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SUMMARY

The endoplasmic reticulum (ER) is a hotspot for many essential cellular functions. The ER membrane is highly
dynamic, which affects many cellular processes that take place within the ER. One such process is ER-phagy,
a selective degradation of ER fragments (including membranes and luminal content), which serves to pre-
serve the size of ER while adapting its morphology under basal and stress conditions. In order to be
degraded, the ER undergoes selective fragmentation facilitated by specialized ER-shaping proteins that
also act as ER-phagy receptors. Their ability to sense and induce membrane curvature, as well as to bridge
the ER with autophagy machinery, allows for a successful ER fragmentation and delivery of these fragments
to the lysosome for degradation and recycling. In this review, we provide insights into ER-phagy from the
perspective of membrane remodeling. We highlight the importance of ER membrane dynamics during ER-

phagy and emphasize how its dysregulation reflects on human physiology and pathology.

INTRODUCTION

The endoplasmic reticulum (ER) is the most extensive contin-
uous endomembrane system in cells. It emerges from the nu-
clear membrane, expands throughout the cell, and forms con-
nections with other cellular organelles. The ER has important
functions in protein and lipid synthesis, their transport, ion ho-
meostasis, and inter-organelle communication. The morphology
of the ER is complex and highly dynamic, and subject to constant
remodeling. In order to facilitate these distinct functions, the ER
has developed different structural compartments, including the
nuclear envelope, ER sheets, and ER tubules. ER sheets are pre-
dominantly studded with ribosomes and are, therefore, also
known as the rough ER. Smooth, highly dynamic ER tubules
are connected by three-way junctions and are mainly localized
at the cell periphery (Borgese et al., 2006; De Brito and Scorrano,
2008; Shibata et al., 2006; Walter and Ron, 2011).

ER remodeling (or ER re-shaping) is defined as dynamic
changes to ER morphology and has been observed across
different cell lines, under different stimuli, as well as during
normal conditions of cellular homeostasis (Pendin et al,
2011a). ER remodeling is central to ER membrane/vesicle forma-
tion and trafficking, as well as adaptation to stress and after-
stress recovery (Figure 1). This provides the cell a method of
ER quality control and homeostasis maintenance. Processes
such as vesicle formation, collagen degradation, and the
unfolded protein response (UPR) are reliant on such quality con-
trol. One of these mechanisms of quality control is the selective
autophagy of the ER, termed ER-phagy (from the Greek phagein,
meaning “to eat”) (Dikic, 2018; Wilkinson, 2019).

Briefly, autophagy is a catabolic process involved in maintaining
cellular homeostasis. Autophagy is a process of lysosomal degra-
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dation, in which excess, damaged, or misfolded proteins,
damaged organelles, pathogens, and aggregates are degraded
into nutrients that cells can re-use as building blocks. Autophagy
can be non-selective, where bulk portions of cytoplasm are
sequestered into the vesicle formed de novo, termed the autopha-
gosome, for their subsequent lysosomal degradation to replenish
cellular nutrients. Non-selective autophagy is frequently induced
upon stress, when nutrients are low. To maintain the number
and integrity of cellular organelles or to rid the cell of misfolded
proteins, aggregates, and pathogens upon an infection, the cell
employs selective autophagy. Selective autophagy cargo can
include fragments of the ER (ER-phagy), mitochondria (mitoph-
agy), lysosomes (lysophagy), lipid droplets (lipophagy), protein ag-
gregates (aggrephagy), bacteria and viruses (xenophagy), and
many more (reviewed in the studies conducted by Johansen
and Lamark, 2020; Kirkin and Rogov, 2019; and Stolz et al., 2014).

ER-phagy has been recognized as a major pathway relying on
ER remodeling for its function. It is defined as a form of selective
autophagy that enables lysosomal degradation of distinct ER
components. ER-phagy is active in basal, non-stress conditions,
thereby maintaining the size of the ER (Chino and Mizushima,
2020; Dikic, 2018; Grumati et al., 2018; Molinari, 2021). ER-
phagy is up-regulated upon stress, such as perturbations in cal-
cium levels, accumulation of misfolded proteins, or changes in
redox potential. As part of the recovery process, ER-phagy
can degrade protein aggregates within the ER-lumen as well
as trim excess ER membranes generated as a response to
stress.

ER-phagy receptors directly link the ER cargo and autophagic
machinery, resulting in their subsequent degradation along with
the cargo (Gubas and Dikic, 2022). ER-phagy receptors contain
at least one LC3-interacting region (LIR) that enables a direct
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interaction with autophagy modifiers LC3 (microtubule-associ-
ated protein 1A/1B-light-chain 3) and GABARAP (GABA Type
A receptor-associated protein) (Chino and Mizushima, 2020;
Dikic, 2018; Grumati et al., 2018; Molinari, 2021). Interestingly,
some of the ER-phagy receptors were initially identified as ER-
membrane-shaping proteins, highlighting the importance of ER
remodeling in functional ER-phagy (Figure 2A).

In this review, we turn our attention to the remodeling events in
ER-phagy, summarizing the relevant and sparse knowledge
accumulated in the past years. We will emphasize the impor-
tance of ER remodeling during ER-phagy processes, describe
the proposed mechanism of vesicle formation, and highlight
the contribution of individual ER-phagy receptors toward mem-
brane re-shaping.

ER dynamics and remodeling
To meet cellular needs and adapt to stress conditions, the ER
dynamically changes its morphology. A process as common
as cell shape change or cell migration would require major
changes to ER morphology —including rearrangement, budding,
scission, and fusion of ER membranes (Figure 1). The formation
of the tubular ER network is facilitated by evolutionary conserved
membrane-shaping protein families reticulons (RTNs) and re-
ceptor expression enhancing proteins (REEPs), which are en-
riched on highly curved ER membranes—ER tubules and the
edges of ER sheets (Voeliz et al., 2006). Removal of these pro-
teins results in increased sheet formation, but overexpression
of at least one of them can restore the tubular morphology (Hu
et al.,, 2008; Shibata et al., 2009; Voeltz et al., 2006; Wang
et al., 2021). Furthermore, atlastins (ATLs) mediate the fusion
of ER tubules, resulting in the formation of tubular interconnec-
tions, which are also known as three-way junctions (reviewed
in the study conducted by Wang and Rapoport, 2019).

ER stress is sensed by pathways such as the UPR, which in-
duces chaperone production to facilitate correct protein folding.
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Figure 1. Schematic representation of
processes relying on ER remodeling
9 Some of the processes that rely on ER remodeling

’ as part of their mechanism (highlighted in light
blue), separated by the dashed lines, even though
in reality they do overlap in most cases. From left
to right, ER tubule formation, three-way junction
formation, vesicular trafficking, unfolded protein
response and ERAD, ER-organelle contact-site
formation, ER-phagy and ERLAD are only some of
the processes essential for cellular function, which
require or induce changes to ER morphology.

When unsuccessful, misfolded proteins
are generally exported from the ER into
the cytosol, where they undergo degra-
dation within the proteasome, a process
called ER-associated degradation
(ERAD). The UPR simultaneously upregu-
lates lipid production, which contributes
toward the stress-induced expansion of
the ER. Providing sufficient space to pre-
vent protein overcrowding has been
shown to alleviate the stress (Schuck et al., 2009). Along with
promoting chaperone and lipid biogenesis, the UPR also signals
for the production of some autophagy-related genes, thereby
inducing ER-phagy (Bernales et al., 2007) (for more details on
UPR, please refer to Wiseman et al., [2022] in this issue of Molec-
ular Cell). ER-phagy is hypothesized to fulfill different functions in
the course of ER stress—initially, it might facilitate degradation of
luminal protein aggregates, and later, it might aid the ER in
shrinking back to its original size by degrading excess mem-
branes.

