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Abstract

Autophagy regulates the degradation of unnecessary or dysfunctional cellular components. This catabolic process requires

the formation of a double-membrane vesicle, the autophagosome, that engulfs the cytosolic material and delivers it to the

lysosome. Substrate specificity is achieved by autophagy receptors, which are characterized by the presence of at least

one LC3-interaction region (LIR) or GABARAP-interaction motif (GIM). Only recently, several receptors that mediate the

specific degradation of endoplasmic reticulum (ER) components via autophagy have been identified (the process known as

ER-phagy or reticulophagy). Here, we give an update on the current knowledge about the role of ER-phagy receptors in

health and disease.

Facts

● ER-phagy plays a role in ER homeostasis
● ER-phagy is involved in the recovery from ER stress
● ER-phagy is subdomain specific
● Multiple ER-phagy receptors exist in mammalian cells

(six have been identified to date)
● ER-phagy receptors can serve other functions than ER-

phagy
● Defects of FAM134B and ATL3 cause monogenic

neurodegenerative disorders
● FAM134B and SEC62 are associated with cancer

Open questions

● How is ER-phagy regulated?
● Does the regulation involve a posttranslational mod-

ification of ER-phagy receptors?
● How does ER-phagy relate to ER functions?
● What is the basis of ER-phagy defects in the pathogen-

esis of human diseases?
● Is ER-phagy a target for therapy?
● Is ER-phagy involved in responses to drug treatment via

ER stress or disturbance of cellular homeostasis?

Structure and functions of the endoplasmic
reticulum

A large amount of ER membranes is organized in tubular

and lamellar structures, generating a complex and highly

dynamic architecture that varies in response to functional

requirements [1]. The ER is a continuum of membrane

structures, from the nuclear envelope to a network of

tubules and sheets, extended regions of parallel, flat mem-

brane bilayers, spread throughout the cytoplasm (Fig. 1).

The cisternal/sheet ER is densely packed with ribosomes

(rough ER) and is the primary location of protein synthesis,

protein translocation and protein modification, including N-

glycosylation. Proteins such as p180, kinectin, and CLIMP-

63 are thought to play a role in stacking and luminal spacing

of ER sheets [2]. Improved spatial resolution uncovered that

some of these sheets may rather be dense matrices of highly

convoluted tubules [3]. Members of the Reticulon (RTN),
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FAM134 and REEP families, all of which contain hydro-

phobic hairpin domains, also known as Reticulon domains,

are thought to promote curvature of ER sheets and tubules

via scaffolding and hydrophobic wedging [4–7]. Tubular

three-way junctions require members of the Atlastin (ATL)

family of dynamin-related guanosine triphosphatases

(GTPases) [2]. The functions of ER tubules are less well

understood, but they may be the primary regions where

lipid synthesis and signaling between the ER and other

organelles occur. The ER also contains other specialized

subcompartments, such as ER exit sites (ERES), where

COPII-coated anterograde transport vesicles are generated.

Lipids and native proteins are exported from the ER. In

contrast, terminally misfolded proteins are retained in the

ER and may trigger unfolded protein responses (UPR) [8].

Misfolded proteins may eventually be displaced across the

ER membrane for ER-associated degradation (ERAD), or

may be segregated in ER subdomains displaying ER-phagy

receptors, which ensure lysosomal delivery by autophagic

and nonautophagic pathways, collectively defined as ER-to-

lysosome-associated degradation (ERLAD) [9–11].

The ER is involved in the formation of junctional regions

with essentially every other organelle, including the plasma

membrane [12]. The cortical ER refers to the regions of the

peripheral ER that are closely apposed and tethered to the

plasma membrane. Contact sites between the ER and the

plasma membrane allow the exchange of small molecules,

such as lipids and signals [13]. Similarly, the contact sites

between the ER and mitochondria form specific domains,

termed mitochondria-ER associated membranes (MAMs),

with their role ranging from the coordination of calcium

transfer to the regulation of mitochondrial fission and

inflammasome formation [12].

ER-phagy contributes to ER homeostasis

Dynamic remodeling of the ER is critical for cellular

homeostasis and prevention of disease pathogenesis.

