134C, RTN3L, CCPG1, SEC62, TEX264, ATL3, CALCOCO1, p62,

and CDK5RAP3, have been identified to date—SEC62 was first

reported as a receptor for macro-ER-phagy but recently turned out

to mediate micro-ER-phagy as described in the later section. These

receptors are diverse in terms of their molecular characteristics and

functions while they share the AIM/LIR for the interaction with

ATG8 family proteins and induce degradation of distinct ER subdo-

mains in different physiological or pathological contexts (Fig 3A). In

addition, some of the receptors were found to mediate the degrada-

tion of specific ER proteins. Thus, mammals seem to have evolved

more elaborate mechanisms for ER-phagy control, implicating the

significance of ER-phagy in the maintenance or regulation of ER

functions in higher eukaryotes.

Macro-ER-phagy mediated by canonical receptors
FAM134 paralogs

In mammalian cells, macro-ER-phagy constitutively occurs at a

basal level and is enhanced upon nutrient withdrawal (Khaminets

et al, 2015; Liang et al, 2018). FAM134B is the first discovered

macro-ER-phagy receptor in mammals (Khaminets et al, 2015). Its

genetic perturbation impairs both constitutive and starvation-

enhanced macro-ER-phagy, results in abnormal ER expansion, and

renders cells sensitive to different stress such as ER stress and nutri-

ent starvation (Khaminets et al, 2015). Mutations in FAM134B can

cause hereditary sensory and autonomic neuropathy type II (HSAN

II), and the disease-associated mutations were shown to decrease

macro-ER-phagy activity (Kurth et al, 2009; Khaminets et al, 2015).

FAM134B knockout mice manifest phenotypes similar to sensory

neuropathy. Thus, ER turnover via FAM134B-mediated macro-ER-

phagy is critical for ER homeostasis in mammalian cells, especially

peripheral neurons.

Similar to yeast Atg40, the N-terminal transmembrane domains

of FAM134B adopt the RHD with membrane bending (liposome/

ER fragmenting) activity (Khaminets et al, 2015; Bhaskara

et al, 2019; Jiang et al, 2020). However, whereas Atg40 prefers the

tubular ER, FAM134B localizes to the sheet region of the ER

(Fig 3A; Khaminets et al, 2015). A molecular dynamics simulation-

based study suggested that the RHD of FAM134B favors positively

curved membranes, leading to the enrichment of FAM134B in the

edge of ER sheets and deformation of these ER regions (Fig 3B;

Bhaskara et al, 2019). It was also proposed that the interaction of

FAM134B with ATG8-family proteins on the growing isolation

membrane provides a pulling force, promoting the deformation

and fission of the ER regions. Molecular dynamics simulation also

suggested that FAM134B is able to generate asymmetric lipid

bilayer through the formation of membrane bud, which might be

important for ER remodeling during macro-ER-phagy (Siggel

et al, 2021). Atlastins are integral membrane GTPases involved in

ER morphogenesis, among which ATL2 was shown to colocalize

with FAM134B, and play a role in macro-ER-phagy. ATL2 may

participate in ER remodeling to separate FAM134B-enriched ER

regions for their sequestration into autophagosomes (Fig 3B; Liang

et al, 2018). FAM134B, as well as Atg40 and other reticulon family

proteins, forms oligomers (Voeltz et al, 2006; Shibata et al, 2008;

Jiang et al, 2020; Mochida et al, 2020). This oligomerization,

which involves the RHD, is important for ER fission activity of

FAM134B (Bhaskara et al, 2019; Jiang et al, 2020). Interestingly,

ER stress stimulates phosphorylation in the FAM134B RHD by the

calcium/calmodulin-dependent protein kinase CAMK2B, facilitating

the oligomerization of FAM134B (Jiang et al, 2020). In the same

study, the authors found that one of the HSAN II-associated muta-

tions (G216R) enhances the oligomerization and ER fission activity

of FAM134B, resulting in excessive macro-ER-phagy and cell death

in mouse sensory neurons. This finding suggests that abnormally

unregulated macro-ER-phagy can also be a cause of human

diseases. This notion is consistent with the previous finding that

excessive FAM134B-dependent macro-ER-phagy causes ER stress

and cell death in Hela cells (Liao et al, 2019). FAM134B and

RTN3L (see below) were also suggested to be involved in the

suppression of viruses, including Ebola, Dengue, and Zika; these

viruses utilize the ER for their proliferation (Wu et al, 2014; Chir-

amel et al, 2016; Lennemann & Coyne, 2017). A recent study

showed that the mTORC1-TFEB/TFE3 axis is responsible for the

transcriptional regulation of FAM134B in response to nutrient star-

vation (Cinque et al, 2020). In addition, this study showed that

fibroblast growth factor signaling also activates macro-ER-phagy

by upregulating FAM134B transcription via the same axis in chon-

drocytes. FAM134B-mediated macro-ER-phagy was suggested to be

important for skeletogenesis, expanding the role for macro-ER-

phagy to tissue development.