Dynamic changes to ER morphology allow for flexible physical
and functional connections to other cellular organelles. These
connections are considered to be central hubs for coordinating
cellular physiology. Some of the well-characterized contact sites
include ER-mitochondria, which facilitate direct transfer of lipids
and Ca?* and play important roles in cholesterol metabolism and
phospholipid homeostasis; ER-plasma membranes, which regu-
late Ca2* levels and phosphatidylinositol metabolism; and ER-
Golgi, which enable the transfer of secreted lipids and proteins
(reviewed in the study conducted by English and Voeltz, 2013).

Cells with defects in ER shaping and remodeling processes
are unable to fulfill the essential ER functions, fail to respond to
changing cellular needs, and cannot resolve ER stress. ER stress
has been linked to the development of numerous human dis-
eases, including infections, neurodegeneration, and cancer
(Bergmann et al., 2017; Cabral-Miranda and Hetz, 2018; Choi
and Song, 2019). In order to prevent disease onset and maintain
its integrity, the ER has developed a number of quality control
and stress-coping mechanisms, with the re-shaping and remod-
eling of the ER membrane taking center stage.

The role of microtubules in ER remodeling

An early idea behind the mechanisms of ER dynamics involved
microtubule and actin filament rearrangements, given the close
association of ER tubules and microtubules (reviewed in the
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Figure 2. Schematic representation of ER-phagy and reticulon-homology domains

(A) FAM134B, the best characterized RHD-containing ER-phagy receptor, can oligomerize, sense, and induce membrane curvature. High concentration of
FAM134B leads to membrane budding, which is recognized by the autophagy machinery through direct binding between FAM134B and LC3/GABARAP proteins.
This binding provides additional forces that lead to scission of these ER membrane buds and their subsequent incorporation into the forming autophagosome.
The autophagosome will fuse with a lysosome, where the fragmented ER membrane and embedded RHD-containing proteins are degraded.

(B) RHDs assume a wedge-shaped form when inserted into the ER membrane. RHDs consist of two conserved transmembrane hairpins (TM1,2 and TM3,4) and
two amphipathic helices (AH-L and AH-C). AH-L is part of a linker sequence, connecting TM1,2 and TM3,4, and AH-C is localized C-terminally of TM3,4. The
transmembrane hairpins locally compress the lipid bilayer, while the amphipathic helices allow stretching of the cytosolic leaflet to induce strong local membrane

deformations.

study conducted by Du et al., 2004). And while the cytoskeleton
does provide a certain degree of dynamics during ER tubule for-
mation and membrane rearrangement, it is not indispensable.
The formation of ER tubules, membrane rearrangement, or
branching of the tubules generally follows the path of microtu-
bules via two separate mechanisms—the sliding mechanism,
where the ER tubule associates with motor proteins and slides
along the microtubules, and the tip attachment complex (TAC)
mechanism, where ER tubules are attached to the tip of the poly-
merizing microtubules (Waterman-Storer and Salmon, 1998).
Finally, the pioneering work by Tom Rapoport’s group high-
lighted the importance of reticulon and reticulon-like proteins
in the process of ER dynamics (Voeltz et al., 2006).

Nevertheless, the cytoskeleton continues to be linked with the
topic of ER dynamics. More recently, another mechanism of ER
tubule formation was discovered, termed hitchhiking. Hitchhik-
ing describes a process where ER tubules are formed by teth-
ering to highly motile organelles such as endosomes or lyso-
somes, which themselves use microtubules and protein
motors for their transport. While the underlying mechanism of
this process remains unknown, it is considered to be transient
or reversible, allowing the forming tubules to fuse with other
ER tubules, or to withdraw in case of tether breakage during
ER tubule extension (Guo et al., 2018).
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How the cytoskeleton contributes to ER-phagy is one of the
open questions in the field. In yeast, the actin cytoskeleton has
been found to be required for localization of Atg40-containing
ER fragments within the cell (Chen et al., 2018). However, the
principal mechanisms and the regulation of this process are
currently lacking.

ER-PHAGY

Autophagy is up-regulated during stress, such as nutrient star-
vation, when it tries to secure enough nutrients for the cell to
cope during the stress conditions and is under the control of
the target of rapamycin (TOR) kinase, its key regulator. TOR in-
hibition results in the activation of a cascade of autophagy ki-
nase complexes, including Atg1/ULK1 complexes and the
class Ill Vps34 lipid kinase complex, leading to the production
of phosphatidylinositol (lll) phosphate (PI3P) at the ER exit sites,
initiating de novo formation of a double membrane phago-
phore. During the phagophore expansion, Atg8/LC3/GABARAP
proteins undergo lipidation onto the phosphatidylethanolamine
(PE) within the forming phagophore, simultaneously surround-
ing the cargo marked for degradation. This step is facilitated
by autophagy receptors. Phagophore closure results in the for-
mation of an autophagosome, which will fuse with a lysosome
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in order for the cargo to be degraded and recycled back into
the cytosol (reviewed in the studies conducted by Farré and
Subramani, 2016 and Mercer et al., 2018).

The term ER-phagy was first coined in 2006 (Bernales et al.,
2006) to describe selective degradation of the ER through auto-
phagy, but we started gaining a deeper understanding into the
process with the discovery of ER-phagy receptors —mammalian
FAM134A, B, and C (Khaminets et al., 2015; Kumar et al., 2021;
Reggio et al., 2021), Sec62 (Fumagalli et al., 2016), RTN3 (Gru-
mati et al., 2017), CCPG1 (Smith et al., 2018), ATL3 (Chen
et al., 2019), TEX264 (An et al., 2019; Chino et al., 2019),
CALCOCO1 (Nthiga et al., 2020), and C53 (Stephani et al,,
2020); yeast Atg39, Atg40 (Mochida et al., 2015), and Epr1
(Zhao et al., 2020); and plant ATI1, ATI2, and ATI3 (Honig et al.,
2012; Michaeli et al., 2014; Zhou et al., 2018), Rtn1 and Rtn2
(Zhang et al., 2020), Sec62 (Hu et al., 2020), and C53 (Stephani
et al., 2020). All hitherto identified ER-phagy receptors contain
an ATG8-interacting motif (AIM), or LIR in mammals, and are
localized to the ER. Generally, we can split ER-phagy receptors
into two groups—(1) reticulon homology domain (RHD)-contain-
ing receptors (such as mammalian FAM134 proteins and RTN3,
yeast Atg40, or plant Rtn proteins) and (2) receptors not contain-
ing RHD (such as mammalian Sec62, TEX264, or C53; yeast
Atg39; or plant C53). Receptors corresponding to the first group
are often involved in ER fragmentation and membrane remodel-
ing, which was not observed with the others to the same extent.

ER-phagy can also be micro-ER-phagy, where ER compo-
nents are directly engulfed by the lysosome without the assis-
tance of autophagosomes. This type of ER-phagy is frequently
associated with recovER-phagy, where the translocon compo-
nent Sec62 takes on the role of the cargo receptor and, under
the control of ESCRT-IIl complex machinery, drives the engulf-
ment by the lysosomes (Loi et al., 2019).