Almost four decades ago, autophagy was found to be

involved in controlling the dynamic changes of the ER

during the recovery from ER stress [14]. Central to the

process of autophagy is the formation of a double-

membrane phagophore, also called the isolation mem-

brane, which upon its elongation and closure forms an

autophagosome that engulfs cellular material and delivers it

to the lysosome (Fig. 2). This process can either be non-

selective or targeted to selective cellular components

[15, 16]. The latter relies on binding of cargos to specific

autophagy receptors, which are in turn recognized by

autophagy modifier proteins attached to autophagosomal

membranes. Their genetic inactivation abolishes the turn-

over of the target proteins or organelles, but does not affect

other forms of selective or nonselective autophagy. Ori-

ginally, the turnover of ER components via autophagy was

discovered as a back-up system for inefficient proteasomal

degradation of ER proteins through the ERAD pathway

[17]. Nevertheless, the insights into the mechanisms

underlying ER-phagy have only been obtained recently by

identifying receptors required for targeting ER fragments to

the lysosome via a classical autophagy pathway [18]. Thus

far, six mammalian ER-resident proteins have been identi-

fied to function as receptors for selective ER-phagy:

FAM134B [19], SEC62 [20], RTN3L [21], CCPG1 [22],

ATL3 [23], and TEX264 [24, 25] (Fig. 3). All of them

contain at least one LIR or a GABARAP-interaction motif

(GIM), a sequential peptide motif within the cytoplasmic

region, which enables the binding to LC3/GABARAP

proteins associated with phagophore membranes. The

canonical consensus motif for LIRs and GIMs is char-

acterized by [W/F/Y]xx[L/I/V], commonly adjacent to at

least one acidic residue [26]. CCPG1 also contains a

FIP200-interacting region [22]. ER-phagy receptors are

selective for the ER, as well as for specific ER subdomains.

Analogous systems have also been reported in yeast [27].

FAM134B was originally described as an ER-phagy

receptor specific for ER sheets, while RTN3 and ATL3

preferentially target ER tubules for degradation [21, 23].

The most recently identified receptor, TEX264, is localized

on ER three-way junctions and is involved in the regulation

of a large proportion of the ER-phagy flux in stressed cells

[24, 25]. The expression of ER-phagy receptors can differ

between different cell types, and may thus allow cell- and

Fig. 1 Gross architecture of an eukaryotic cell and its ER. ERES

endoplasmic reticulum exit sites, UPR unfolded protein response,

ERAD endoplasmic reticulum associated protein degradation
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tissue-specific responses to biological and stress stimuli. For

example, SEC62, which is ubiquitously expressed, is

involved in “recov-ER-phagy”, which reduces the ER size

to a normal level after ER stress is resolved [20], whereas

CCPG1 seems to be specific for gastric chief cells and

pancreatic cells and is activated under secretory ER stress

conditions [22]. ER-phagy receptors may also integrate

other proteins or chaperones to select specific cargoes, as it

was recently proposed for the role of FAM134B in a

complex with Calnexin, resulting in removal of proteasome-

resistant polymers of alpha1-antitrypsin Z (ATZ) [28] or

misfolded procollagen [29]. The ER-phagy receptors may

also be linked to components of the COPII complex to

promote ER budding and fragmentation [30]. Moreover,

ER-phagy pathways may be targeted by pathogens, such as

viruses and bacteria [31, 32].

FAM134B

FAM134B (also known as RETREG1) belongs to a family

of three ER-resident proteins with sequence similarity

(family with sequence similarity 134; FAM134A, -B, and

-C) that share the hairpin domains, as described for Reti-

culons, and a cytoplasmic C-terminal LIR motif, which

mediates the binding to LC3/GABARAP proteins (Fig. 3)

[19]. FAM134B is the best studied family member.

Depletion of FAM134B sensitizes cells to undergo apop-

tosis if challenged by starvation, ER stressors (such as

thapsigargin and tunicamycin), staurosporine or carbonyl

cyanide m-chlorophenyl hydrazone, an inhibitor of oxida-

tive phosphorylation [19]. Since the overexpression of

FAM134B increased the number of LC3-positive vesicles,

also positive for some ER components and decreased the

overall size of the ER, while its absence led to the expan-

sion of the ER [19], FAM134B was characterized as a

receptor for ER-phagy. Notably, the depletion of ATL2

repressed ER-phagy induced by the overexpression of

FAM134B [33]. Therefore, it was proposed that ATL2 can

remodel ER membranes to separate FAM134B-positive ER

domains for efficient autophagosomal engulfment. Experi-

mental data and modeling approaches further suggest that

the clustering of FAM134B in autophagic puncta amplifies

membrane deformation and thus supports membrane

remodeling [34]. Consistent with its predominant localiza-

tion at ER sheets, FAM134B is mainly involved in the

remodeling and the degradation of ER sheets [21].