FAM134B paralogs, FAM134A and FAM134C, also contain the

LIR motif in the C-terminal tail, which is important for ER
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sequestration into the autophagosome (Reggio et al, 2021).

FAM134A and FAM134C contribute to ER turnover under starvation

and ER stress. Stress-responsive activation of these paralogs is

thought to involve posttranslational modifications or other related

factors induced by these stimuli.

FAM134B was also shown to be involved in degradation of a

mutant form of NPC1, a multispanning membrane protein related to

neurodegenerative Niemann–Pick type C (NPC) disease (Pallottini &

Pfrieger, 2020). NPC1 is synthesized in the ER, and correctly folded

NPC1 is transported to late endosomes/lysosomes, where it

mediates cholesterol trafficking (Meng et al, 2020). Loss-of-function

mutations in NPC1 cause cholesterol accumulation in late endo-

somes/lysosomes, leading to NPC disease. The most common,

misfolding–prone mutant of NPC1 (I1061T) accumulates in the ER

and is degraded via two independent pathways, ERAD and autop-

hagy. Knockdown of BECN1 (a component of the phosphatidylinosi-

tol 3-kinase complex essential for autophagosome formation) or

FAM134B caused the accumulation of the NPC1 I1061T mutant

protein, whereas it did not affect the level of wild-type NPC1,

suggesting that misfolded NPC1 is selectively degraded by

A

B C

FAM134 paralogs
Calnexin

Misfolded procollagen

CCPG1

TEX264

ribosome

ATL3

ER sheet
ER tubule

FAM134B

ATL2

Phosphorylation RTN3L
ATL3

Nucleus

ER tubule

ER sheet
p62

ubiquitin
chain

TRIM13

Misfolded prohormone

RTN3L
PGRMC1

DDRGK1 UFL1

CDK5RAP3

ATG8-family interacting motif
FIP200 interacting region

LC3/GABARAP

LC3/GABARAP
LC3/GABARAP

CALCOCO1

VAP

UIR

Figure 3. Macro-ER-phagy receptors in mammals.

(A) The ER subdomain localization and domain architecture of mammalian ER-phagy receptors. FAM134 paralogs and RTN3L interact with calnexin and PGRMC1 for
selective degradation of misfolded procollagens and prohormones, respectively. CALCOCO1, p62, and CDK5RAP3 localize to the ER by binding to VAPs, ubiquitylated
TRIM13, and the UFL1–DDRGK1 complex, respectively. The long intrinsically disordered region of TEX264 allows its LIR to bind to ATG8-family proteins on the isolation
membrane across ribosomes associated with the ER. (B) FAM134B oligomerization, which is important for its membrane fission activity, is promoted by CAMK2B-
mediated phosphorylation. FAM134B clusters at the edge of ER sheets by sensing high membrane curvature in these regions. Membrane fission activity of FAM134B, a
pulling force generated by the interaction of FAM134B with ATG8-family proteins on the isolation membrane, and ATL2 is thought to cooperatively work to separate
these ER regions for sequestration into autophagosomes. (C) RTN3L forms oligomers, localizes to the tubular ER, and exerts membrane fission activity to sequester ER
tubules into autophagosomes in cooperation with ATL3.
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FAM134B-mediated macro-ER-phagy. Misfolded NPC1 may be

recognized by an ER chaperone complexed with FAM134B as with

misfolded procollagens as described in the later section (the I1061T

mutation is located within the ER lumenal loop of NPC1).

As described in the previous section, ATZ expressed in yeast cells

is cleared by Atg40-mediated macro-ER-phagy (Cui et al, 2019). In

mammalian cells, FAM134B and the LC3 lipidation machinery were

found to be involved in lysosomal degradation of ATZ in a quite

unique manner (Kamimoto et al, 2006; Fregno et al, 2018). In this

pathway named ER-to-lysosome-associated degradation (ERLAD),

ATZ aggregates are recognized by a complex of FAM134B and the

ER chaperone calnexin and loaded into ER-derived single membrane

vesicles, whose formation requires FAM134B. Subsequently, these

vesicles are targeted to endolysosomes via the interaction between

FAM134B and LC3 lipidated on endolysosomal membranes,

followed by membrane fusion involving the ER-resident SNARE

STX17 and the endolysosomal SNARE VAMP8, which are also

responsible for autophagosome–endolysosome fusion in macroau-

tophagy pathways. Intriguingly, it was further shown that a folding-

defective mutant of type II procollagen is also degraded via ERLAD

and that N-glycan processing (deglucosylation/reglucosylation

cycle) of ATZ and the procollagen mutant is important for their

persistent association with calnexin and therefore for targeting

ERAD-resistant aggregates of these proteins to ERLAD (Fregno

et al, 2021). The FAM134B–calnexin complex also mediates selec-

tive degradation of misfolded procollagens via macro-ER-phagy as

described in the later section.