Membrane-shaping ER-phagy receptors

Portions of the ER that are targeted for degradation are recog-
nized by the autophagy machinery through ER-phagy receptors.
These receptors generally undergo oligomerization in order to
facilitate targeting of the bulky cargo (Gubas and Dikic, 2022).
ER-phagy receptors, with the exception of CALCOCO1 and
C53, contain transmembrane domains, anchoring them to the
ER membrane. CALCOCO1 and C53 are indirectly recruited to
the ER—CALCOCO1 binds ER-resident VAP proteins (Nthiga
et al., 2020), whereas C53 forms a ternary complex with
UFMylation E3 ligase UFL1 and its ER-localized adaptor
DDRGK1 (Stephani et al., 2020).

Currently, there are eight mammalian ER-phagy receptors,
with that number likely to rise in the near future (for more detailed
insight into their function, please refer to the studies conducted
by Chino and Mizushima (2020), Molinari (2021), and Wilkinson
(2020). While the exact reason for this is unknown, it is likely
linked to the variable morphology of the ER in order to facilitate
the degradation of different ER subdomains. Likewise, ER-phagy
receptors are also differently expressed in specific mammalian
and plant tissues. Moreover, ER-phagy receptors have addi-
tional roles in cellular quality control mechanism beyond bridging
the cargo with the autophagy machinery. It is also likely that
different receptors will respond to different types of stress stim-
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uli. With this in mind, only some of these receptors have the ca-
pacity to induce significant ER remodeling (such as mammalian
FAM134 family, RTN3L and ATLS3, and yeast Atg40) (Chen et al.,
2019; Grumati et al., 2017; Khaminets et al., 2015; Mochida et al.,
2015). One of the main features of these proteins is a hairpin-like
domain anchored into the lipid bilayer. In FAM134A-C and
RTN3L, two hairpin-like domains are connected via a linker,
forming a so-called RHD (Figure 2B). The linker forms an amphi-
pathic helix (AH) in connection with the lipid bilayer. Carboxy-
terminally to the second transmembrane domain, the RHDs
contain a second AH. Both of these amphipathic helices assist
in the function of RHDs (Bhaskara et al., 2019). RHDs serve to
retain these proteins within the ER membrane, but their main
function is to promote membrane curvature and drive the ER
membrane remodeling (Voeltz et al., 2006). This is particularly
important for ER-phagy, where the RHD contributes toward
the budding and scission of ER membranes for their subsequent
degradation. Interactions between the ER bud-localized RHDs
and the phagophore provide an additional force in the bud scis-
sion, allowing the sequestration of the ER bud within the auto-
phagosome (Figure 2A).

Yeasts have been shown to require another ER-shaping pro-
tein for functional ER-phagy—Lunapark 1 (Lnp1), from a family
of Lunapark proteins (Chen et al., 2018). Lnp1 is required for suc-
cessful distribution of Atg40 in ER-derived autophagic puncta
upon ER-phagy induction. While the mechanism underpinning
Lnp1’s function in ER-phagy remains unclear, the data point to-
ward destabilization of the interaction between Atg40 and its
scaffold protein Atg11 upon the depletion of Lnp1, an event
required for functional ER-phagy (Chen et al., 2018).

RHDs in ER-phagy and ER remodeling

FAM134B is the most studied protein in terms of its dual role in
ER remodeling and ER-phagy. The FAM134B-RHD, with the
assistance of amphipathic helices, can sense areas of high
membrane curvature (such as the edges of ER sheets) and
form clusters in those areas (Bhaskara et al., 2019). FAM134B
oligomerizes through its RHD domain, thus contributing to mem-
brane deformation. Such clustering leads to the formation of
FAM134B-positive buds, decorated with LC3 through their
direct interaction with the FAM134B LIR, forming a bridge be-
tween the ER cargo and the phagophore. Interactions between
FAM134B and LC3 provide an additional force for ER bud scis-
sion, which will result in ER membrane fragmentation and even-
tually their delivery to the lysosome for degradation (Figure 2A;
Bhaskara et al., 2019; Siggel et al., 2021). ATL2 could also
have a role in facilitating the scission of the buds. ATL2 binds
FAM134B and likely contributes toward the formation of
FAM134B-positive clusters; however, it plays a role downstream
of FAM134B, as observed by its depletion abrogating FAM134B
overexpression-induced ER-phagy (Liang et al., 2018). Oligo-
merization of selective autophagy receptors has frequently
been observed to be driven by additional factors such as GTP
load or post-translation modifications (Gubas and Dikic, 2022).
Upon ER stress, phosphorylation of FAM134B by the calcium/
calmodulin-dependent protein kinase type Il beta (CAMK2B) at
S151 drives its oligomerization, thereby positively regulating
ER fragmentation and ER-phagy (Jiang et al., 2020). FAM134B
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is also transcriptionally regulated through TFEB and TFES tran-
scription factors, inducing its expression and thereby promoting
membrane remodeling and ER-phagy (Cinque et al., 2020).
Furthermore, ATLs utilize their GTPase activity and dimerize in
GTP-bound form. This process underpins the subsequent fusion
of membranes, which is particularly important for branching of
the tubules, by forming three-way junctions, one of the main
functions of ATLs in ER remodeling (Moss et al., 2011; Orso
et al., 2009; Pendin et al., 2011b). ATLs have also been shown
to remodel ER membranes in order to facilitate the delivery of
FAM134B-positive ER fragments into the autophagosomes, re-
sulting in their own degradation within the lysosome (Liang
et al., 2018).

Recently, FAM134A and FAM134C have both been shown to
induce membrane budding, albeit at slower rates than
FAM134B. Subsequently, both FAM134A and C can drive ER
fragmentation in a LIR-dependent manner, promoting ER-phagy
(Reggio et al., 2021).

In yeast, Atg40, which is closely related to FAM134B, un-
dergoes homodimerization, as well as sensing and inducing mem-
brane curvature through its RHD. Atg40 homodimers assemble on
the ER membrane, creating highly curved membrane buds, which
are eventually surrounded by the phagophore. The phagophore is
stabilized around the bud through direct interaction between
Atg40 and Atg8, trapping the Atg40 homodimers. As the phago-
phore elongates, the ER membrane is further bent through the
Atg40 super-assembly, allowing efficient packaging of ER mem-
brane within the newly formed autophagosome (Mochida et al.,
2020). These ER fragments are subsequently delivered to the lyso-
some and degraded. In plants, maize Rtn1 and Rtn2 have been
shown to regulate ER fragmentation in a dose-dependent manner,
likely pointing toward a similar mechanism to mammalian FAM134
proteins (Zhang et al., 2020).

Another ER-phagy receptor, RTN3L, predominantly resides on
highly curved tubules. We previously reported that RTN3L
homo-oligomerization results in fragmentation of the tubular
ER. These fragments are positive for LC3 and are eventually
delivered to and degraded in the lysosome. RTN3L contains
six LIRs, which have not been identified in other RTN family pro-
teins. Interestingly, RTN3L is the only RTN protein that can
induce fragmentation of ER tubules upon amino acid starvation,
and mainly in its homo-oligomerized form. Hetero-oligomeriza-
tion between RTN3L and its shorter isoform RTN3S leads to
enhanced tubulation of the ER (Grumati et al., 2017). RTN3L
and FAM134B have also been found to interact with other
RHD-containing proteins (Grumati et al., 2017), likely pointing to-
ward formation of large super-molecular clusters, which would
provide a strong base for membrane remodeling in ER-phagy.

