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The endoplasmic reticulum (ER) is one of the most important cellular organelles and is essential for cell homeostasis. Upon external stimulation, ER stress induces the unfolded protein response (UPR) and ER-associated degradation (ERAD) to maintain ER homeostasis. However, persistent ER stress can lead to cell damage. ER-phagy is a selective form of autophagy that ensures the timely removal of damaged ER, thereby protecting cells from damage caused by excessive ER stress. As ER-phagy is a newly identified form of autophagy, many receptor-mediated ER-phagy pathways have been discovered in recent years. In this review, we summarize our understanding of the maintenance of ER homeostasis and describe the receptors identified to date. Finally, the relationships between ER-phagy and diseases are also discussed.
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INTRODUCTION

The endoplasmic reticulum (ER) is one of the most important organelles that play a role in various cellular processes, such as the synthesis, transport, and posttranslational modification of proteins and the storage of intracellular calcium (Oakes and Papa, 2015; Marciniak, 2017; Dikic, 2018). In cells, almost all secretory and membranous proteins must be folded and assembled in the ER, and the abundance of protein chaperones in the ER and the homeostasis of the ER microenvironment ensure that proteins are folded and processed correctly (Rashid et al., 2015). However, the ER is particularly sensitive to internal and external stimuli; when faced with environmental and pathological conditions such as high glucose (Chen et al., 2018) and oxidative stress (Dandekar et al., 2015), ER homeostasis is disrupted, resulting in the accumulation of unfolded proteins in the ER and the subsequent induction of ER stress. The accumulation of excess unfolded proteins in the ER lumen causes ER dysfunction. Common pathways are activated to counteract ER stress and restore the functions of the ER, including the unfolded protein response (UPR) and ER-associated degradation (ERAD) (Wilkinson, 2019). A recently proposed phenomenon, ER-phagy, has also been shown to be involved in the maintenance of ER homeostasis. ER-phagy is a form of selective autophagy that is mainly mediated by specific ER-phagy receptors, proteins that reside in the ER or cytosol that are recruited to the ER membrane, thereby controlling the time point of ER degradation; ER-phagy receptors also have the ability to interact with the autophagy-related protein LC3/ATG8 through its LC3-interacting region (LIR) (Loi et al., 2018; Song et al., 2018). Abnormal ER-phagy prevents the degradation of dysfunctional ER, eventually causing a number of diseases (Islam et al., 2018; Cai et al., 2019a). Recently, some new ER-phagy receptors have been discovered, but research in the field of ER-phagy is still emerging. Moreover, although several studies have described the relationship between ER-phagy receptors and diseases, these associations are only speculative at this point. Therefore, in this review, we will focus on the maintenance of ER homeostasis, summarize the identified ER-phagy receptors, and, finally, discuss the potential relationships between abnormal ER-phagy and disease.


Unfolded Protein Response

The UPR is an adaptive response that is induced under ER stress conditions; signal sensors in the ER detect disturbances in the ER lumen and activate the downstream signaling cascades of the UPR to re-establish ER homeostasis by reducing protein synthesis, increasing protein folding, and accelerating misfolded protein degradation (Bhat et al., 2017; Smith and Wilkinson, 2017). The UPR is activated by three unique ER stress sensors: pancreatic ER kinase-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6). In a normally functioning ER, PERK, IRE1, and ATF6 are bound to the chaperone BiP/GRP78 in the ER lumen. Upon ER stress, the proteins (PERK, IRE1, and ATF6) dissociate from BiP/GRP78 and exert their biological effects on downstream molecules to relieve the stress (Figure 1).
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FIGURE 1. The three UPR pathways activated by ER stress.(A) Under ER stress conditions, IRE1 dissociates from BiP and is subsequently activated. Then, activated IRE1 promotes the translation of XBP1, and increased XBP1 levels promote the expression of UPR proteins. (B) Under ER stress conditions, PERK dissociates from BiP and is then self-phosphorylated; phosphorylated PERK induces the phosphorylation of eIF2α. Phosphorylated eIF2α decreases the rate of global protein translation and upregulates the expression of ATF4, which promotes CHOP expression. (C) ER stress promotes the dissociation of ATF6 from BiP. ATF6 is then translocated to the Golgi, where it is cleaved by S1P/S2P, and the cytosolic p50 fragment is released. p50 upregulates the expression of XBP1; subsequently, the expression of UPR-related proteins is also increased.