RTN3L and ATL3

Whereas the reticulon family protein RTN3 is involved in ER

morphogenesis, its longest splicing variant (RTN3L), which contains

six LIR motifs in the cytoplasmic N-terminal region specific to this

variant, was found to act as a macro-ER-phagy receptor under

nutrient-deprived conditions (Fig 3A; Grumati et al, 2017). In

contrast to FAM134B, RTN3L localizes to the tubular ER and trig-

gers autophagic degradation of this ER subdomain. The overexpres-

sion of RTN3L expanded the tubular ER network under nutrient-rich

conditions, and induced ER fragmentation upon nutrient starvation

depending on its LIR motifs and autophagosome biogenesis. In addi-

tion, the forcible oligomerization of RTN3L caused ER fragmentation

without starvation. These results suggest that RTN3L forms clusters

at ER-isolation membrane contacts via the interaction with ATG8-

family proteins on the isolation membrane, and these RTN3L clus-

ters cause ER fission and sequester ER fragments into autophago-

somes (Fig 3C; Grumati et al, 2017). A recent study also reported

that RTN3L cooperates with the ER-enriched small GTPase Rab32

for autophagic degradation of proteins enriched in mitochondria-ER

contacts (Herrera-Cruz et al, 2021).

As mentioned above, an earlier study reported the involvement

of atlastins in ER remodeling during macro-ER-phagy (Liang

et al, 2018). It was later on found that ATL3 but no other paralogs

also functions as an macro-ER-phagy receptor (Fig 3A; Chen

et al, 2019). Among mammalian ATG8 homologs, ATL3 specifically

interacts with GABARAP via two GABARAP interacting motifs, and

this interaction is required for ATL3-mediated macro-ER-phagy.

ATL3 also interacts with RTN3L to cooperatively promote autop-

hagic degradation of the tubular ER under nutrient starvation. Speci-

fic ATL3 binding to GABARAP may be important for the

cooperation with RTN3L to avoid their competition for ATG8 homo-

logs on forming autophagosomal membranes. It is interesting to

know how these two macro-ER-phagy receptors, which both possess

membrane remodeling activity, collaborate to sequester ER frag-

ments into autophagosomes. Importantly, ATL3 is a responsible

factor for HSAN I and ATL3 mutations linked to this disease impair

the ATL3–GABARAP interaction and macro-ER-phagy, highlighting

the importance of macro-ER-phagy in neuronal homeostasis along

with the results of analysis of FAM134B.

CCPG1

CCPG1 is a single-spanning ER membrane protein containing the

LIR in its N-terminal region. CCPG1 is upregulated at a transcription

level upon ER stress and triggers macroautophagic degradation of

the tubular ER (Smith et al, 2018; Fig 3A). Pancreatic cells in Ccpg1-

deficient mice accumulate SDS-insoluble aggregates of ER chaper-

ones and secretory enzymes such as amylase and carboxypeptidase,

resulting in the chronic induction of the UPR and ER swelling. These

mice also exhibit tissue injury associated with inflammatory infiltra-

tion in the exocrine pancreas. These results suggest that CCPG1-

dependent macro-ER-phagy plays an important role for the mainte-

nance of proteostasis in the ER in exocrine pancreatic cells, which

synthesize large amounts of secretory proteins and suffer from

protein folding burden in the ER.

Autophagosome formation is initiated by the ULK1 and Atg1

protein kinase complexes in mammalian and yeast cells, respec-

tively (Nakatogawa, 2020). CCPG1 interacts with the ULK1 complex

component FIP200, a functional counterpart of Atg11 in yeast, via

two FIP200 interacting regions (Smith et al, 2018; Fig 3A). These

regions contain amino acid sequences similar to the Atg11-binding

motif in yeast macroautophagy receptors (Kirkin & Rogov, 2019).

CCPG1 is likely to induce autophagosome formation in the vicinity

of the ER by recruiting the ULK1 complex via the interaction with

FIP200. In this regard, whether and how other ER-phagy receptors

initiate autophagosome formation remains to be clarified.

In contrast to FAM134 paralogs, RTN3L, and ATL3, CCPG1 and

ER-phagy receptors described in the following sections do not seem

to have an ability to deform the ER membrane given their amino acid

sequences or structural features. Therefore, the cooperation with

other proteins with membrane remodeling activity would be required

for ER fission during macro-ER-phagy involving these receptors.

