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The endoplasmic reticulum (ER) is the largest cellular organelle
that undergoes constant turnover upon diverse functional
demands and cellular signals. Removal of nonfunctional or
superfluous subdomains is balanced by the parallel expansion
and formation of ER membranes, leading to the dynamic
exchange of ER components. In recent years, selective
autophagy of the ER, termed ER-phagy, has emerged as a
predominant process involved in ER degradation and
maintenance of ER homeostasis. Identification of multiple ER-
phagy receptors, many with additional ER-shaping functions,
paved the way for our molecular understanding of ER turnover in
different cells and organs. In this review, we describe the
molecular principles underling the physiological functions of ER-
phagy in maintaining ER homeostasis via receptor-mediated
macroautophagy and elaborate current focus points of the field.
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The endoplasmic reticulum (ER) pervades the entire
cell body by being centered around the nucleus with
sheet-like structures (cisternal ER) that taper into tub-
ular structures (tubular ER) reaching toward the cell
periphery. Structural diversity and the adaptability of
ER mass in response to altered needs provide the basis
for a plethora of important cellular functions. For ex-
ample, cisternal ER decorated with ribosomes, com-
monly known as the rough ER, is an important region for
protein synthesis, protein quality control, folding, and
post-translational modifications, whereas lipids are syn-
thesized at the smooth cisternal ER. The tubular ER

serves as an interconnecting web that communicates via
physical contact sites with other organelles, including mi-
tochondria (also called mitochondria-associated mem-
branes), plasma membrane, peroxisomes, lipid droplets,
early and late endosomes, Golgi, and lysosomes [1].
Structurally, the ER network is stabilized by specific ER-
shaping proteins as well as gliding tethers with the cytos-
keleton [2,3]. Last but not least, the ER is the entry point
of the secretory pathway and part of the interwind vesicular
transport system of the cell. In order to fulfil these de-
manding tasks and to reach the most remote parts of the
cell, the shape and structure of the ER is fluid and dy-
namic, and as such, under strict spatiotemporal regulation
(Figure 1). Several cellular pathways induce and contribute
to this process, including different types of autophagy
pathways as well as autophagy-independent pathways such
as ER-associated protein degradation (ERAD) and the
unfolded protein response (UPR) [4]. In this review, we
concentrate on receptor-mediated degradation of the ER
via macroautophagy (from now on termed ER-phagy and
autophagy for simplicity).

Autophagy is an essential process that sequesters cellular
material into double-membrane vesicles (autophago-
somes), that are subsequently transported to the lyso-
some where its content is degraded and recycled [5].
Autophagic membranes are decorated with members of
the ubiquitin-like ATGS8 protein family fused to the
lipid phosphatidylethanolamine. Lipidated ATGS8 pro-
teins serve as critical docking points for proteins con-
taining LLIR motifs (ILC3-interacting region, also called
AIM for ATGS8-interacting motif) or selected UIM mo-
tifs (ubiquitin-interacting motif) [6,7]. Interactors of
ATGS8 with a function in autophagy are divided into
autophagy adaptors (function in regulation and synth-
esis) and autophagy receptors (function in cargo re-
cruitment and co-delivery to the lysosome), the latter
being essential to facilitate the selective sequestration
and degradation of specific cargo by linking it to au-
tophagic membrane. Selective autophagy pathways are
named by their cargo, resulting in a continuously
growing list that includes mitophagy (mitochondria),
xenophagy (bacteria), lipophagy (lipid droplets), ER-
phagy (endoplasmic reticulum), and all the rest of it.

Autophagy of the endoplasmic reticulum
maintains cellular homeostasis by controlling
endoplasmic reticulum structure and functions
Degradation of the ER through autophagy (ER-phagy)
provides a powerful mechanism to timely deliver ER
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Figure 1
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Several physiological properties and functions of the ER are maintained by or connected with autophagic events. Blue text: physiological property or
function of the ER; Green text: correlating connection with autophagic events.