IRE1

Inositol-requiring enzyme 1 is an ER-resident transmembrane protein that has both kinase and endoribonuclease activity and is the most evolutionarily conserved UPR sensor (Acosta-Alvear et al., 2018; Mitra and Ryoo, 2019). IRE1 has two homologs, IRE1α and IRE1β, in the murine and human genomes (Ni et al., 2018). Under ER stress conditions, the unfolded proteins that accumulate in the ER lumen bind to BiP to induce its dissociation from IRE1, which is activated through dimerization, autophosphorylation, and further oligomerization. Then, activated IRE1 exerts RNase activity and splices the mRNA encoding X-box binding protein 1 (XBP1) to promote the translation of XBP1 (Yang et al., 2016; Adams et al., 2019). Increased XBP1 expression promotes the expression of chaperones and ERAD-related proteins to reduce or stop the ER stress response and thus restore cellular homeostasis.



PERK

Pancreatic ER kinase-like ER kinase is a transmembrane protein that is widely expressed throughout the body and contains an N-end stress sensing domain and a cytosolic kinase domain (Lebeaupin et al., 2018; Hughes and Mallucci, 2019). Under stable ER conditions, PERK binds to BiP to form an inactive complex. Upon ER stress, PERK is activated by oligomerization and self-phosphorylation, which enables the phosphorylation of a variety of PERK substrates, including eukaryotic translation initiation factor 2 (eIF2α), NF-E2-related factor 2 (Nrf2), forkhead box O (FOXO) proteins, and the second messenger diacyglycerol (DAG) (Pytel et al., 2016; Cubillos-Ruiz et al., 2017). The released BiP induces the autophosphorylation of PERK; the activated PERK then phosphorylates eIF2α, the main substrate of PERK, which inhibits the assembly of the eIF2-GTP-Met-tRNA ternary complex, thereby decreasing the rate of global protein translation to reduce the burden of protein folding in the ER and ensure the alleviation of ER stress (Oakes, 2020). Although short interruptions in protein translation, which provide cells extra time to process stored proteins, are beneficial to cells under ER stress, a long period of protein translation interruption is detrimental to cell survival. Phosphorylated eIF2α terminates the translation of some mRNAs by blocking 80S ribosome assembly, while increasing the translation of other mRNAs with upstream open reading frames within their 5′ untranslated regions, such as ATF4 (Lebeaupin et al., 2018). ATF4 is a transcription factor that activates UPR target genes associated with protein folding and apoptosis (Wortel et al., 2017; Kasai et al., 2019) and regulates the expression of C/EBP homologous protein (CHOP) (Averous et al., 2004). In addition to the PERK-eIF2α-ATF4 pathway, the activated PERK-mediated phosphorylation of the Nrf2 and FOXO proteins plays a fundamental role in regulating cellular metabolic adaptation under ER stress conditions. The phosphorylation of Nrf2 in response to ER stress promotes its release from its repressor, Kelch-like enoyl-CoA hydratase (ECH)-associated protein 1 (KEAP1); Nrf2 subsequently translocates to the nucleus and induces the expression of multiple antioxidant proteins that alleviate the effects of stress-induced reactive oxygen species (ROS) and facilitate adaptation to oxidative stress. Similarly, PERK activates FOXO proteins, which exert a negative regulatory effect on AKT activity, thus switching the metabolic program of stressed cells from anabolism to catabolism (Cubillos-Ruiz et al., 2017; Nam and Jeon, 2019). Thus, the activation of PERK plays an important role in maintaining ER homeostasis and promoting the survival of stressed cells.



ATF6

Activating transcription factor 6 is a type II transmembrane protein that resides in the ER and is present in two isoforms, ATF6 alpha and ATF6 beta. ATF6 contains a basic leucine zipper-binding domain (bZIP) within its cytosolic domain (Cubillos-Ruiz et al., 2017; Moon et al., 2018). Similar to IRE1 and PERK, ATF6 binds to GRP78/BiP, thereby maintaining the complex in an inactivated state. Upon ER stress, ATF6 is released from GRP78/BiP and translocates to the Golgi apparatus via coat protein complex II (COPII)-coated vesicles; ATF6 thereafter is cleaved, and the cytosolic p50 fragment is generated in the presence of the Golgi enzymes site 1 protease (S1P) and S2P (Lin et al., 2019). The cytosolic p50 fragment is a transcription factor that regulates the expression of XBP1 and the genes needed for ERAD, thereby promoting the ability of the ER to address ER stress (Endres and Reinhardt, 2013). In addition, the cytosolic p50 fragment also regulates the expression of sterol regulatory element-binding proteins (SREBPs) (Lin et al., 2019) and ER expansion (Bommiasamy et al., 2009).