TEX264

TEX264 is a single transmembrane protein with the LIR-containing

C-terminal region exposed to the cytoplasm (Fig 3A; Chino

et al, 2019; An et al, 2019). This protein has a long intrinsically

disordered region (IDR) between a gyrase inhibitor-like domain

following the transmembrane domain and the LIR motif, which is

important for LIR motif’s passing through a high density of ribo-

somes associated with the ER and reaching ATG8-family proteins on

the isolation membrane (Fig 3A; Chino et al, 2019). Viewed in this

light, other macro-ER-phagy receptors also contain IDRs between

the transmembrane domain and the LIR motif, and these regions

may play a similar role in linking the ER to the isolation membrane

(Chino et al, 2019). TEX264 is expressed in various tissues of mice

and binds to ATG8-family proteins more efficiently than other

macro-ER-phagy receptors (Chino et al, 2019). In addition, knock-

down/knockout analyses suggested that among macro-ER-phagy
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receptors known at the moment, TEX264 contributes most to autop-

hagic degradation of the ER under both basal and nutrient starvation

conditions in HeLa cells (Chino et al, 2019). Moreover, mass spec-

trometry estimated that about 50% of autophagic degradation of ER

proteins under amino acid depletion depends on TEX264 in 293T

cells (An et al, 2019). These results suggest that TEX264 acts as a

major macro-ER-phagy receptor in these conditions. However, the

physiological significance of TEX264-dependent macro-ER-phagy

awaits further investigation. Interestingly, TEX264 localizes to

three-way junctions in the tubular ER network, and a cohort of ER

resident proteins decrease during nutrient starvation in a TEX264-

dependent manner (An et al, 2019; Chino et al, 2019). These results

suggest that TEX264 mediates the degradation of a spectrum of ER

proteins different from those degraded via macro-ER-phagy initiated

by other receptors. A recent study also showed that serine residues

in the LIR of TEX264 are phosphorylated by casein kinase 2,

enhancing its binding to ATG8-family proteins and thereby stimulat-

ing TEX264-mediated macro-ER-phagy (Chino et al, 2022). Another

study reported that a subset of TEX264 localizes to the inner nuclear

membrane and participates in the regulation of DNA replication by

forming a complex with topoisomerase 1, SPRTN, and p97 (Fielden

et al, 2020). ER-phagy might be involved in this process via degra-

dation of TEX264.

CALCOCO1

Similar to Epr1 in S. pombe, CALCOCO1 itself is a soluble protein

and binds to VAPs (VAPA and VAPB) via the FFAT-like motif to

localize to the ER (Fig 3A). CALCOCO1 interacts with ATG8-family

proteins in a unique manner: it has an atypical LIR and a ubiquitin-

interacting motif docking site (UDS)-interacting region (UIR), which

bind to the LIR docking site (LDS) and the UDS on ATG8-family

proteins, respectively (CALCOCO1 preferentially interacts with

GABARAP subfamily proteins; Nthiga et al, 2020). CALCOCO1

contributes to the degradation of the tubular ER under nutrient star-

vation or proteotoxic stress (cell treatment with the proteasome

inhibitor MG132), but the physiological impact of CALCOCO1-

mediated macro-ER-phagy needs further analysis. It is noteworthy

that CALCOCO1 is also involved in Golgiphagy (selective autophagy

of the Golgi apparatus) during starvation, in which CALCOCO1

localizes to the Golgi by interacting with the Golgi-resident palmi-

toyltransferase ZDHHC17, instead of VAPs, via the ZDHHC-AR-

binding motif (Nthiga et al, 2021). It is tempting to speculate that

CALCOCO1 changes its localization between the ER and the Golgi to

balance the functions or mass of these organelles via autophagic

degradation.

p62—N-degron-mediated macro-ER-phagy

In the N-degron pathway, specific amino acid residues at protein

N termini are recognized by proteins called N-recognins and accord-

ingly degraded via the ubiquitin-proteasome system (Var-

shavsky, 2019). In some cases, arginine is enzymatically attached

to the N termini of target proteins, and this N-terminal arginine

residue is recognized by N-recognins. This pathway was shown to

be involved in macro-ER-phagy in association with the ubiquitin-

binding macroautophagy receptor/adaptor p62 (or Sequestome-1),

which mediates autophagic degradation of different cellular compo-

nents, including ubiquitylated proteins, Keap1 (a component of

the Keap1-Nrf2 oxidative stress response system), and

peroxisomes (Lamark et al, 2017; S�anchez-Mart�ın &

Komatsu, 2018; Ji et al, 2019). In N-degron-mediated macro-ER-

phagy, p62 serves as an N-recognin and, via the ZZ domain, binds

to ER lumenal proteins, such as BiP and PDI, which are N-

terminally arginylated in the cytoplasm following retrotranslocation,

leading to the oligomerization of p62 (Cha-Molstad et al, 2015; Ji

et al, 2019). These p62 oligomers are recruited to the ER by interact-

ing with the ER-resident E3 enzyme TRIM13, and this recruitment is

promoted by the K63-linked self-ubiquitylation of TRIM13 (Fig 3A).