membranes and lumen components to the lysosome for
degradation. This may be needed under stress condi-
tions, when nutrients are short, or a large number of
dysfunctional proteins have to be removed, for example,
after high levels of oxidative stress. It is also necessary to
keep the ER in a tissue-specific, functional state. For
example, pancreatic cells specialized in secretion and
skeletal muscle cells certainly depend on different bio-
logical functions of the ER. In these cases, specific ER-
phagy pathways in concert with transcriptional profiles
are either known or predicted to shape the ER into a
highly specialized machinery. The ER-phagy process is
complex and demanding for several reasons: i) the ER
proteome is a mixture of soluble (ER lumen) and
membrane-embedded proteins, ii) the ER membrane
restricts cytosolic-regulatory factors and signaling cas-
cades to directly act on ER-luminal proteins (and vice
versa), and iii) the portion of ER to be degraded needs to
be labeled and separated from the continuous network
(vesiculation/fragmentation).

The existence of ER-phagy receptors helps to overcome
these challenges. Nine membrane-bound ER-phagy re-
ceptors have been identified in mammals so far and most
likely there are more to come (Figure 2a) [8-15]. Each
ER-phagy receptor carries a cytosolic domain with one or
more LIR motifs and is therefore able to link their cargo
with autophagic membranes. Via their trans- or in-
tramembrane domains, receptors are anchored within

the ER (in this case the cargo to be degraded) and, upon
specific stimuli, they are delivered together with defined
ER portions to the lysosome for degradation. (Most) ER-
phagy receptors have an additional, autophagy-in-
dependent function, which supports ER homeostasis in
one or another way. FAM134A, FAM134B, FAM134C,
as well as RTN3L carry a reticulon homology domain
(RHD) that localizes at high-curvature membranes and
together with other shaping proteins supports the ER
structure (Figure 2) [2,16]. TEX264 and ATL3 are
preferentially located at three-way junctions. Moreover,
with its GTPase activity, ATL3 is directly involved in
the formation of the three-way junctions and in concert
with RTN proteins fine-tunes tubular ER structure.
SEC62 is part of the translocon complex, and as such,
has an important function in the import of newly syn-
thesized proteins into the ER, while CCPG1 has been
originally characterized as a regulatory scaffold protein
for Rho signaling complexes. Evolutionary, these addi-
tional features may be the reason why these specific
proteins have become ER-phagy receptors and why
there are so many different receptors present in a single
organelle: the respective autophagy-independent func-
tions will localize the ER-phagy receptor to a specific
suborganelle structure or lead to tissue-specific expres-
sion. In this way, activation of its autophagic function
will lead to the turnover of a specific ER substructure
and thereby support the required specificity within ER-
phagy pathways. Therefore, it is very likely that each
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ER-phagy receptors: key players yet to be understood. Schematic representation of (a) the nine membrane ER-phagy receptors in mammals
characterized so far; (b) identified mammalian cytosolic ER-phagy receptors; (c) the function of co-receptors in ER-phagy; and (d) the clustering and

membrane-shaping effect of RHD-containing ER-phagy receptors.

subdomain and function of the ER has its own, dedi-
cated ER-phagy receptor that is switched on or off upon
regulatory triggers.

In accordance with the central function of the ER and
the importance of its maintenance, misregulation of ER-
phagy has a serious impact on cellular homeostasis and
on an organismal level is the cause of disease. Some
mutations in and disturbed levels of known ER-phagy
receptors have been linked to human diseases [17-21].
The organ-specific dysfunctions of autophagy defects in
general include neurodegenerative, cardiovascular, and
musculoskeletal diseases as well as ocular, pulmonary,
hepatic, renal, and reproductive disorders. At a systemic
level, autophagy is involved in cancer development,
immune and autoimmune disorders, as well as metabolic
syndromes [22]. In many cases, however, it is not yet
clear which (selective) autophagy pathway may con-
tribute to a disease. Time will tell how many links be-
tween defective ER-phagy and human diseases there are
still to be discovered.

The modular design of ER-phagy receptors
Cargo receptors are proteins that bridge the targeted
cargo with autophagy machinery and how ER-phagy

receptors provide certain substrate specificity was just
discussed. But is this enough? For the majority of ER-
phagy receptors, cargo binding seems to be an intrinsic
feature accomplished by transmembrane domains and
permanent ER localization. However, also soluble ER-
phagy receptors have been described (Figure 2b)
[23-25] and ER localization, even at specific sub-
structures of the ER, may be insufficient to select spe-
cific cargo.