In summary, the UPR is activated by the accumulation of misfolded proteins in the ER and relieves ER stress by slowing the translation of proteins, thereby reducing the protein load in the ER. Moreover, the UPR also upregulates the expression of chaperone proteins that promote the folding or removal of misfolded proteins. However, sustained ER stress transforms the UPR from a protective pathway to a proapoptotic pathway, which is the pathological basis of many diseases.



ERAD

In addition to the UPR, ERAD is a protective mechanism that is activated in cells in response to ER stress. ERAD, which denotes “ER-associated protein degradation,” is a pathway that prevents the accumulation of misfolded proteins in the ER; during this process, misfolded polypeptides are transported back to the cytosol and degraded by the ubiquitin-proteasome system (Mehrtash and Hochstrasser, 2019). Briefly, a protein substrate in the ER that is targeted for degradation is recognized by specific proteins and then transferred to the cytoplasmic side of the ER, where it is ubiquitinated by a ubiquitin ligase. Finally, the ubiquitinated substrate is released from the ER into the cytoplasm via an ATP-dependent pathway and degraded by the proteasome (Ruggiano et al., 2014). ERAD not only is a process dedicated to ER protein quality control but also controls the turnover of specific proteins to achieve certain physiological states (Ruggiano et al., 2014). ERAD regulates the cellular contents of some key proteins involved in lipid biosynthesis and calcium homeostasis, such as 3-hydroxy-3-methyl-glutaryl acetyl coenzyme-A reductase (HMGR), a rate-limiting enzyme involved in the synthesis of cholesterol (Erffelinck and Goossens, 2018; Wangeline and Hampton, 2018). The degradation of HMGR by ERAD results in reduced flux through the sterol biosynthetic pathway and in the reestablishment of membrane lipid homeostasis (Fernandez et al., 2015). In addition to ERAD, ER-to-lysosome-associated degradation (ERLAD) also controls ER quality and responds to ER stress (Fregno and Molinari, 2019). ERLAD is responsible for the removal of misfolded proteins that are too large for ERAD degradation and functions by transferring these proteins to lysosomes for degradation (Almanza et al., 2019; De Leonibus et al., 2019; Fregno and Molinari, 2019). The precise molecular mechanism of ERLAD has not been thoroughly studied, but this process plays an important role in alleviating ER stress and maintaining the intracellular balance, indicating that it deserves further study.



ER-PHAGY RECEPTORS

Autophagy is a process in which excess proteins or organelles are encapsulated by vesicles that fuse with lysosomes to form autophagic lysosomes, which then degrades the encapsulated content (Glick et al., 2010; Shibutani et al., 2015). Autophagy is divided into different subtypes depending on the degradation content (Johansen and Lamark, 2011; Lamark et al., 2017). ER stress is an initiator of autophagy, and ER-phagy represents a subclass of ER stress-mediated autophagy, which degrades spent proteins, excess proteins, and damaged organelles, while ER-phagy selectively degrades excessive or damaged ER (Song et al., 2018). ER-phagy involves an autophagosome that directly connects to the ER through ER-phagy receptors and degrades excess ER. ER-phagy plays a key role in maintaining cellular homeostasis by eliminating excess ER in a timely manner and preventing cells from being damaged by intense ER stress (Grumati et al., 2018). In the next sections, we will focus on the ER-phagy receptors that have thus far been identified (Figure 2).
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FIGURE 2. The structures and locations of ER-phagy receptors identified in yeast and mammals.