RTN3L has recently been found to be recruited to ER-endo-
some membrane contact sites through Rab9A, tethering endo-
somes to the ER and thereby regulating endosomal maturation
and cargo sorting (Wu and Voeltz, 2021).

ER-TO-LYSOSOME-ASSOCIATED
DEGRADATION (ERLAD)

ER-to-lysosome-associated degradation (ERLAD) is an over-
arching term defining the degradation of proteasome-resistant
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misfolded proteins and aggregates. One of the main reasons
why some proteins escape proteasomal degradation is their
size; for example, pancreatic enzyme aggregates (Smith et al.,
2018), collagen (Forrester et al., 2019), a1-antitrypsin (Fregno
et al., 2018), and others (Parashar et al., 2021; Fregno and Moli-
nari, 2019; Figure 1). Interestingly, distinct ERLAD cargos will be
delivered to the lysosome in a way that is specific to that cargo,
which will not always be via macroautophagy but might also be
microautophagy or vesicular transport. Collagen, a major
component of bone and cartilage (Bateman et al., 2009), is syn-
thesized in the ER and folded into triple helices before being ex-
ported out of the ER with the assistance of COP-Il proteins and
TANGO1 (Malhotra and Erlmann, 2015; Raote et al., 2018). A fail-
ure in folding or secretion results in collagen degradation within
the lysosome (Ishida et al., 2009). Interestingly, FAM134B binds
to misfolded procollagen through the interaction with Calnexin
(CANX), a transmembrane ER chaperone, which in this case rep-
resents a co-receptor. Recruitment of FAM134B facilitates LC3-
dependent autophagic degradation of misfolded procollagen
(Forrester et al., 2019). The mechanism of membrane remodeling
in this process is yet to be determined; however, FAM134B likely
drives membrane vesiculation to facilitate the delivery of procol-
lagen into the autophagosome. This is supported by correlative
light-electron microscopy (CLEM) analysis, which revealed the
presence of both CANX and procollagen within autophago-
somes (Forrester et al., 2019).

Both CANX and FAM134B have also been found to play a key
role in the degradation of proteasome-resistant a.1-antitrypsin Z
(ATZ). ATZ degradation bypasses autophagosome sequestra-
tion and is directly targeted to the lysosome. CANX binds
FAM134B and segregates ATZ polymers in ER subdomains of
higher membrane curvature. FAM134B clustering induces ER
membrane fragmentation into a single-membrane vesicle, encir-
cling the misfolded ATZ cargo. The vesicle is then docked to
Rab7/LAMP1-positive lysosomes through interactions that
require the FAM134B LIR and LC3 on the target membrane.
ATZ polymers are released into the lysosome through mem-
brane-membrane fusion, mediated by ER-resident and lyso-
somal SNAREs STX17 and VAMPS8, respectively. Interestingly,
compared with FAM134B-driven ER-phagy, ATZ-positive
vesicle formation from the ER membrane does not require the
FAM134B LIR nor the early autophagy machinery, as
FAM134B-positive ATZ vesicles are still formed in their absence
but are unable to be delivered to the lysosome (Fregno et al.,
2018). It remains to be determined how LC3 lipidation on
Rab7/LAMP1-positive lysosomes is regulated and coordinated
with ATZ vesicle formation.

Degradation of pro-collagen and ATZ polymers can also be
achieved via the proteasome through ERAD. Whether these mis-
folded proteins will be targeted into the proteasome or the lyso-
some, will be determined by the mannose and glucose process-
ing of N-glycans (Fregno et al., 2021).

Akita, a form of proinsulin in which the seventh cysteine of its A
chain is mutated to threonine, causing its aggregation while also
trapping the WT proinsulin (Liu et al., 2007), is also degraded
through the lysosome. Akita is segregated into ER tubules at
sites distinct to ER-exit sites, where proinsulin is usually targeted
for secretory pathways. Akita requires RTN3L, LC3, Lunapark
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(LNPK), another protein involved in the maintenance of the ER
morphology, and SEC24C, a subunit of the COPII complex, for
its degradation. Importantly, a healthy tubular ER network is
essential for the sequestration of Akita into autophagosomes.
Conclusively, Akita is degraded in the lysosome through
RTN3L-mediated ER-phagy of ER tubules, thereby releasing
WT proinsulin for its secretion (Cunningham et al., 2019; Para-
shar et al., 2021).

ER remodeling in health and disease

Preserving the integrity of the ER is essential for cellular fithess
and homeostasis. With ER remodeling being central to ER-
associated cellular functions, it is of little surprise to learn that
various human disorders have been linked to defects in ER
membrane remodeling. Furthermore, ER remodeling takes on
specialized roles in different cell types, depending on the
cellular need and function. In muscle cells, sarcoplasmic retic-
ulum, a specialized type of smooth ER, allows efficient storage
of cellular Ca®* and maintains its concentration, thereby regu-
lating muscle contraction (Rossi et al., 2008). In neurons, the
ER predominantly comprises smooth tubules, with only some
patches of rough ER. This tubular ER network is spread
throughout the neuron and specifically shaped to adapt to
the narrow axonal space. Its main functions include lipid and
glucose metabolism and Ca?* dynamics (Oztiirk et al., 2020).
Mutations in ER-shaping proteins in neurons can lead to a
number of neurodegenerative disorders. Loss-of-function mu-
tations in two RHD-containing ER-phagy receptors, FAM134B
and ATLS3, lead to hereditary sensory neuropathies (HSAN)
caused by the decreased survival of sensory and autonomic
neurons (Kornak et al., 2014; Kurth et al., 2009). Both of these
mutations render the proteins unable to participate in mem-
brane remodeling events, resulting in non-functional and struc-
turally disordered ER, thus leading to progressive sensory loss
as well as distal muscle weakness and wasting.

ER membrane-shaping proteins, such as RTN2, ATL1, Spas-
tin, REEP1, and ARL6IP1, have been found to cause an inherited
neurological disorder termed hereditary spastic paraplegia
(HSP), a disease presented by muscle spasticity, outlining the
critical nature of functional ER membrane dynamics for neuron
survival (Hubner and Kurth, 2014).

Furthermore, miscommunication between the ER and other
organelles is frequently a consequence of a defect in ER remod-
eling, and it has been linked with metabolic (diabetes, pulmonary
hypertension, and cardiac pathologies [Lopez-Crisosto et al.,
2015]) and neurological (Parkinson’s disease, amyotropic lateral
sclerosis [ALS], and Alzheimer’s disease [Bernard-Marissal
et al., 2015, 2018; Oztiirk et al., 2020]) diseases and disorders.

FAM134B and Sec62 have been found to be associated with
cancer. FAM134B is thought to act as a tumor suppressor,
with its mutations frequently observed in colorectal carcinoma
and esophageal squamous cell carcinoma. Amplification of
SEC62 is assumed to induce ER stress tolerance in tumor cells,
thus likely inducing high metastatic potential in these cancers.
and SEC62 if often found to be amplified in non-small cell lung
cancer, prostate cancer, and others (Hubner and Dikic, 2020).