Recently, an involvement of FAM134B in lysosomal

clearance of ER subdomains containing ERAD-resistant

misfolded proteins has been shown for ATZ polymers [28]

and for endogenous procollagen [29]. FAM134B-regulated

clearance of ER-subdomains containing ATZ polymers

involves LC3 lipidation, but not on the autophagosome

biogenesis machinery [28]. For procollagen, both the LC3

lipidation and the autophagosome biogenesis machinery

participate in the catabolic process [29]. In both cases, the

transmembrane ER chaperone Calnexin controls the segre-

gation of ERAD-resistant misfolded proteins in the ER

subdomains displaying FAM134B. A similar mechanism

Fig. 2 The process of ER-phagy.

ER-phagy receptors are

recognized by LC3/GABARAP

proteins, which allows the

formation of the phagophore

around the ER fragments. As the

phagophore seals, it forms an

autophagosome, which delivers

the enclosed ER fragments to the

lysosome for degradation

Fig. 3 Structure and topology of known receptors for ER-phagy
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may also apply for the Niemann-Pick type C disease pro-

tein, NPC1 [35]. Mutations in this multipass transmembrane

glycoprotein, which is essential for intracellular lipid traf-

ficking, result in a fatal, progressive neurodegenerative

disorder. The most common disease-causing mutant,

I1061T NPC1, is exported for degradation by either

MARCH6-dependent ERAD or via FAM134B-directed

ER-phagy. Analysis of samples obtained from Niemann-

Pick patients showed alterations in key components of ER-

phagy, including FAM134B [35]. Notably, a small quantity

of wild-type (WT) NPC1 is also degraded through

FAM134B, suggesting that a fraction of WT NPC1 can

misfold similarly to the I1061T mutant [35]. However, it

remains only partially understood how MARCH6 or

FAM134B activities are coordinated in selecting substrates

for degradation.

Several mutations in FAM134B have been reported to

result in autosomal recessive hereditary sensory and auto-

nomic neuropathy (HSAN2) [36]. The mutation spectrum

includes nonsense, frameshift, and splice-site mutations

[36–39], consistent with loss-of-function as the main

pathophysiological event. This is further supported by

knockout mice, which develop an age-dependent sensory

deficit and a progressive loss of peripheral nerve fibers [19].

At the ultrastructural level, ER tubules were enlarged and

the Golgi cisternae were distorted in dorsal root ganglia

tissue sections from knockout mice. In agreement, knock-

down of FAM134B in cultured dorsal root ganglia neurons

resulted in apoptosis [36]. However, the complete series of

events, which finally result in axon degeneration, remain

elusive.

FAM134B has also been linked with cancer, since

FAM134B (back then referred to as JK-1) is commonly

found to be overexpressed in esophageal squamous carci-

noma [40]. NIH 3T3 cells overexpressing FAM134B dis-

played accelerated cell growth and formed sarcomas when

injected into athymic nude mice [40]. Adding support to

this notion, FAM134B mutations were detected in lymph

node metastases in patients suffering from esophageal

squamous carcinoma [41], suggesting that a mutation in

FAM134B may promote the progression. In addition, a

significant correlation was found between FAM134B gene

copy number alterations and clinical and pathological fea-

tures in pre-invasive and invasive colorectal malignancies

[42]. Overall, mutations in FAM134B were associated with

biological aggressiveness in both esophageal and colorectal

cancers [43].

Other reported disease associations involving FAM134B

are allergic rhinitis [44], vascular diseases [45] and viral

infections. Since the loss of FAM134B resulted in a much

higher production of infectious Ebola virus and accumula-

tion of nucleocapsid lattices in mouse embryonic fibroblasts

[31], it was proposed that FAM134B-dependent ER-phagy

limits Ebola virus replication in mouse cells and thus may

be a target for the development of novel antiviral ther-

apeutics. FAM134B was also shown to restrict both Dengue

and ZIKA virus replication [46]. It is known that Flavi

viruses utilize the virally-encoded NS3 proteases to cleave

FAM134B at a single site within its reticulon homology

domain and thus impair the formation of viral protein-

enriched ER vesicles, suggesting that the cleavage of

FAM134B serves to specifically suppress ER-phagy [46].