Surprisingly, most known ER-phagy receptors lack a
large ER-luminal domain, a feature so far only found in
CCPG1. CCPGT1 also carries a FIP200-binding domain,
which is important for its function [4,43]. SEC62 and
TEX264 reach into the ER lumen with a short stretch
and FAM134B-2 may harbor a short luminal domain
(Figure 2a), however, this has only been suggested and
FAM134B-2's precise structural orientation has not yet
experimentally been proven. Selective degradation of
ER-luminal substrates therefore requires a co-receptor/
co-receptor complex with a functional luminal domain
binding the cargo and presumably a 'T'M domain to in-
teract with the receptor carrying the LIR motif (Figure
2¢). In a few cases, co-receptors are known, for example,
Calnexin supporting the degradation of aggregated pro-
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collagen, PGRMCI1 for misfolded prohormones, and BiP
mediating ER-phagy under hypoxic stress [13,26-29].
However, in the majority of cases, the direct link be-
tween the ER-phagy receptor and its substrate is rather
unclear, which demands the identification and char-
acterization of yet-unknown co-receptors to complete
our understanding of this selective process. A mode-of-
action, including co-receptors, may also be the case for
membrane substrates. Mechanistically, the division of
the dual functions of an autophagy receptor (interaction
with AT'G8 and cargo binding) onto two distinct proteins
multiplies the substrate spectrum as well as the appli-
cation and regulation range. From the ubiquitin field, we
know a similar principle: cullin ring ligases have a
comparable modularity, utilizing a specific protein class
to select substrates and link them to the core ligase via a
conserved interaction surface. In the field of ER-phagy,
a broader range of co-receptors and subsequently a
binding surface — potentially hidden in the membrane
domains of known ER-phagy receptors — remains to be
revealed.

How are multifunctional ER-phagy receptor
complexes regulated?

Our understanding of the variety of possible signals,
precise sequence of events, as well as detailed me-
chanisms is at best patchy. It is, however, clear that
during the course of events, substrate-receptor com-
plexes need to cluster and be separated from the ER
network by some kind of vesiculation process. The
clustering process could be driven in several ways, con-
ceivable by 1) clustering of substrates, subsequently
leading to substrate-receptor clusters, ii) abundance of
receptors, iii) post-translational modifications on sub-
strates or receptors leading to altered biophysical prop-
erties, and 1v) clustering via interaction with structural
proteins. Given the diversity of ER-phagy receptors and
substrates, all of these possibilities may play a role in one
or the other pathway dependent on their physiological
function: are they involved in basal homeostasis or
needed for stress response pathways? Is a durable action
needed or a rapid response over a short period of time?

In agreement with modular receptor-complex formation,
ER-phagy receptors can switch between autophagy-de-
pendent and -independent function, as well as their
mode-of-action based on (temporal) cellular needs and
stresses (RTN3 as an example: [14,30-34]). A switch
may be triggered by pleiotropic signals originating from
outside the ER or ER-centric signals (for detailed list of
current knowledge, see section 3.3 in [4]).

Abundance of receptors certainly impacts their activity
[32,35,36] and local clustering of RHD-containing ER-

phagy receptors is thought to induce and promote the
vesiculation process [37]. Additional post-translational
modifications (such as phosphorylation or ubiquitina-
tion) on receptors, co-receptors, and/or substrates may
promote local clustering by changing intrinsic properties,
promoting protein—protein interactions, recruiting cage-
forming coats, or inducing phase separation
[13,27,38-43]. In addition, release (or change) of the ER
from its tethers to the cytoskeleton and/or organelle-
contact sites may change the dynamics of the ER
structure and thereby foster vesiculation/fragmentation
events [44,45]. Last but not least, (local) lipid composi-
tion and state as well as lipid modifications can impact
clustering of receptors, co-receptors, and sub-
strates [46-49].