ER remodeling plays an important role in pathogen infections.
Virus genome replication, assembly, morphogenesis, and
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egress all rely on ER membrane rearrangements (Ravindran
et al., 2016). In bacteria such as Legionella pneumophila, ER re-
modeling promotes their replication. Initially, ATL3 has been
found to contribute toward the formation of Legionella-contain-
ing vacuoles (LCV) by driving ER remodeling upon Legionella
infection (Steiner et al., 2017). Furthermore, Legionella pneumo-
phila utilizes a novel, non-canonical type of ubiquitination,
termed phosphoribosyl-dependent ubiquitination (PR-Ub), to hi-
jack host cellular processes (Bhogaraju et al., 2016; Qiu et al.,
2016). The SidE family of proteins, Legionella pathogenic effec-
tors that catalyze PR-Ub, target the ER-phagy receptors
FAM134B, RTN3, and TEX264, as well as other ER-shaping pro-
teins RTN4 and LNPK, and drive ER membrane remodeling for
their own benefit. This results in the formation of LCVs, which
promotes bacterial proliferation (Shin et al., 2020).

CONCLUDING REMARKS

Understanding the structure and function of the ER has been of
interest to researchers for a number of decades. The ER plays an
essential role in cellular homeostasis and is a hotspot for a variety
of key cellular functions. As such, the ER has developed a num-
ber of quality control processes such as ERAD or ER-phagy to
cope with stress and allow quick recovery thereafter. ER mem-
brane remodeling is a common event in these processes, but
current understanding about the mechanisms underpinning ER
remodeling remains scarce. Expanding on this knowledge has
gained momentum in recent years, following the discovery of
RHD-containing ER-phagy receptors that not only drive ER-
phagy, but have a significant effect on ER membrane dynamics
and morphology. New discoveries in the field of ER remodeling
will shed light on physical mechanisms underlying the ER quality
control processes and provide critical insights and information
about developing therapeutic and diagnostic approaches
required for disorders caused by the malfunction of the ER-
shaping machinery.

ACKNOWLEDGMENTS

We thank Koraljka Husnjak, Paolo Grumati, David McEwan, Ines Tomaskovic,
and Daniela Hoéller for critically reading the manuscript. Our work is supported
by the Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion) Project-ID 259130777-SFB1177.

AUTHOR CONTRIBUTIONS

A.G. and I.D. wrote the manuscript. A.G. designed the figures.
DECLARATION OF INTERESTS

I.D. is a member of the advisory board of Molecular Cell.
REFERENCES

An, H., Ordureau, A., Paulo, J.A., Shoemaker, C.J., Denic, V., and Harper, J.W.
(2019). TEX264 is an endoplasmic reticulum-resident ATG8-interacting protein
critical for ER remodeling during nutrient stress. Mol. Cell 74, 891-908.e10.

Bateman, J.F., Boot-Handford, R.P., and Lamandé, S.R. (2009). Genetic

diseases of connective tissues: cellular and extracellular effects of ECM muta-
tions. Nat. Rev. Genet. 70, 173-183.

Molecular Cell 82, April 21, 2022 1497



http://refhub.elsevier.com/S1097-2765(22)00156-3/sref1
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref1
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref1
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref2
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref2
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref2

¢? CellPress

OPEN ACCESS

Bergmann, T.J., Fumagalli, F., Loi, M., and Molinari, M. (2017). Role of SEC62
in ER maintenance: a link with ER stress tolerance in SEC62-overexpressing
tumors? Mol. Cell. Oncol. 4, e1264351.

Bernales, S., McDonald, K.L., and Walter, P. (2006). Autophagy counterbal-
ances endoplasmic reticulum expansion during the unfolded protein
response. PLoS Biol. 4, e423.

Bernales, S., Schuck, S., and Walter, P. (2007). ER-phagy: selective autophagy
of the endoplasmic reticulum. Autophagy 3, 285-287.

Bernard-Marissal, N., Chrast, R., and Schneider, B.L. (2018). Endoplasmic re-
ticulum and mitochondria in diseases of motor and sensory neurons: a broken
relationship? Cell Death Dis. 9, 333.

Bernard-Marissal, N., Médard, J.J., Azzedine, H., and Chrast, R. (2015).
Dysfunction in endoplasmic reticulum-mitochondria crosstalk underlies
SIGMAR1 loss of function mediated motor neuron degeneration. Brain 738,
875-890.

Bhaskara, R.M., Grumati, P., Garcia-Pardo, J., Kalayil, S., Covarrubias-Pinto,
A., Chen, W., Kudryashev, M., Dikic, I., and Hummer, G. (2019). Curvature in-
duction and membrane remodeling by FAM134B reticulon homology domain
assist selective ER-phagy. Nat. Commun. 70, 1-13.

Bhogaraju, S., Kalayil, S., Liu, Y., Bonn, F., Colby, T., Matic, |., and Dikic, I.
(2016). Phosphoribosylation of ubiquitin promotes serine ubiquitination and
impairs conventional ubiquitination. Cell 167, 1636-1649.e13.

Borgese, N., Francolini, M., and Snapp, E. (2006). Endoplasmic reticulum
architecture: structures in flux. Curr. Opin. Cell Biol. 18, 358-364.

Cabral-Miranda, F., and Hetz, C. (2018). ER stress and neurodegenerative dis-
ease: a cause or effect relationship? Curr. Top. Microbiol. Immunol. 474,
131-157.

Chen, Q., Xiao, Y., Chai, P., Zheng, P., Teng, J., and Chen, J. (2019). ATL3 isa
tubular ER-Phagy receptor for GABARAP-mediated selective autophagy.
Curr. Biol. 29, 846-855.€6.

Chen, S., Cui, Y., Parashar, S., Novick, P.J., and Ferro-Novick, S. (2018). ER-
phagy requires Lnp1, a protein that stabilizes rearrangements of the ER
network. Proc. Natl. Acad. Sci. USA 175, E6237-E6244.

Chino, H., Hatta, T., Natsume, T., and Mizushima, N. (2019). Intrinsically disor-
dered protein TEX264 mediates ER-phagy. Mol. Cell 74, 909-921.e6.

Chino, H., and Mizushima, N. (2020). ER-Phagy: quality control and turnover of
endoplasmic reticulum. Trends Cell Biol 30, 384-398.

Choi, J.A., and Song, C.H. (2019). Insights into the role of endoplasmic reticu-
lum stress in infectious diseases. Front. Immunol. 70, 3147.

Cinque, L., Leonibus, C., De, lavazzo, M., Krahmer, N., Intartaglia, D., Salierno,
F.G., Cegli, R., De, Malta, C., Di, Svelto, M., Lanzara, C., et al. (2020). MiT/TFE
factors control ER-phagy via transcriptional regulation of FAM134B. EMBO J.
39, 105696.

Cunningham, C.N., Williams, J.M., Knupp, J., Arunagiri, A., Arvan, P., and Tsai,
B. (2019). Cells deploy a two-pronged strategy to rectify misfolded proinsulin
aggregates. Mol. Cell 75, 442-456.e4.

De Brito, O.M., and Scorrano, L. (2008). Mitofusin 2 tethers endoplasmic retic-
ulum to mitochondria. Nature 456, 605-610.

Dikic, I. (2018). Open questions: why should we care about ER-phagy and ER
remodelling? BMC Biol. 76, 131.