RTN3L

To date, four different Reticulons (RTN1–4) have been

identified. Since there is a large number of different splicing

isoforms for each RTN, the family structure of Reticulons is

rather complex. All Reticulons share a reticulon domain, but

only RTN3 has an extended N-terminal variant (RTN3L),

which harbors six different functional LIR motifs (Fig. 3).

Notably, the overexpression of this variant resulted in the

fragmentation of ER tubules under starvation and drove the

delivery of ER-derived tubular fragments to lysosomes [21].

Similar to FAM134B, the absence of RTN3L did not affect

macroautophagy. It did not alter the ER sheets versus

tubules ratio, while the ER turnover by starvation was

reduced, indicating that both mechanisms contribute to ER

homeostasis in an independent manner. In mice, the com-

plete loss of RTN3 did not entail any obvious phenotypes

[47] and no monogenic disorder has been linked with

RTN3 so far. RTN3 may be relevant for Alzheimer’s dis-

ease, since it has been found to interact with β-site amyloid

precursor protein cleaving enzyme 1 (BACE1). BACE1

initiates the generation of β-amyloid peptides from amyloid

precursor protein and is the major protein in Alzheimer

plaques. Mutant prohormones, such as the Akita proinsulin

mutant, which causes the autosomal-dominant diabetic

syndrome called mutant INS-gene-induced diabetes of the

youth (MIDY), forms aggregates that are degraded by

RTN3-dependent ER-phagy [48]. Interestingly, this func-

tion of RTN3 was independent of its LIR motifs, suggesting

that ER-phagy may be mediated by another protein inter-

acting with RTN3 [48].

ATL3

Members of the Atlastin family of dynamin-related GTPa-

ses play a critical role in the process to generate the three-

way junctions between ER tubules [2, 49]. They are large,

multimeric, integral membrane GTPases that localize pre-

dominantly to highly-curved ER membranes, including the

tubular ER and the edges of ER sheets, which is a con-

sequence of the hydrophobic segments predicted to form

836 C. A. Hübner, I. Dikic



partially membrane-spanning hairpin structures (Fig. 3).

ATLs can dimerize in cis and trans, and are thus believed to

tether adjacent membranes and bring them closely together

to allow fusion. In mammals, there are three closely related

ATLs, each of which contains an N-terminal GTP-binding

domain, a middle assembly domain, two very closely

spaced hydrophobic segments near the C-terminus, and a C-

terminal tail. Notably, ATL3 harbors two GIMs, thereby

targeting ER tubules for lysosomal degradation

[23, 50]. Overexpression of RTN3L could rescue defective

ER-phagy in ATL3 KO COS-7 cells [23]. Importantly,

mutations in ATL3 cause autosomal-dominant hereditary

sensory neuropathy (HSN1F), which closely resembles the

FAM134B-associated disorder [51–53]. In HeLa cells, the

disease-associated variant ATL3 Y192C reduced the com-

plexity of the tubular ER network, delayed ER export,

impaired autophagy, promoted Golgi fragmentation and

caused malformation of the nucleus [54]. In neurons, the

expression of ATL3 Y192C protein variant was excluded

from axons [54]. Moreover, it has been reported that the

presence of HSAN-causing ATL3 mutations leads to

increased formation of MAMs, with effects on mitochon-

drial function and motility [52]. The ATL3 Y192C mutation

lies within the first GIM motif. ATL3 Y192C, as well as

ATL3 P338R, which is another disease variant, both exhibit

reduced binding to GABARAP, suggesting that impaired

ER-phagy is involved in the pathogenesis of the disorder.

To study the role of ATLs in membrane trafficking, ATL-

depleted COS-7 cells have been used, which generally

express reasonable levels of ATL2 and ATL3 [55].

Importantly, ATL depletion affected the formation of

COPII-coated vesicles and cargo exit from the ER [55],

suggesting that the tubular ER plays a key role in membrane

trafficking.