Future outlook

In order to really understand ER-phagy, we depend on
fundamental knowledge of basal ER-phagy pathways as
well as physiologically relevant triggers apart from star-
vation. Therefore, technological developments and im-
provements leading to increased sensitivity of assays
measuring changes in ER properties as well as ER-phagy
are needed. Such developments may also help to iden-
tify/specify a broader range of co-receptors acting in
concert with known and yet-unknown ER-phagy re-
ceptors, thereby deepening our mechanistical under-
standing of the process. To avoid misunderstandings or
reports of seemingly conflicting findings on one ER-
phagy receptor, the nomenclature or standard way of
description may need refinement. For example, the
well-studied ER-phagy receptor FAM134B may play
different roles, depending on available and bound co-
receptors. As such, the field may refer by default to ER-
phagy receptor complexes (such as FAM134BNX,
C53VFL/DDRGKD) T will be interesting to follow which
co-receptors have been selected by evolution, and if
they are bifunctional in respect of acting in connected
pathways such as ERAD and the UPR. Last but not
least, the development of small molecules to target in-
dividual players of the ER-phagy machinery or selec-
tively induce ER-phagy would move the field a great
step forward [50].

Conflict of interest statement
PSM and AS jointly wrote the manuscript. The authors
declare no conflict of interest.

Acknowledgement

We stand on the back of giants and apologize to all the great scientists,
whose most valuable contribution to the field could not be sufficiently
acknowledged in the text and references of this review due to space lim-
itation. We thank Ivan Dikic and Paolo Grumati for critical comments on
the text. This work was supported by the German Research Foundation
DFG (SFB1177/2 and WO210/20-2), the Dr. Rolf M. Schwicte Stiftung (13/
2017), and the EU/EFPIA/OICR/McGill/KTH/Diamond Innovative

Current Opinion in Physiology 30 (2022) 100613

www.sciencedirect.com



Medicines Initiative 2 Joint Undertaking (EUbOPEN grant no 875510).
Images were partly created using BioRender.

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee of outstanding interest.

1. Prinz WA, Toulmay A, Balla T: The functional universe of

U membrane contact sites. Nat Rev Mol Cell Biol 2020, 21:7-24.
This review emphasizes the variety of function membrane contact sites
have and implicate.

2. Wang N, Rapoport TA: Reconstituting the reticular ER network -
mechanistic implications and open questions. J Cell Sci 2019,
132:jcs227611.

3. Koppers M, Ozkan N, Farias GG: Complex interactions between
membrane-bound organelles, biomolecular condensates and
the cytoskeleton. Front Cell Dev Biol 2020, 8:618733.

4. Reggiori F, Molinari M: ER-phagy: mechanisms, regulation, and
diseases connected to the lysosomal clearance of the
endoplasmic reticulum. Physiol Rev (3) 2022, 102:1393-1448
00038.

A very detailed reference work summarizing all aspects of ER-phagy.
Outstanding for its detailed description of currently known ER-phagy
receptors in yeast, mammals and plants. It introduces the differentiation
of ER-phagy activating stresses and responses into pleiotropic and ER-
centric as well as catabolic and anabolic responses. In this context it
lists in detail different signals that have been shown to promote ER-
phagy and connects them with the respective ER-phagy reporter.

5. Morishita H, Mizushima N: Diverse cellular roles of autophagy.
Annu Rev Cell Dev Biol 2019, 35:453-475.

6. Marshall RS, Hua Z, Mali S, McLoughlin F, Vierstra RD: ATG8-
binding UIM proteins define a new class of autophagy adaptors
and receptors. Cell 2019, 177:766-781.e24.

7. Wesch N, Kirkin V, Rogov V v: Atg8-family proteins—structural
features and molecular interactions in autophagy and beyond.
Cells 2020, 9:2008.

8. Chino H, Hatta T, Natsume T, Mizushima N: Intrinsically
disordered protein TEX264 mediates ER-phagy. Mol Cell 2019,
74:909-921.e6.

9. Chen Q, Xiao Y, Chai P, Zheng P, Teng J, Chen J: ATL3 is a
tubular ER-phagy receptor for GABARAP-mediated selective
autophagy. Curr Biol 2019, 29:846-855.€6.

An H, Ordureau A, Paulo JA, Shoemaker CJ, Denic V, Harper JW:
TEX264 is an endoplasmic reticulum-resident ATG8-interacting
protein critical for ER remodeling during nutrient stress. Mo/
Cell 2019, 74:891-908.e10.

10.