Du, Y., Ferro-Novick, S., and Novick, P. (2004). Dynamics and inheritance of
the endoplasmic reticulum. J. Cell Sci. 117, 2871-2878.

English, A.R., and Voeltz, G.K. (2013). Endoplasmic reticulum structure and in-
terconnections with other organelles. Cold Spring Harb. Perspect. Biol. 5,
a013227.

Farré, J.C., and Subramani, S. (2016). Mechanistic insights into selective
autophagy pathways: lessons from yeast. Nat. Rev. Mol. Cell Biol. 17,
537-552.

Forrester, A., De Leonibus, C., Grumati, P., Fasana, E., Piemontese, M.,
Staiano, L., Fregno, I., Raimondi, A., Marazza, A., Bruno, G., et al. (2019). Ase-

1498 Molecular Cell 82, April 21, 2022

Molecular Cell

lective ER-phagy exerts procollagen quality control via a calnexin- FAM 134B
complex. EMBO J. 38, €99847.

Fregno, |., Fasana, E., Bergmann, T.J., Raimondi, A., Loi, M., Solda, T., Galli, C.,
D’Antuono, R., Morone, D., Danieli, A., et al. (2018). ER-to-lysosome-associated
degradation of proteasome-resistant ATZ polymers occurs via receptor-medi-
ated vesicular transport. EMBO J. 37, €99259.

Fregno, |., Fasana, E., Solda, T., Galli, C., and Molinari, M. (2021). N-glycan
processing selects ERAD-resistant misfolded proteins for ER-to-lysosome-
associated degradation. EMBO J. 40, e107240.

Fregno, I., and Molinari, M. (2019). Proteasomal and lysosomal clearance of
faulty secretory proteins: ER-associated degradation (ERAD) and ER-to-lyso-
some-associated degradation (ERLAD) pathways. Crit. Rev. Biochem. Mol.
Biol. 54, 153-163.

Fumagalli, F., Noack, J., Bergmann, T.J., Cebollero, E.C., Pisoni, G.B., Fasana,
E., Fregno, ., Galli, C., Loi, M., Solda, T., et al. (2016). Translocon component
Sec62 acts in endoplasmic reticulum turnover during stress recovery. Nat. Cell
Biol. 18, 1173-1184.

Grumati, P., Dikic, I., and Stolz, A. (2018). ER-phagy at a glance. J. Cell
Sci. 131.

Grumati, P., Morozzi, G., Holper, S., Mari, M., Harwardt, M.l., Yan, R., Mdller,
S., Reggiori, F., Heilemann, M., and Dikic, I. (2017). Full length RTN3 regulates
turnover of tubular endoplasmic reticulum via selective autophagy. Elife 6,
e25555.

Gubas, A., and Dikic, I. (2022). A guide to the regulation of selective autophagy
receptors. FEBS J. 289, 75-89.

Guo, Y., Li, D., Zhang, S., Yang, Y., Liu, J.-J., Wang, X., Liu, C., Milkie, D.E.,
Moore, R.P., Tulu, U.S., et al. (2018). Visualizing intracellular organelle and
cytoskeletal interactions at nanoscale resolution on millisecond timescales.
Cell 175, 1430-1442.e17.

Honig, A., Avin-Wittenberg, T., Ufaz, S., and Galili, G. (2012). A new type of
compartment, defined by plant-specific Atg8-interacting proteins, is induced
upon exposure of Arabidopsis plants to carbon starvation. Plant Cell 24,
288-303.

Hu, J., Shibata, Y., Voss, C., Shemesh, T., Li, Z., Coughlin, M., Kozlov, M.M.,
Rapoport, T.A., and Prinz, W.A. (2008). Membrane proteins of the endoplasmic
reticulum induce high-curvature tubules. Science 379, 1247-1250.

Hu, S., Ye, H., Cui, Y., and Jiang, L. (2020). AtSec62 is critical for plant devel-
opment and is involved in ER-phagy in Arabidopsis thaliana. J. Integr. Plant
Biol. 62, 181-200.

Hubner, C.A., and Dikic, I. (2020). ER-phagy and human diseases. Cell Death
Differ. 27, 833-842.

Hibner, C.A., and Kurth, 1. (2014). Membrane-shaping disorders: a common
pathway in axon degeneration. Brain 7137, 3109-3121.

Ishida, Y., Yamamoto, A., Kitamura, A., Lamandé, S.R., Yoshimori, T., Bate-
man, J.F., Kubota, H., and Nagata, K. (2009). Autophagic elimination of mis-
folded procollagen aggregates in the endoplasmic reticulum as a means of
cell protection. Mol. Biol. Cell 20, 2744-2754. https://doi.org/10.1091/Mbc.
E08-11-1092.

Jiang, X., Wang, X., Ding, X., Du, M., Li, B., Weng, X., Zhang, J., Li, L., Tian, R.,
Zhu, Q., et al. (2020). FAM 134B oligomerization drives endoplasmic reticulum
membrane scission for ER-phagy. EMBO J. 39, e102608.

Johansen, T., and Lamark, T. (2020). Selective autophagy: ATG8 family pro-
teins, LIR motifs and cargo receptors. J. Mol. Biol. 432, 80-103.

Khaminets, A., Heinrich, T., Mari, M., Grumati, P., Huebner, A.K., Akutsu, M.,
Liebmann, L., Stolz, A., Nietzsche, S., Koch, N., et al. (2015). Regulation of
endoplasmic reticulum turnover by selective autophagy. Nature 522,
354-358.

Kirkin, V., and Rogov, V.V. (2019). A diversity of selective autophagy recep-
tors determines the specificity of the autophagy pathway. Mol. Cell 76,
268-285.

Kornak, U., Mademan, I., Schinke, M., Voigt, M., Krawitz, P., Hecht, J., Barven-
cik, F., Schinke, T., GieBelmann, S., Beil, F.T., et al. (2014). Sensory neuropathy


http://refhub.elsevier.com/S1097-2765(22)00156-3/sref3
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref3
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref3
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref4
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref4
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref4
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref5
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref5
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref6
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref6
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref6
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref7
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref7
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref7
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref7
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref8
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref8
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref8
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref8
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref9
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref9
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref9
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref10
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref10
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref11
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref11
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref11
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref12
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref12
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref12
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref13
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref13
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref13
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref14
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref14
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref15
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref15
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref16
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref16
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref17
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref17
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref17
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref17
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref18
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref18
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref18
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref19
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref19
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref20
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref20
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref21
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref21
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref22
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref22
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref22
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref23
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref23
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref23
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref24
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref24
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref24
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref24
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref24
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref24
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref25
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref26
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref26
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref26
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref27
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref27
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref27
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref27
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref28
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref28
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref28
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref28
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref29
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref29
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref30
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref30
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref30
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref30
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref30
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref31
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref31
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref32
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref32
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref32
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref32
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref33
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref33
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref33
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref33
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref34
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref34
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref34
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref35
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref35
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref35
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref36
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref36
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref36
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref37
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref37
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref37
https://doi.org/10.1091/Mbc.E08-11-1092
https://doi.org/10.1091/Mbc.E08-11-1092
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref39
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref39
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref39
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref39
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref40
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref40
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref41
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref41
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref41
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref41
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref42
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref42
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref42
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref43
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref43

Molecular Cell

with bone destruction due to a mutation in the membrane-shaping atlastin
GTPase 3. Brain 137, 683-692.