Clusters of these proteins are likely to recruit core ATG proteins and

initiate autophagosome formation and ER deformation. N-degron-

mediated macro-ER-phagy is stimulated by the accumulation of

misfolded proteins such as ATZ in the ER lumen, which promotes

the retrotranslocation of ER lumenal proteins and their N-terminal

arginylation, and gets rid of the misfolded proteins from the ER.

CDK5RAP3—UFM1-mediated macro-ER-phagy

Recent studies have revealed the involvement of the ubiquitin-like

protein UFM1 in mammalian and plant macro-ER-phagy (a UFM1

homolog does not exist in yeast; Liang et al, 2020; Stephani

et al, 2020). Similar to ubiquitin, UFM1 is covalently attached to

target proteins via a series of reactions catalyzed by UBA5

(E1), UFC1 (E2), and UFL1 (E3) (Komatsu et al, 2004; Tatsumi

et al, 2010). A genome-wide screen in mammalian cells identified

factors associated with protein UFMylation as required for autop-

hagic degradation of ER sheets (but not ER tubules) under nutrient

starvation, including DDRGK1 (or UFBP1), an integral ER

membrane protein that interacts with UFL1 (Tatsumi et al, 2010;

Liang et al, 2020). UFL1 is recruited to the ER by binding to

DDRGK1 and UFMylates ribosomal proteins such as RPL26 and the

oligosaccharyltransferase complex subunit RPN1 (Walczak

et al, 2019; Liang et al, 2020; Wang et al, 2020). Although whether

the UFMylation of these proteins is important for macro-ER-phagy

remains to be examined, it can be speculated that protein UFMyla-

tion serves as a marker for the recruitment of proteins involved in

autophagosome biogenesis, similar to protein ubiquitylation of mito-

chondrial proteins by the PINK1-Parkin system in selective autop-

hagy of depolarized mitochondria (Narendra et al, 2008; Quinn

et al, 2020). In the same study, proteins involved in mitochondrial

oxidative phosphorylation were also identified to be important for

ER-phagy, but the underlying mechanism is still unknown.

Another group identified the conserved cytoplasmic protein

CDK5RAP3 (or C53) as an ATG8-binding protein (Stephani

et al, 2020). CDK5RAP3 localizes to the ER by forming a complex

with DDRGK1 and UFL1, and acts as a macro-ER-phagy receptor

under ER stress in plant and mammalian cells (Wu et al, 2010;

Walczak et al, 2019; Stephani et al, 2020). CDK5RAP3 consists of

the N- and C-terminal a-helical domains and the central IDR

connecting these domains, and binds to Atg8 via a noncanonical

AIM named the shuffled AIM (Ile-Asp-Trp-Gly) within the IDR. The

group further showed that UFM1 and Atg8 competitively interact

with CDK5RAP3 and that ER stress weakens UFM1 binding to

CDK5RAP3 while enhancing Atg8 binding to CDK5RAP3. It was

proposed that UFM1 transfer from CDK5RAP3 to other proteins

upon ER stress triggers macro-ER-phagy. Loss of the UFMylation

machinery or CDK5RAP3 induces ER stress in mammalian

cells and renders plant cells sensitive to ER stress (Lemaire

et al, 2011; Liang et al, 2020; Stephani et al, 2020), suggesting that
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CDK5RAP3-mediated macro-ER-phagy is crucial for ER stress toler-

ance.

Interestingly, the UFMylation of the ribosomal subunit RPL26 is

stimulated when protein translation is stalled during co-

translational protein translocation into the ER, and CDK5RAP3 colo-

calizes with stalled nascent ER proteins in the ER (Stephani

et al, 2020; Wang et al, 2020). CDK5RAP3 was shown to be impor-

tant for the lysosomal transport of these nascent ER proteins

(Stephani et al, 2020). It is possible that macro-ER-phagy involving

CDK5RAP3 and protein UFMylation mediates this transport to elimi-

nate stalled nascent proteins from the ER.