ER-PHAGY RECEPTORS IN MAMMALS


FAM134B

FAM134B, the first identified and best-characterized ER-phagy receptor in mammals, contains an ER protein homology domain (reticulon homology domain, RHD) that promotes the bending of the ER membrane (Bhaskara et al., 2019). In addition, an LC3 interaction domain is present at the C-terminus of FAM134B in the cytoplasm, and the working region (LIR) anchors LC3 or GABARAP to autophagic vesicles. This structure is a prerequisite for FAM134B to function as an ER-phagy receptor, and a variety of factors that regulate the activity of ER-phagy are modulated by FAM134B. Under ER stress conditions, the RHD of FAM134B is phosphorylated by activated CAMK2B, thus enhancing the oligomerization of FAM134B and membrane fragmentation to meet the high demand for ER-phagy (Jiang et al., 2020). The RHD of FAM134B has been shown to have three potential phosphorylation sites, the serine residues S149, S151, and S153, which regulate the oligomerization of FAM134B through their phosphorylation within the RHD and then regulate the scission of the ER during the ER-phagy process; CAMK2B is a putative kinase responsible for the phosphorylation of FAM134B at S151 (Jiang et al., 2020). In addition, calnexin (CNX), the ER-resident lectin chaperone, is involved in the FAM134B-mediated clearance of misfolded proteins. Fregno et al. (2018) were the first to reveal that the ERLAD pathway of alpha1-antitrypsin Z (ATZ) requires CNX and FAM134B. Moreover, Forrester et al. reported that CNX functions as a sensor of misfolded procollagens in the ER lumen and interacts with the ER-phagy receptor FAM134B. In addition, FAM134B binds to the LC3 protein through its LIR region and transports it to lysosomes for degradation (Forrester et al., 2019). Additionally, a recent study found that the nutrient responsive transcription factors TFEB and TFE3 regulate lysosomal biogenesis and control ER-phagy by promoting the expression of FAM134B (Cinque et al., 2020). Furthermore, an N-terminal-truncated isoform of FAM134B, FAM134B-2, has been shown to be involved in starvation-induced ER-phagy. In the starvation state, CCAAT/enhancer binding protein β (C/EBPβ) upregulates the expression of FAM134B-2 and then recruits it to autophagosomes (Kohno et al., 2019). In general, ER stress and the UPR induce ER-phagy, and the resulting excessive activation of ER-phagy induced by FAM134B leads to ER stress and to the UPR. In HeLa cells, the small molecule Z36 upregulated the expression of FAM134B, LC3, and ATG9, which work together to promote ER-phagy as evidenced by an increased number and enlarged volume of autophagosomes. Furthermore, overactivation of ER-phagy leads to increased ER degradation and impaired ER homeostasis, which eventually triggers ER stress and cell death (Liao et al., 2019).



SEC62

The transporter SEC62 is part of the SEC61/SEC62/SEC63 transport complex of ER transmembrane components that mediates the translocation of polypeptides in the ER lumen (Linxweiler et al., 2017). Additionally, SEC62 contains a conserved LIR at its C-terminus that enables the independent induction of ER-phagy (Fumagalli et al., 2016). During recovery from ER stress induced by cyclopiazonic acid and dithiothreitol, ER-phagy was shown to be induced by the interaction of the SEC62 LIR with LC3 (Fumagalli et al., 2016), and this process was independent of SEC61 and SEC63. Mechanistically, the binding of LC3 binding to SEC62 was activated upon the termination of ER stress, and the excess ER was then consumed by lysosomes. This process involves the endosomal sorting complex that is required for the transport (ESCRT)-III component CHMP4B and the accessory AAA + ATPase VPS4A (Loi et al., 2019; Loi and Molinari, 2020).



RTN3

RTNs are a family of ER-resident proteins that contain RHDs, and four subtypes have been identified: RTN1–4 (Yan et al., 2006). The oligomerization of the long isoform of RTN3 promotes ER fragmentation; RTN3L, a long isoform of RTN3, interacts with LC3 via the LIR, and the fragmented ER is eventually transferred to lysosomes (Grumati et al., 2017). Although both FAM134B and RTN3 are key proteins mediating ER-phagy, they are localized at different sites of the ER. RTN3 is mainly located in ER tubules, while FAM134B resides in ER sheets. In addition, these proteins do not interact, and FAM134B and RTN3 mediate ER-phagy independently (Grumati et al., 2017).