Kumar, D., Lak, B., Suntio, T., Vihinen, H., Belevich, |., Viita, T., Xiaonan, L.,
Vartiainen, A., Vartiainen, M., Varjosalo, M., and Jokitalo, E. (2021). RTN4B in-
teracting protein FAM134C promotes ER membrane curvature and has a func-
tional role in autophagy. Mol. Biol. Cell 32, 1158-1170.

Kurth, I., Pamminger, T., Hennings, J.C., Soehendra, D., Huebner, A.K., Rotth-
ier, A., Baets, J., Senderek, J., Topaloglu, H., Farrell, S.A., et al. (2009). Muta-
tions in FAM134B, encoding a newly identified Golgi protein, cause severe
sensory and autonomic neuropathy. Nat. Genet. 47, 1179-1181.

Liang, J.R., Lingeman, E., Ahmed, S., and Corn, J.E. (2018). Atlastins remodel
the endoplasmic reticulum for selective autophagy. J. Cell Biol. 217,
3354-3367.

Liu, M., Hodish, I., Rhodes, C.J., and Arvan, P. (2007). Proinsulin maturation,
misfolding, and proteotoxicity. Proc. Natl. Acad. Sci. USA 104, 15841-15846.

Loi, M., Raimondi, A., Morone, D., and Molinari, M. (2019). ESCRT-IlI-driven
piecemeal micro-ER-phagy remodels the ER during recovery from ER stress.
Nat. Commun. 70, 5058.

Lopez-Crisosto, C., Bravo-Sagua, R., Rodriguez-Pefa, M., Mera, C., Castro,
P.F., Quest, A.F.G., Rothermel, B.A., Cifuentes, M., and Lavandero, S.
(2015). ER-to-mitochondria miscommunication and metabolic diseases. Bio-
chim. Biophys. Acta 7852, 2096-2105.

Malhotra, V., and Erimann, P. (2015). The pathway of collagen secretion. Annu.
Rev. Cell Dev. Biol. 37, 109-124. https://doi.org/10.1146/Annurev-Cellbio-
100913-013002.

Mercer, T.J., Gubas, A., and Tooze, S.A. (2018). A molecular perspective of
mammalian autophagosome biogenesis. J. Biol. Chem. 293, 5386-5395.

Michaeli, S., Honig, A., Levanony, H., Peled-Zehavi, H., and Galili, G. (2014).
Arabidopsis ATG8-INTERACTING PROTEINT is involved in autophagy-depen-
dent vesicular trafficking of plastid proteins to the vacuole. Plant Cell 26,
4084-4101.

Mochida, K., Oikawa, Y., Kimura, Y., Kirisako, H., Hirano, H., Ohsumi, Y., and
Nakatogawa, H. (2015). Receptor-mediated selective autophagy degrades the
endoplasmic reticulum and the nucleus. Nature 522, 359-362.

Mochida, K., Yamasaki, A., Matoba, K., Kirisako, H., Noda, N.N., and Nakato-
gawa, H. (2020). Super-assembly of ER-phagy receptor Atg40 induces local
ER remodeling at contacts with forming autophagosomal membranes. Nat.
Commun. 77, 3306.

Molinari, M. (2021). ER-phagy responses in yeast, plants, and mammalian cells
and their crosstalk with UPR and ERAD. Dev. Cell 56, 949-966.

Moss, T.J., Andreazza, C., Verma, A., Daga, A., and McNew, J.A. (2011). Mem-
brane fusion by the GTPase atlastin requires a conserved C-terminal cyto-
plasmic tail and dimerization through the middle domain. Proc. Natl. Acad.
Sci. USA 7108, 11133-11138.

Nthiga, T.M., Kumar Shrestha, B., Sjgttem, E., Bruun, J., Bowitz Larsen, K.,
Bhujabal, Z., Lamark, T., and Johansen, T. (2020). CALCOCO 1 acts with
VAMP-associated proteins to mediate ER-phagy. EMBO J. 39, e103649.

Orso, G., Pendin, D., Liu, S., Tosetto, J., Moss, T.J., Faust, J.E., Micaroni, M.,
Egorova, A., Martinuzzi, A., McNew, J.A., and Daga, A. (2009). Homotypic
fusion of ER membranes requires the dynamin-like GTPase Atlastin. Nature
460, 978-983.

Oztiirk, Z., O’Kane, C.J., and Pérez-Moreno, J.J. (2020). Axonal endoplasmic
reticulum dynamics and its roles in neurodegeneration. Front. Neurosci.
14, 48.

Parashar, S., Chidambaram, R., Chen, S., Liem, C.R., Griffis, E., Lambert,
G.G., Shaner, N.C., Wortham, M., Hay, J.C., and Ferro-Novick, S. (2021).
Endoplasmic reticulum tubules limit the size of misfolded protein condensates.
Elife 10, e71642.

Pendin, D., McNew, J.A., and Daga, A. (2011a). Balancing ER dynamics:
shaping, bending, severing, and mending membranes. Curr. Opin. Cell Biol.
23, 435-442.

¢? CellPress

OPEN ACCESS

Pendin, D., Tosetto, J., Moss, T.J., Andreazza, C., Moro, S., McNew, J.A., and
Daga, A. (2011b). GTP-dependent packing of a three-helix bundle is required
for atlastin-mediated fusion. Proc. Natl. Acad. Sci. USA 708, 16283-16288.

Qiu, J., Sheedlo, M.J., Yu, K., Tan, Y., Nakayasu, E.S., Das, C., Liu, X., and Luo,
Z.Q. (2016). Ubiquitination independent of E1 and E2 enzymes by bacterial ef-
fectors. Nature 533, 120-124.

Raote, I., Ortega-Bellido, M., Santos, A.J.M., Foresti, O., Zhang, C., Garcia-
Parajo, M.F., Campelo, F., and Malhotra, V. (2018). TANGO1 builds a machine
for collagen export by recruiting and spatially organizing COPII, tethers and
membranes. Elife 7, e327283.

Ravindran, M.S., Bagchi, P., Cunningham, C.N., and Tsai, B. (2016). Opportu-
nistic intruders: how viruses orchestrate ER functions to infect cells. Nat. Rev.
Microbiol. 74, 407-420.

Reggio, A., Buonomo, V., Berkane, R., Bhaskara, R.M., Tellechea, M., Peluso,
I., Polishchuk, E., Di Lorenzo, G., Cirillo, C., Esposito, M., et al. (2021). Role of
FAM134 paralogues in endoplasmic reticulum remodeling, ER-phagy, and
Collagen quality control. EMBO Rep. 22, €52289.

Rossi, D., Barone, V., Giacomello, E., Cusimano, V., and Sorrentino, V. (2008).
The sarcoplasmic reticulum: an organized patchwork of specialized domains.
Traffic 9, 1044-1049.

Schuck, S., Prinz, W.A., Thorn, K.S., Voss, C., and Walter, P. (2009). Mem-
brane expansion alleviates endoplasmic reticulum stress independently of
the unfolded protein response. J. Cell Biol. 187, 525-536.