11. Smith MD, Harley ME, Kemp AJ, Wills J, Lee M, Arends M, et al.:
CCPG1 is a non-canonical autophagy cargo receptor essential
for ER-phagy and pancreatic ER proteostasis. Dev Cell 2018,
44:217-232.e11.

12. Fumagalli F, Noack J, Bergmann TJ, Cebollero E, Pisoni GB,

Fasana E, et al.: Translocon component Sec62 acts in
endoplasmic reticulum turnover during stress recovery. Nat
Cell Biol 2016, 18:1173-1184.

. Reggio A, Buonomo V, Berkane R, Bhaskara RM, Tellechea M,

. Peluso |, et al.: Role of FAM134 paralogues in endoplasmic
reticulum remodeling, ER-phagy, and Collagen quality control.
EMBO Rep 2021, 22:52289.

Indicates that very similar receptors can have very different functions

(see mass spectrometry of KO MEFs).

14. Grumati P, Morozzi G, Hélper S, Mari M, Harwardt MLI, Yan R,
et al.: Full length RTN3 regulates turnover of tubular
endoplasmic reticulum via selective autophagy. Elife 2017,
6:625555.

Mechanisms and functions of ER-phagy Sanz-Martinez and Stolz 5

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Khaminets A, Heinrich T, Mari M, Grumati P, Huebner AK, Akutsu
M, et al.: Regulation of endoplasmic reticulum turnover by
selective autophagy. Nature 2015, 522:354-358.

Bhaskara RM, Grumati P, Garcia-Pardo J, Kalayil S, Covarrubias-
Pinto A, Chen W, et al.: Curvature induction and membrane
remodeling by FAM134B reticulon homology domain assist
selective ER-phagy. Nat Commun 2019, 10:2370.

Luo R, Li S, Li G, Lu S, Zhang W, Liu H, et al.: FAM134B-mediated
ER-phagy upregulation attenuates AGEs-induced apoptosis
and senescence in human nucleus pulposus cells. Oxid Med
Cell Longev 2021, 2021:1-19.

Liu Q, Li Y, Song X, Wang J, He Z, Zhu J, et al.: Both gut
microbiota and cytokines act to atherosclerosis in ApoE™/~
mice. Microb Pathog 2020, 138:103827.

Meng Y, Zhao H, Zhao Z, Yin Z, Chen Z, Du J: Sec62 promotes
pro-angiogenesis of hepatocellular carcinoma cells under
hypoxia. Cell Biochem Biophys 2021, 79:747-755.

Hibner CA, Dikic I: ER-phagy and human diseases. Cell Death
Differ 2020, 27:833-842.

Carresi C, Mollace R, Macri R, Scicchitano M, Bosco F, Scarano F,
et al.: Oxidative stress triggers defective autophagy in
endothelial cells: role in atherothrombosis development.
Antioxidants 2021, 10:387.

Klionsky DJ, Petroni G, Amaravadi RK, Baehrecke EH, Ballabio A,
Boya P, et al.: Autophagy in major human diseases. EMBO J
2021, 40:e108863.

Stephani M, Picchianti L, Gajic A, Beveridge R, Skarwan E,
Sanchez de Medina Hernandez V, et al.: A cross-kingdom
conserved ER-phagy receptor maintains endoplasmic
reticulum homeostasis during stress. Elife 2020, 9:e58396.

Nthiga TM, Kumar Shrestha B, Sjettem E, Bruun J, Bowitz Larsen
K, Bhujabal Z, et al.. CALCOCO1 acts with VAMP-associated
proteins to mediate ER-phagy. EMBO J 2020, 39:e103649.

Ji CH, Kim HY, Heo AJ, Lee SH, Lee MJ, Kim S bin, et al.: The N-
degron pathway mediates ER-phagy. Mo/ Cell 2019,
75:1058-1072.€9.

Forrester A, de Leonibus C, Grumati P, Fasana E, Piemontese M,
Staiano L, et al.: A selective ER-phagy exerts procollagen quality
control via a Calnexin-FAM134B complex. EMBO J 2019,
38:99847.

Liu Y, Zeng R, Wang R, Weng Y, Wang R, Zou P, et al.:
Spatiotemporally resolved subcellular phosphoproteomics.
Proc Natl Acad Sci USA 2021, 118:2025299118.