SEC62-mediated micro-ER-phagy
Cells cope with ER stress by upregulating proteins such as molec-

ular chaperones and ERAD-related proteins and increasing the

volume of the ER (Hetz et al, 2020). Meanwhile, it is also impor-

tant for cells to restore these changes in the ER after the resolu-

tion of ER stress. SEC62 is a subunit of the machinery for protein

translocation across the ER membrane. This protein was found to

mediate autophagic degradation of the ER during the recovery

from ER stress, named recov-ER-phagy (Fumagalli et al, 2016). In

the first report, given the results that SEC62 interacted with LC3

via the LIR motif and that ER degradation depended on ATG5

and ATG7, which are essential for LC3 lipidation and therefore

important for autophagosome formation, it was concluded that

recov-ER-phagy is a type of macroautophagy. However, a continu-

ing work with ultrastructural analysis revealed that recov-ER-

phagy occurs in a microautophagy manner, in which ER-derived

vesicles are directly engulfed by endolysosomes depending on

SEC62, the LC3 lipidation system, and the ESCRT machinery, but

not other core ATG proteins (Loi & Raimondi, 2019). Overexpres-

sion of SEC62 alone or depletion of another subunit of the

protein translocation machinery induced SEC62 LIR-dependent

ER-phagy (Fumagalli et al, 2016). It is likely that recov-ER-phagy

initiates with SEC62 dissociation from the protein translocation

machinery, and then it is recognized by LC3 lipidated in the

endolysosomal membrane, followed by membrane invagination

and closure involving the ESCRT machinery.

STING-mediated macro-ER-phagy
A bacterial infection was also shown to induce autophagic degra-

dation of the ER (Moretti et al, 2017). In infection with Gram-

positive bacteria, cyclic-di-adenosine monophosphate (c-di-AMP)

serves as a pathogen-associated molecular patterns (PAMP)

(Kieser & Kagan, 2017), which is recognized by the ER-resident

pattern recognition receptor STING in phagocytes, leading to the

upregulation of autophagy through the activation of the ER

stress response and the subsequent inactivation of mTORC1, a

negative regulator of autophagy (Moretti et al, 2017). Quantita-

tive proteomics of autophagosome-enriched fractions suggested

that ER proteins including STING were sequestered within

autophagosomes in response to bacterial stimulation of macro-

phages. Blocking autophagy in macrophages results in sustained

ER stress and increases cell death following bacterial infection.

Thus, this macro-ER-phagy pathway induced by STING is

thought to be important for cell survival during infection by

resolving ER stress. A recent study reported that STING directly

interacts with LC3 via its LIR motifs, raising the possibility that

STING acts as an ER-phagy receptor in this pathway (Liu

et al, 2019).

Selective degradation of specific ER proteins by ER-phagy
As described in the previous section, ER-phagy receptors localize to

specific ER subdomains, suggesting that proteins enriched in these

ER subdomains are preferentially degraded via ER-phagy triggered

by the corresponding receptors. In addition, ATZ and mutant NPC1

are efficiently degraded by FAM134B-mediated ER-phagy (Fregno

et al, 2018; Schultz et al, 2018), suggesting the existence of the

mechanism that recognizes these misfolded proteins. Moreover,

recent studies have discovered the mechanisms by which procolla-

gens or prohormones misfolded in the ER lumen are recognized and

targeted to macro-ER-phagy.

Procollagens

Collagens are major components of the extracellular matrix in verte-

brates. Procollagen is formed via the assembly of three procollagen a
chains into a long triple helix in the ER lumen prior to secretion out

of the cell through the Golgi apparatus. The triple helix formation of

procollagens requires the collagen-specific ER chaperone HSP47, and

mutations in procollagens or HSP47 cause the accumulation of

misfolded procollagens, leading to diseases such as osteogenesis

imperfecta (Ito & Nagata, 2021). An earlier work reported that

ERAD-resistant aggregates of misfolded procollagens are subjected to

autophagic degradation (Ishida et al, 2009). It was also reported that

autophagy is important for the homeostasis of type II procollagen in

the ER in growth-plate chondrocytes (Cinque et al, 2015). A recent

study revealed that these procollagens with abnormal conformation

are degraded via FAM134B-dependent macro-ER-phagy (Forrester

et al, 2019). Although FAM134B does not have a region exposed to

the ER lumen, it interacts with the transmembrane chaperone

calnexin, which can bind to procollagens in the ER lumen. Cells defi-

cient for FAM134B, calnexin, or core ATG proteins are unable to

transport procollagens to lysosomes. Thus, FAM134B collaborates

with calnexin to selectively degrade misfolded procollagens within

the ER via macro-ER-phagy (Fig 3A). FAM134A and FAM134C were

also shown to interact with calnexin for selective degradation of

procollagen I (Reggio et al, 2021). However, FAM134A lacking the

LIR could support this procollagen degradation as efficiently as the

wild-type protein, suggesting the importance of the nonreceptor

function of FAM134A (e.g., ER deformation) and the presence of a

coreceptor for macro-ER-phagy of procollagen I.