Shibata, Y., Hu, J., Kozlov, M.M., and Rapoport, T.A. (2009). Mechanisms
shaping the membranes of cellular organelles. Annu. Rev. Cell Dev. Biol. 25,
329-354.

Shibata, Y., Voeltz, G.K., and Rapoport, T.A. (2006). Rough sheets and smooth
tubules. Cell 126, 435-439.

Shin, D., Mukherjee, R., Liu, Y., Gonzalez, A., Bonn, F., Liu, Y., Rogov, V.V.,
Heinz, M., Stolz, A., Hummer, G., et al. (2020). Regulation of phosphoribo-
syl-linked serine ubiquitination by deubiquitinases DupA and DupB. Mol.
Cell 77, 164-179.€6.

Siggel, M., Bhaskara, R.M., Moesser, M.K., D Iki¢, |., and Hummer, G. (2021).
FAM134B-RHD protein clustering drives spontaneous budding of asymmetric
membranes. J. Phys. Chem. Lett. 72, 1926-1931.

Smith, M.D., Harley, M.E., Kemp, A.J., Wills, J., Lee, M., Arends, M., von Krieg-
sheim, A., Behrends, C., and Wilkinson, S. (2018). CCPG1 is a non-canonical
autophagy cargo receptor essential for ER-Phagy and pancreatic ER proteo-
stasis. Dev. Cell 44, 217-232.e11.

Steiner, B., Swart, A.L., Welin, A., Weber, S., Personnic, N., Kaech, A., Freyre,
C., Ziegler, U., Klemm, R.W., and Hilbi, H. (2017). ER remodeling by the large
GTPase atlastin promotes vacuolar growth of Legionella pneumophila. EMBO
Rep. 18, 1817-1836.

Stephani, M., Picchianti, L., Gajic, A., Beveridge, R., Skarwan, E., de Medina
Hernandez, V.S., Mohseni, A., Clavel, M., Zeng, Y., Naumann, C., et al.
(2020). A cross-kingdom conserved ER-phagy receptor maintains endo-
plasmic reticulum homeostasis during stress. Elife 9, e58396.

Stolz, A., Ernst, A., and Dikic, I. (2014). Cargo recognition and trafficking in se-
lective autophagy. Nat. Cell Biol. 16, 495-501.

Voeltz, G.K., Prinz, W.A., Shibata, Y., Rist, J.M., and Rapoport, T.A. (2006). A
class of membrane proteins shaping the tubular endoplasmic reticulum. Cell
124, 573-586.

Walter, P., and Ron, D. (2011). The unfolded protein response. PERK 334,
1081-1087.

Wang, N., Clark, L.D., Gao, Y., Kozlov, M.M., Shemesh, T., and Rapoport, T.A.
(2021). Mechanism of membrane-curvature generation by ER-tubule shaping
proteins. Nat. Commun. 12, 568.

Wang, N., and Rapoport, T.A. (2019). Reconstituting the reticular ER

network—mechanistic implications and open questions. J. Cell Sci. 132,
jcs227611.

Molecular Cell 82, April 21, 2022 1499



http://refhub.elsevier.com/S1097-2765(22)00156-3/sref43
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref43
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref44
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref44
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref44
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref44
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref45
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref45
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref45
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref45
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref46
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref46
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref46
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref47
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref47
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref48
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref48
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref48
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref49
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref49
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref49
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref49
https://doi.org/10.1146/Annurev-Cellbio-100913-013002
https://doi.org/10.1146/Annurev-Cellbio-100913-013002
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref51
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref51
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref52
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref52
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref52
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref52
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref53
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref53
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref53
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref54
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref54
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref54
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref54
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref55
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref55
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref56
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref56
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref56
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref56
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref57
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref57
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref57
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref57
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref57
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref58
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref58
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref58
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref58
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref59
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref59
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref59
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref59
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref60
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref60
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref60
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref60
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref61
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref61
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref61
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref62
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref62
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref62
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref63
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref63
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref63
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref64
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref64
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref64
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref64
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref65
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref65
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref65
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref66
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref66
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref66
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref66
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref66
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref67
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref67
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref67
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref68
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref68
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref68
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref69
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref69
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref69
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref70
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref70
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref71
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref71
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref71
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref71
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref72
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref72
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref72
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref72
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref73
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref73
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref73
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref73
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref74
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref74
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref74
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref74
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref75
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref75
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref75
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref75
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref76
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref76
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref77
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref77
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref77
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref78
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref78
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref79
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref79
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref79
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref80
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref80
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref80

¢? CellPress

OPEN ACCESS

Waterman-Storer, C.M., and Salmon, E.D. (1998). Endoplasmic reticulum
membrane tubules are distributed by microtubules in living cells using three
distinct mechanisms. Curr. Biol. 8, 798-806.

Wilkinson, S. (2019). ER-phagy: shaping up and destressing the endoplasmic
reticulum. FEBS J. 286, 2645-2663.

Wilkinson, S. (2020). Emerging principles of selective ER autophagy. J. Mol.
Biol. 432, 185-205.

Wiseman, R.L., Mesgarzadeh, J.S., and Hendershot, L.M. (2022). Reshaping
Endoplasmic Reticulum Quality Control Through the Unfolded Protein
Response. Molecular Cell.

Wu, H., and Voeltz, G.K. (2021). Reticulon-3 promotes endosome maturation
at ER membrane contact sites. Dev. Cell 56, 52-66.e7.

1500 Molecular Cell 82, April 21, 2022

Molecular Cell

Zhang, X., Ding, X., Marshall, R.S., Paez-Valencia, J., Lacey, P., Vierstra, R.D.,
and Otegui, M.S. (2020). Reticulon proteins modulate autophagy of the endo-
plasmic reticulum in maize endosperm. Elife 9, e51918.

Zhao, D., Zou, C.X., Liu, X.M., Jiang, Di Z., Y, Z.Q., Suo, F., Du, T.Y., Dong,
M.Q., He, W., and Du, L.-L. (2020). A UPR-induced soluble ER-phagy re-
ceptor acts with VAPs to confer ER stress resistance. Mol. Cell 79,
963-977.e3.

Zhou, J., Wang, Z., Wang, X., Li, X., Zhang, Z., Fan, B., Zhu, C., and Chen, Z.
(2018). Dicot-specific ATG8-interacting ATI3 proteins interact with conserved
UBAC?2 proteins and play critical roles in plant stress responses. Autophagy
14, 487-504.


http://refhub.elsevier.com/S1097-2765(22)00156-3/sref81
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref81
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref81
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref82
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref82
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref83
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref83
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref88
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref88
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref88
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref84
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref84
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref85
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref85
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref85
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref86
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref86
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref86
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref86
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref87
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref87
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref87
http://refhub.elsevier.com/S1097-2765(22)00156-3/sref87

	ER remodeling via ER-phagy
	ER dynamics and remodeling
	The role of microtubules in ER remodeling
	Membrane-shaping ER-phagy receptors
	RHDs in ER-phagy and ER remodeling
	ER remodeling in health and disease
	Acknowledgments
	Author contributions
	Declaration of interests
	References