CCPG1

Cell cycle progression gene 1 (CCPG1) is a single-pass transmembrane protein located in the ER within the lumen and cytosolic regions. The transcription of CCPG1 increases upon the induction of ER stress in vitro, suggesting that CCPG1 is involved in maintaining ER homeostasis (Smith and Wilkinson, 2018). Consistent with this finding, the absence of CCPG1 results in the expansion and disruption of the ER as well as in the increased levels of ER stress indicators (Smith and Wilkinson, 2018). CCPG1 was shown to be involved in ER-phagy upon the screening of GABARAP-interacting proteins by affinity-mass spectrometry (Smith et al., 2018). Similar to other ER-phagy receptors, CCPG1 binds to ATG8 family proteins through the cytoplasmic region of the LIR motif, thus mediating the occurrence of ER-phagy. In addition, it also directly interacts with FIP2000, another critical protein in the autophagy pathway (Smith et al., 2018).



TEX264

Testis expressed gene 264 (TEX264) is a single-channel transmembrane protein located throughout the entire ER network that contains an N-terminal hydrophobic region, a cytosolic gyrase inhibitor (GyrI)-like domain, and a C-terminal unstructured intrinsically disordered region (IDR) (An et al., 2019; Delorme-Axford et al., 2019). Through differential interactome screening using wild-type LC3B, TEX264 was identified as an ER-phagy receptor (Chino et al., 2019). Similarly, An et al. (2019) also identified TEX264 as an ER-phagy receptor by performing quantitative proteomic analysis under nutrient stress conditions. ER-phagy was substantially inhibited after TEX264 inhibition, and IP analysis showed that TEX264 had a stronger binding affinity for LC3 and GABARAP family proteins than for the other four ER-phagy receptors (FAM134B, SEC62, RTN3L, and CCPG1) (Chino et al., 2019). ER-phagy mediated by TEX264 requires the participation of typical autophagy pathway components, such as ATG8 family proteins and the class III phosphatidylinositol 3-kinase complex (An et al., 2019).



ATL3

Atlastins (ATLs) are membrane-bound GTPases that participate in the regulation of ER shape, and three ATL subtypes are expressed in humans: ATL1, ATL2, and ATL3 (Zhao et al., 2016). ATL1 is mainly expressed in the central nervous system, while ATL2 and ATL3 are more widely distributed (Rismanchi et al., 2008). Recently, Chen et al. reported ATL3 to be an ER-phagy receptor that binds specifically to GABARAPs through two GABARAP-interacting motifs (GIMs). ATL3 mediates the degradation of tubular ER under starvation conditions (Chen et al., 2019). Both RTN3 and ATL3 are tubular ER-phagy receptors, which raises the question of why do two receptors mediate the selective autophagy of tubular ER. One potential explanation is that they may be involved in ER-phagy in different cells due to the differences between tissues and cell types. Moreover, they may work together to regulate the degradation of tubular ER.



OTHER RECEPTORS IN MAMMALS

BCL2/adenovirus E1B 19-kDa protein-interacting protein 3 (BNIP3) is located in the outer mitochondrial membrane and has been shown to be involved in mitophagy (Zhang and Ney, 2009; O’Sullivan et al., 2015). BNIP3 directly binds to LC3 through its LIRs, thus facilitating the clearance of damaged mitochondria (Ney, 2015; Tang et al., 2019). However, BNIP3 has also been detected on the ER (Zhang et al., 2009, 2010), and Bozi et al. (2018) observed increased BNIP3 expression in cells subjected to ER stress. These findings led to the speculation that BNIP3 functions as a receptor for ER-phagy. In another recent study, CALCOCO1 was identified as a soluble ER-phagy receptor for the degradation of tubular ER. Mechanistically, CALCOCO1 binds to ER proteins (VAPA and VAPB) through its FFAT-like motif, but it also recruits ATG8 through its LIR and UDS-interacting region (UIR) motifs to trigger ER-phagy (Nthiga et al.,2020a,b).

In general, the stimulation of ER stress and nutrient deficiency and other factors lead to changes in the expression levels of ER-phagy receptors, which mediate ER-phagy in different ER subdomains and different situations, thereby resulting in excessive ER clearance in a timely manner to maintain cellular stability in mammals.