Micro-ER-phagy was also reported to participate in degradation of

procollagen I (Omari et al, 2018). A subset of procollagen I accumu-

lates in ERES, where COPII vesicles form in the secretory pathway,

and these parts of the ER are directly sequestered within lysosomes. A

misfold–prone mutant of procollagen I was degraded more efficiently

than the wild-type protein, suggesting that this pathway works as part

of the quality control system for procollagen I in the ER. Intriguingly,

in addition to COPII proteins, core ATG proteins, ubiquitin, and p62

accumulate on the cytoplasmic side of these ERES. However, it

remains unknown whether these macroautophagy-related factors are

involved in this micro-ER-phagy pathway.

Prohormones

Recent studies have discovered macro-ER-phagy of prohormones

misfolded in the ER and begun to unravel the molecular mechanism.
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In pancreatic b cells, insulin is synthesized as preproinsulin and

translocated into the ER, where its signal peptide is cleaved to

release proinsulin. Subsequently, correctly folded proinsulin is

selected and transported to the Golgi, where it matures into insulin

following the removal of its C-peptide. Insulin gene mutations have

been identified to cause a syndrome called mutant INS-gene-induced

diabetes of youth (MIDY). In cells depleted for core ATG proteins

including ATG5 and BECN1 or RTN3 but not for other ER-phagy

receptors, a MIDY mutant form of proinsulin was shown to form

aggregates, suggesting that RTN3 (RTN3L)-dependent macro-ER-

phagy contributes to the alleviation of MIDY by degrading the

mutant proinsulin (Cunningham et al, 2019). Remarkably, the same

study showed that RTN3 was also involved in the removal of

mutants of other prohormones such as pro-opiomelanocortin and

pro-arginine-vasopressin. Since RTN3, as well as FAM134B, does

not possess an ER lumenal region, another protein that directly

recognized these mutant prohormones in the ER lumen was

assumed to cooperate with RTN3. Indeed, a proteomic approach in

a continuing work identified the single-spanning membrane protein

PGRMC1 as an RTN3 interactor (Chen et al, 2021). Knockdown of

PGRMC1, as well as that of RTN3, resulted in the accumulation of

aggregates of mutant prohormones in the ER lumen. PGRMC1 was

shown to interact with both RTN3 and mutant prohormones

through the transmembrane domain and the C-terminal ER lumenal

region, respectively. Thus, PGRMC1 acts as a cargo receptor in

RTN3-dependent macro-ER-phagy (Fig 3A). Intriguingly, among

seven proinsulin mutants analyzed, knockdown of PGRMC1 dif-

ferently affected the degradation of these mutants, although that of

RTN3 blocked degradation of all the mutants. Proinsulin mutants

whose degradation involved PGRMC1 shared the feature of rela-

tively small aggregation size (< 150 kDa; the size of monomeric

proinsulin is ~10 kDa), and a mutation that decreases the aggrega-

tion size rendered degradation of a PGRMC1-independent proinsulin

mutant dependent on PGRMC1. These results suggest that PGRMC1

can recognize the size of mutant proinsulin aggregates in the ER.

Future studies will reveal the mechanism of this size recognition by

PGRMC1 as well as how RTN3 recognizes large aggregates of proin-

sulin mutants independently of PGRMC1. Proinsulin mutants entan-

gle the wild-type protein and thereby inhibit its secretion in a

dominant-negative manner. RTN3 overexpression and PGRMC1

knockdown were both shown to increase the secretion of wild-type

proinsulin in the presence of mutant proinsulin, providing a new

insight into the development of treatments for MIDY (Cunningham

et al, 2019; Chen et al, 2021).

The involvement of RTN3, which mediates tubular ER degrada-

tion, in ER-phagy of mutant prohormones suggested the importance

of retaining these prohormones in the tubular ER. A recent study

showed that LNPK knockout or CLIMP63 overexpression, which

increased the sheet ER, allowed mutant proinsulin to form larger

liquid droplet-like condensates in the sheet region of the ER, and

that these condensates decreased in size when the tubular ER was

increased by overexpression of RTN4 (Parashar et al, 2021).

Condensate growth is likely to be restricted within narrow ER

tubules. RTN4 overexpression in LNPK knockout cells stimulated

lysosomal transport of mutant proinsulin. These results suggest that

small proinsulin condensates in the tubular ER are degraded by

RTN3 (RTN3L)-mediated macro-ER-phagy, whereas the mutant

forms large condensates (or aggregates) in the sheet ER when its

degradation retards. It was also shown that the COPII subunit

SEC24C (see the previous section Macro-ER-phagy in budding yeast)

is involved in this degradation of mutant proinsulin (Cui et al, 2019;

Parashar et al, 2021).