Chipurupalli S, Ganesan R, Martini G, Mele L, Reggio A, Esposito
M, et al.: Cancer cells adapt FAM134B/BiP mediated ER-phagy
to survive hypoxic stress. Cell Death Dis 2022, 13:357.

Fregno |, Fasana E, Bergmann TJ, Raimondi A, Loi M, Solda T,

et al.: ER-to-lysosome-associated degradation of proteasome-
resistant ATZ polymers occurs via receptor-mediated vesicular
transport. EMBO J 2018, 37:€99259.

Herrera-Cruz MS, Yap MC, Tahbaz N, Phillips K, Thomas L,
Thomas G, et al.: Rab32 uses its effector reticulon 3L to trigger
autophagic degradation of mitochondria-associated
membrane (MAM) proteins. Biol Direct 2021, 16:22.

Wu H, Voeltz GK: Reticulon-3 promotes endosome maturation
at ER membrane contact sites. Dev Cell 2021, 56:52-66.e7.

Wojnacki J, Nola S, Bun P, Cholley B, Filippini F, Pressé MT, et al.:
Role of VAMP7-dependent secretion of reticulon 3 in neurite
growth. Cell Rep 2020, 33:108536.

Li J, Abosmaha E, Coffin CS, Labonté P, Bukong TN: Reticulon-3
modulates the incorporation of replication competent hepatitis
C virus molecules for release inside infectious exosomes. PLoS
One 2020, 15:e0239153.

Caldieri G, Barbieri E, Nappo G, Raimondi A, Bonora M, Conte A,
et al.: Reticulon 3-dependent ER-PM contact sites control
EGFR nonclathrin endocytosis. Science 2017, 356:617-624.

www.sciencedirect.com

Current Opinion in Physiology 30 (2022) 100613


http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref1
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref1
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref2
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref2
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref2
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref3
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref3
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref3
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref4
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref4
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref4
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref4
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref5
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref5
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref6
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref6
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref6
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref7
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref7
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref7
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref8
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref8
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref8
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref9
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref9
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref9
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref10
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref10
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref10
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref10
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref11
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref11
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref11
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref11
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref12
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref12
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref12
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref12
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref13
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref13
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref13
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref13
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref14
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref14
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref14
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref14
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref15
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref15
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref15
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref16
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref16
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref16
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref16
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref17
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref17
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref17
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref17
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref18
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref18
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref18
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref19
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref19
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref19
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref20
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref20
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref21
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref21
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref21
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref21
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref22
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref22
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref22
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref23
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref23
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref23
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref23
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref24
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref24
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref24
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref25
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref25
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref25
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref26
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref26
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref26
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref26
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref27
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref27
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref27
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref28
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref28
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref28
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref29
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref29
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref29
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref29
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref30
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref30
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref30
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref30
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref31
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref31
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref32
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref32
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref32
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref33
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref33
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref33
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref33
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref34
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref34
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref34

6 Autophagy

35.

36.

37.

38.

39.

40.

Cinque L, Leonibus C, lavazzo M, Krahmer N, Intartaglia D, Salierno
FG, et al.: MiT/TFE factors control ER -phagy via transcriptional
regulation of FAM134B. EMBO J 2020, 39:e105696.

Kohno S, Shiozaki Y, Keenan AL, Miyazaki-Anzai S, Miyazaki M: An
N-terminal-truncated isoform of FAM134B (FAM134B-2)
regulates starvation-induced hepatic selective ER-phagy. Life
Sci Alliance 2019, 2:e201900340.

Mochida K, Yamasaki A, Matoba K, Kirisako H, Noda NN,
Nakatogawa H: Super-assembly of ER-phagy receptor Atg40
induces local ER remodeling at contacts with forming
autophagosomal membranes. Nat Commun 2020, 11:3306.

Jiang X, Wang X, Ding X, Du M, Li B, Weng X, et al.: FAM134B
oligomerization drives endoplasmic reticulum membrane
scission for ER-phagy. EMBO J 2020, 39:e102608.