TEX264

TEX264 was identified as an ER-phagy receptor in a dif-

ferential interactome analysis for LC3 WT and a LIR-

recognition defective LC3 mutant [25], as well as global

analysis of cells after amino acid withdrawal or mTOR

inhibition [24]. Under nutrient-rich conditions, TEX264

localizes to punctate structures on the ER, some of which

represent three-way junctions. TEX264 also localizes to

larger structures, which co-localize with autophagosomal

proteins. Importantly, the C-terminal cytoplasmic part of

TEX264 contains a long intrinsically disordered region near

the LIR motif, which is flexible and is required for its

activity as an ER-phagy receptor (Fig. 3). The interaction of

ATG8 proteins with TEX264 may be analogous to a “zip-

per,” allowing the ER membrane to come into a close

contact with the inner phagophore membrane through a

trans interaction [24]. The ER-phagy receptors CCPG1 and

TEX264 each have a single transmembrane domain and

both of them require a LIR motif-driven interaction with

ATG8 proteins for lysosomal degradation. Reticulon-type

receptors (FAM134B and RTN3L) are able to induce ER-

phagy by a simple overexpression in mammalian cells,

whereas single membrane-passing receptors (CCPG1 and

TEX264) are unable to promote ER fragmentation by

overexpression in host cells. They seem to require another

signal or an associated partner to promote the budding and

fragmentation of the ER. The different types/topologies of

the ER-phagy receptors suggest a possible cooperative/

redundancy function, and possibly the formation of a coat

complex, in order to generate ER fragments, which are

consequently enclosed into an autophagosome and then

degraded in the lysosome. The comparison of the relative

contributions of FAM134B, CCPG1, RTN3L, and SEC62

to that of TEX264, by knockdown of each ER-phagy

receptor, showed that the depletion of TEX264 most effi-

ciently suppressed ER-phagy activity in HeLa cells under

nutrient-rich and starvation conditions [25]. Proteomic stu-

dies [24], however, suggest that TEX264 likely targets

specific ER contents for ER-phagy. To date, no pathologies

associated with TEX264 have been identified.

SEC62

SEC62 is involved in the posttranslational insertion of

polypeptides as a part of the translocon complex [56],

which allows the nascent precursor polypeptides to enter the

ER via the heterotrimeric polypeptide conducting SEC61

channel. As already mentioned, misfolded proteins, which

accumulate within the ER, activate the UPR. This results in

an expansion of the ER and an increase of chaperones and

folding enzymes to restore ER homeostasis and adapt to

stress conditions. If this is not possible, cells undergo

apoptosis. The recovery from ER stress relies on ER-phagy

via SEC62 [20], which contains a LIR motif in its cytosolic

C-terminal part (Fig. 3). The resulting ER fragments contain

ER-resident molecular chaperones and enzymes, but are

devoid of other ER components, such as ERAD proteins,

arguing in favor of a separation of ER functions within

ER subdomains [9]. Notably, SEC62 does not participate

in FAM134B-driven ATZ [28] and procollagen [29]

proteostasis.

Mutations, amplifications and an overexpression of the

SEC genes were linked to various disorders, such as kidney

and liver diseases, diabetes, and cancer [57]. Increased

SEC62 expression levels were reported in prostate cancer,

lung cancer, head and neck squamous cell carcinoma, cer-

vical lesions as well as hepatocellular carcinoma [58–62].

The expression of the obligatory interaction partners of

ER-phagy and human diseases 837



SEC62 in protein translocation, such as SEC61 and SEC63,

is not altered in tumors with elevated SEC62 expression

[58, 61]. It has been suggested that enhanced ER-phagy via

SEC62 may render the tumor cells more resistant to ER

stress [63]. Consequently, it has been proposed that drugs

blocking autophagy might be beneficial components in the

therapy of selected tumor entities, characterized by the

increased expression of SEC62.