ER-phagy in plants

In Arabidopsis thaliana cells, macro-ER-phagy is induced by

CDK5RAP3 and UFM1 under ER stress as described in the previous

section (Fig 4; Stephani et al, 2020). An earlier study reported that

ER stress-induced macro-ER-phagy in A. thaliana is under the

control of the UPR sensor IRE1b but not its splicing target bZIP60

(Liu et al, 2012). The ER-phagy receptor functions of SEC62 and

reticulons (RTN1/RTN2) under ER stress were also suggested in

Arabidopsis and maize cells, respectively (Fig 4; Hu et al, 2020;

Zhang et al, 2020). The plant-specific, Atg8-binding transmembrane

proteins ATI1 and ATI2 were found to trigger macro-ER-phagy upon

dark-induced carbon starvation in A. thaliana (Fig 4; Honig

et al, 2012; Wu et al, 2021). These ATI proteins localize to the ER

and associate with ER-derived bodies (ER ATI bodies) under carbon

starvation to sequester these bodies into autophagosomes for degra-

dation in the vacuole. In addition, the ATI proteins interact with the

membrane steroid-binding protein MSBP1 and thereby facilitate its

degradation via macro-ER-phagy following carbon starvation (Wu

et al, 2021). The ATI proteins also interact with the argonaute

ATI1/ATI2 RTN1/RTN2SEC62

DDRGK1 UFL1 MSBP1

CDK5RAP3 ATG8-family interacting motif

Figure 4. Macro-ER-phagy receptors in plants.

CDK5RAP3 is targeted to the ER via the interaction with the UFL1–DDRGK1 complex and acts as a macro-ER-phagy receptor in A. thaliana cells in a manner similar to
that in mammalian cells. ATI1 and ATI2 interact with Atg8 to sequester ER-derived bodies into autophagosomes upon dark-induced carbon starvation in A. thaliana.
MSBP1 interacts with these ATI proteins to be efficiently degraded via this macro-ER-phagy pathway. SEC62 and RTN1/RTN2 were also suggested to be macro-ER-phagy
receptors in A. thaliana and maize, respectively.
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protein AGO1 associated with the ER and induce its vacuolar degra-

dation following the expression of the viral suppressor of RNA

silencing protein P0 (Michaeli et al, 2019). It is noteworthy that the

ATI proteins were also reported to be involved in macroautophagic

degradation of plastid-derived bodies under carbon starvation and

during senescence (Michaeli et al, 2014).

Conclusions

Eukaryotes, especially mammals, have evolved diverse mechanisms

to regulate different modes of ER-phagy: macro-ER-phagy, micro-ER-

phagy, and direct fusion of ER-derived vesicles to endolysosomes.

Although ER-phagy was discovered more recently than selective

autophagy of other organelles such as peroxisomes and mitochondria,

the largest number of receptors have been identified for ER-phagy.

These receptors mediate the degradation of specific ER subdomains in

different situations, including nutrient starvation, ER stress, and the

recovery phase from ER stress, as well as in the context of develop-

ment, immunity, and disease pathogenesis. In addition, ER-phagy

receptors have acquired unique molecular functions and characteris-

tics for efficiently packing portions of the ER, which widely spreads

throughout the cytoplasm and is associated with a high density of ribo-

somes. Moreover, some ER-phagy receptors were found to capture

misfolded proteins in the ER lumen via cargo receptors. Unlike core

ATG proteins, most ER-phagy receptors are not evolutionarily

conserved, suggesting that these receptors have emerged indepen-

dently during evolution so as to fit the requirements of each organism.

Meanwhile, it is an interesting fact that different ER-phagy receptors

share functional modules, such as the AIM/LIR, FFAT motif, and

RHD. The diversity in molecules and mechanisms emphasizes the

significance of ER-phagy in the maintenance of ER homeostasis and

the regulation of ER functions in different organisms.

As overviewed in this article, recent studies have largely

advanced our understanding of the mechanisms and physiological

roles of ER-phagy. However, there remain fundamental issues to be

addressed. Many ER-phagy receptors were found to mediate

subdomain-specific ER degradation, but its physiological signifi-

cance remains unknown. Whereas protein ubiquitylation plays

pivotal roles in the initiation of selective autophagy of mitochondria,

peroxisomes, and damaged lysosomes in mammalian cells (Gatica

et al, 2018), its involvement in ER-phagy is still poorly understood,

although N-degron-mediated ER-phagy was reported recently (Ji

et al, 2019). Further analysis may discover new ubiquitin-

dependent ER-phagy pathways. Alternatively, since the ubiquitin–

proteasome system (ERAD) has a dominant role for the quality

control of ER proteins, ubiquitin-independent mechanisms might

have been employed for ER-phagy to avoid undesirable crosstalk.

Nonetheless, a collaboration between ERAD and ER-phagy in ER

protein quality control is an important issue, which awaits deeper

analysis. The cooperation of ER-phagy receptors and the interplay

between different ER-phagy pathways are also interesting issues to

be investigated. Future studies will answer these questions and

further reveal the unexpected roles and elaborate mechanisms of

ER-phagy.
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