Zhang H, Cao X, Tang M, Zhong G, Si Y, Li H, et al.: A subcellular
map of the human kinome. Elife 2021, 10:e64943.

Wilfling F, Lee CW, Erdmann PS, Zheng Y, Sherpa D, Jentsch S,
et al.: A selective autophagy pathway for phase-separated
endocytic protein deposits. Mo/ Cell 2020, 80:764-778.e7.

Introduces phase separation as concept to cluster autophagy cargo.
While not being linked to ER-phagy, this concept will presumably be
found to play as well a role in other selective autophagy pathways in-
cluding ER-phagy.

41.

42.

Li Z, Huang W, Wang W: Multifaceted roles of COPII subunits in
autophagy. Biochim Et Biophys Acta (BBA) - Mol Cell Res 2020,
1867:118627.

CuiY, Parashar S, Zahoor M, Needham PG, Mari M, Zhu M, et al.: A
COPII subunit acts with an autophagy receptor to target
endoplasmic reticulum for degradation. Science 2019,
365:53-60.

43. Ohnstad AE, Delgado JM, North BJ, Nasa I, Kettenbach AN,
Schultz SW, et al.: Receptor-mediated clustering of FIP200
bypasses the role of LC3 lipidation in autophagy. EMBO J 2020,
39:104948.

44. Liu D, Mari M, Li X, Reggiori F, Ferro-Novick S, Novick P: ER-
phagy requires the assembly of actin at sites of contact
between the cortical ER and endocytic pits. Proc Nat/ Acad Sci
USA 2022, 119:e2117554119.

45. Nourbakhsh K, Ferreccio AA, Bernard MJ, Yadav S: TAOK2 is an
ER-localized kinase that catalyzes the dynamic tethering of ER
to microtubules. Dev Cell 2021, 56:3321-3333.e5.

46. Hama Y, Morishita H, Mizushima N: Regulation of ER-derived
membrane dynamics by the DedA domain-containing proteins
VMP1 and TMEM41B. EMBO Rep 2022, 23:e53894.

47. van Meer G, Voelker DR, Feigenson GW: Membrane lipids: where
they are and how they behave. Nat Rev Mol Cell Biol 2008,
9:112-124.

48. Nguyen TB, Louie SM, Daniele JR, Tran Q, Dillin A, Zoncu R, et al.:
DGAT1-dependent lipid droplet biogenesis protects
mitochondrial function during starvation-induced autophagy.
Dev Cell 2017, 42:9-21.e5.

49. Roca-Agujetas V, de Dios C, Leston L, Mari M, Morales A, Colell A:
Recent insights into the mitochondrial role in autophagy and its
regulation by oxidative stress. Oxid Med Cell Longev 2019,
2019:1-16.

50. Whitmarsh-Everiss T, Laraia L: Small molecule probes for

* targeting autophagy. Nat Chem Biol 2021, 17:653-664.

Gives an idea where we stand in respect of chemical manipulation of the
autophagic system, including list of currently available compounds.

Current Opinion in Physiology 30 (2022) 100613

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref35
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref35
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref35
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref36
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref36
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref36
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref36
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref37
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref37
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref37
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref37
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref38
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref38
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref38
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref39
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref39
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref40
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref40
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref40
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref41
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref41
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref41
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref42
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref42
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref42
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref42
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref43
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref43
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref43
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref43
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref44
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref44
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref44
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref44
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref45
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref45
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref45
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref46
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref46
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref46
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref47
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref47
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref47
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref48
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref48
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref48
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref48
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref49
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref49
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref49
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref49
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref50
http://refhub.elsevier.com/S2468-8673(22)00131-6/sbref50

	Mechanisms and physiological functions of ER-phagy
	Autophagy of the endoplasmic reticulum maintains cellular homeostasis by controlling endoplasmic reticulum structure and functions
	The modular design of ER-phagy receptors
	How are multifunctional ER-phagy receptor complexes regulated?
	Future outlook
	Conflict of interest statement
	Acknowledgement
	References and recommended reading