CCPG1

CCPG1 is a vertebrate-specific protein, which is induced

upon ER stress, leading to the activation of autophagic

degradation of the peripheral ER [22]. CCPG1 consists of a

cytosolic N-terminal region, a transmembrane domain that

anchors it within the ER membrane, and an ER luminal C-

terminal region [64]. In an unbiased affinity-purification

mass spectrometry screen for the GABARAP interactome,

CCPG1 was found to interact with GABARAP via its N-

terminal LIR motif [22] (Fig. 3). The loss of CCPG1

blocked ER-phagy in response to starvation and DTT-

induced ER stress. To mediate ER-phagy, CCPG1 requires

two FIP200-binding regions, which bind to the C-terminal

region of FIP200. Consistent with a role in ER-phagy, the

ER is expanded in pancreatic acinar cells and in gastric

chief cells of CCPG1 knockout mice [22]. In vivo, CCPG1

protects against ER luminal protein aggregation and con-

sequent UPR hyper-activation, as well as tissue injury of the

exocrine pancreas. To date, there are no reports that CCPG1

is linked to a human disease, but it has been proposed that

the manipulation of CCPG1 functions might be beneficial to

ameliorate ER stress in pancreatic inflammatory states or,

conversely, to enhance ER stress and thus eliminate

malignant cells in pancreatic cancers [22].

Insights into ER-phagy-related human
diseases

ER-phagy receptors are associated with various human

disorders (Table 1). Importantly, mutations in either

FAM134B or ATL3 can lead to HSAN [36, 51], which is

characterized by the predominant degeneration of afferent

fibers and results in a sensory loss ranging from local

numbness to the complete inability to feel pain [65].

Patients are typically susceptible to involuntary injuries and

painless fractures. Notably, the FAM134B-associated dis-

ease is inherited in an autosomal recessive manner, while

the ATL3-related disorder follows an autosomal-dominant

trait. The latter may be explained by the fact that ATL can

dimerize in cis and trans, thus potentially allowing ATL3

variants to act in a dominant-negative manner. Consistent

with this notion, the clinical presentation for ATL3 patients

appears to be less severe and usually excludes upper

extremities, while this is common in FAM134B patients

(Fig. 4). FAM134B patients can also suffer from autonomic

alterations such as cardiac arrhythmia, an- or hypohydrosis

and other symptoms of autonomic malfunction. In some

patients, leg spasticity and weakness have also been

reported [66], suggesting that axons of upper motoneurons

can be affected as well. This latter manifestation is also

typical for hereditary spastic paraplegia (HSP) [67]. In men,

both sensory and motor circuits have to bridge distances of

more than a meter, posing a permanent challenge for sig-

naling, transport and supply to such exceptional cellular

extents, thus appearing to be particularly sensitive to altered

ER homeostasis [12]. Mutations in ATL1, a paralogue of

ATL3, also manifest as an axonal disorder, either as

autosomal-dominant spastic paraplegia (SPG3) [68] or as

HSN1 [69]. Mutations in RTN2, a paralogue of RTN3L,

have also been linked with HSP (SPG12) [70]. RTN3 is

Table 1 Known diseases linked to receptors for ER-phagy

Known monogenic disorders Related diseases Known monogenic disorders linked with paralogues

FAM134B HSAN2B [36–39] autosomal

recessive OMIM #613115

• Esophageal squamous

carcinoma [40, 41]

• Colorectal cancer [43, 73]

• Allergic rhinitis [44]

• Vascular disease [45]

• Viral infections [31, 46]

SEC62 Cancer [58–62]

RTN3L Alzheimer’s disease [71] RTN2: hereditary spastic paraplegia (SPG12) [70] autosomal

dominant

ATL3 HSN1F [51–53] autosomal-

dominant OMIM #609369

ATL1: hereditary spastic paraplegia (SPG3) [68] autosomal-

dominant OMIM #182600 HMSN1D [69] autosomal-dominant

OMIM #607678

HSAN2B: hereditary sensory and autonomic neuropathy 2B; HSN1F: hereditary sensory neuropathy 1F; HMSN1D: hereditary motor and sensory

neuropathy 1D (Charcot-Marie-Tooth disease, type 1D); SPG: spastic paraplegia

838 C. A. Hübner, I. Dikic



further associated with Alzheimer’s disease [71], since

RTN3 deficiency facilitated amyloid deposition in Alzhei-

mer’s mouse models [47]. Years ago, RTN3 expression was

reported in dystrophic neurites, neuropil threads, granulo-

vacuolar degeneration, glial cells, morphologically normal

neurons in both hippocampal pyramidal cell layer and cer-

ebral neocortex, and specifically in neurofibrillary tangles

and Lewy bodies [72], suggesting that RTN3 expression

may be a downstream stress response in Alzheimer’s dis-

ease. Further supporting this, screening of patients with

sporadic early- and late-onset Alzheimer’s disease, as well

as age-matched controls, resulted in the identification of

several variants in the 5′ non-coding region and N-terminal

domain of the RTN3 gene only in Alzheimer’s disease

patients [71] and may hence represent genetic modifiers. To

which extent this is related to the role of RTN3 in ER-phagy

remains to be determined.

Cancer is another recurrent link to ER-phagy, as

already discussed for both FAM134B and SEC62. Since

SEC62 amplifications have been reported in non-small

cell lung cancer, prostate cancer, and thyroid cancers, as

well as head and squamous cell carcinoma [61–63], it is

tempting to assume that SEC62 amplification may render

tumor cells more tolerant to ER stress, thus conferring a

high metastatic and invasive potential. Similar mechan-

isms may also apply for CCPG1 [22]. In contrast,

FAM134B may rather act as a tumor suppressor, since

FAM134B mutations have been frequently found in col-

orectal adenocarcinoma, and esophageal squamous cell

carcinoma [41, 43, 73]. In the particular case of glioma

cells with isocitrate dehydrogenase 1 mutations [74],

however, FAM134B was found to be upregulated and its

knockdown sensitized the cells to undergo apoptosis.

Taken together, ER-phagy receptors can play diverse roles

in the pathogenesis of different cancer entities. Yet, fur-

ther insights are needed to evaluate whether targeting

ER-phagy may be considered relevant as an anticancer

therapeutic strategy.

Open questions and concluding remarks

Considering that there are six different ER-phagy receptors

identified thus far (and likely more to be identified in the

future), the analysis of their physiological and pathophy-

siological roles will be a major challenge. They may either

serve specific tasks or may act in concert during ER-phagy

in more global responses. For example, the ER-phagy

receptors RTN3L and ATL3 can trigger the degradation of

ER tubules, while the degradation of ER sheets is promoted

by FAM134B. Likely, the different receptors may also

respond to different cellular cues. Indeed, it has been shown

that SEC62 and CCPG1 are mainly involved in the recovery

from ER stress to re-establish the pre-stress ER size, while

the other receptors are related to starvation-induced ER-

phagy. On the other hand, TEX264 and FAM134B have

been found in the same ER vesicles and could thus act

together with FAM134B inducing ER curvature, remodel-

ing and finally fragmentation under starvation [24].

To resolve the molecular pathways responsible for acti-

vation of ER-phagy is another challenging topic. At present,

for example, very little is known about the regulation of the

expression levels of individual ER-phagy receptors. An

increased transcription of the respective ER-phagy receptor

gene may be the first trigger to initiate ER-phagy. The

posttranslational modification of ER-phagy receptors during

induction of ER-phagy is another attractive and likely

hypothesis, but requires further studies. Such modifications

may potentially modify the affinity to LC3 [75] or result in

structural alterations that allow the oligomerization of the

receptors, thus supporting membrane remodeling during

ER-phagy. In addition, modifications may also allow

interactions with other components of the ER-phagy

machinery. To this end, the upregulation of the yeast ER-

phagy receptor Atg40 induced its association with Lst1-

Sec23 to package ER into autophagosomes, thus preventing

the accumulation of an aggregation-prone protein within the

ER [30]. Lst1 function appears to be conserved, since its

Fig. 4 Clinical presentation of a

patient with the homozygous

mutation p.S309X in FAM134B

showing severe acro-osteolysis

of fingers and toes and

deformation of the skeleton of

the foot because of recurrent

painless bone fractures

(HSAN2B)
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mammalian homolog, SEC24C, is required for delivering

ER sheets and tubules to lysosomes. Notably, the inter-

actome of RTN3L includes SEC24C [21].

The importance of ER-phagy in the pathogenesis of

different human disorders is currently underestimated. In

addition to genetic mutations involving the ER-phagy

receptors themselves, ER-phagy is also involved in the

removal of disease-associated protein variants as demon-

strated for Niemann-Pick type C disease [35] and may thus

be relevant in the context of numerous monogenic dis-

orders. Moreover, ER-phagy is also likely to play a role in

immune competent cells and thus may have an impact on

immune responses that are directly or indirectly implicated

in the development of human diseases. Taken together, the

increasing interest and research on ER-phagy will certainly

provide a better understanding of ER-phagy in disease

pathogenesis. This may ultimately promote the identifica-

tion of novel therapeutic approaches targeting ER-phagy.
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