ER-PHAGY RECEPTORS IN YEAST


ATG39 AND ATG40

In Saccharomyces cerevisiae, ATG39 and ATG40 are the two proteins that mediate ER-phagy. The yeast ER consists of the cytoplasmic ER (cytoER), cortical ER (cER), and perinuclear ER (pnER). ATG39 is involved in ER-phagy in the perinuclear ER, while ATG40 participates in cortical and cytoplasmic ER-phagy (Nakatogawa and Mochida, 2015). Thus, two ER-phagy receptors degrade different ER subdomains, and their functions are similar to that of the mammalian receptor RETREG1/FAM134B (Mochida et al., 2015). Both ATG39 and ATG40 contain ATG8-interacting motifs (AIMs), via which they interact with ATG8 to form autophagosomes (Fregno and Molinari, 2018). ATG40-mediated ER-phagy depends on the reticular structure of the ER, which forms highly curved regions that fuse with the autophagosome (Mochida et al., 2020); ATG39-mediated ER-phagy is also regarded as “nucleophagy” due to the double-membrane vesicles that encapsulate nuclear proteins (Nakatogawa, 2020; Figure 3). Similar to other autophagy processes, ER-phagy in yeast is regulated by many factors. In nutrient-sufficient conditions, ATG39 and ATG40 are repressed, while their expression levels are increased in the absence of nitrogen sources. In addition, intervention with rapamycin increased the expression levels of ATG39 and ATG40 (Mochida et al., 2015; Nakatogawa and Mochida, 2015).
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FIGURE 3. Pattern of ATG39/40-dependent ER-phagy. (A) ATG39-dependent ER-phagy of the perinuclear ER. (B) ATG40-dependent cortical and cytoplasmic ER-phagy. Both ATG39 and ATG40 contain AIMs that interact with ATG8 to form autophagosomes.




ERP1

Epr1 is a new receptor that has been indicated to be involved in ER-phagy in Schizosaccharomyces pombe. Similar to other ER-phagy receptors, Epr1 interacts with ATG8 directly through its AIM region. Interestingly, unlike transmembrane proteins in mammals, Epr1 is a soluble protein that is localized in the ER through its interaction with the ER membrane proteins VAPs (Zhao et al., 2020). Briefly, Epr1 serves as a bridge between VAPs and the autophagy-related protein ATG8, and its effect is substituted by an artificial ATG8-VAP tether (Zhao and Du, 2020; Zhao et al., 2020).



ER-PHAGY RECEPTOR IN PLANTS

The first ER-phagy receptors to be identified in plants were ATI1 and ATI2, which contain a single transmembrane domain and an AIM at the N-terminus in the cytoplasm (Honig et al., 2012). After carbon starvation, the proteins localize in ER-associated bodies and are subsequently transported to vacuoles (Michaeli et al., 2014) once they interact with ATG8f (Honig et al., 2012). In addition, Arabidopsis Sec62 (AtSec62) is an essential protein for plant development that may function as an ER-phagy receptor (Hu et al., 2020). Mutation of AtSec62 stunts plant growth and increases its sensitivity to tunicamycin (TM)-induced ER stress, while overexpression of AtSec62 increases resistance to ER stress and is accompanied by increased colocalization with ATG8 (Hu et al., 2020). Moreover, Rtn1 and Rtn2 interact with ATG8a though four AIMs, and the binding of Rtn2 to ATG8 is increased in response to ER stress (Zhang et al., 2020). In addition, C53 is a soluble protein found in plants and mammals that was identified as an ER-phagy receptor through a peptide-competition assay coupled with an affinity proteomics screen (Stephani et al., 2020). C53 interacts with ATG8 via a shuffled AIM (a non-canonical AIM) under ER stress conditions and mediates autophagy upon the induction of ribosome stalling, leading to the degradation of ER proteins (Stephani et al., 2020).



ER-PHAGY AND DISEASE

As ER-phagy is a key biological process in maintaining ER homeostasis, abnormal ER-phagy leads to the occurrence of diseases. However, as the study of ER-phagy is still in its infancy, and the receptors of ER-phagy are still being identified, few studies have directly linked ER-phagy with disease. Here, we will summarize some of the existing studies on the possible relationship between ER-phagy and diseases.



METABOLIC DISEASES

FAM134B, one of the earliest identified ER-phagy receptors in mammals, has been shown to be involved in adipocyte differentiation. Mice overexpressing FAM134B in adipocytes show increased white adipose tissue (WAT) and obesity as well as high blood glucose levels and severe insulin resistance (Cai et al., 2019b). However, further mechanistic studies found that the effect of FAM134B on metabolism appears to be caused by its promotion of mitophagy rather than ER-phagy. Overexpression of FAM134B in three T3-L1 preadipocytes results in increased autophagy, decreased mitochondrial numbers, and the promotion of differentiation, and these phenomena are inhibited by treatment with an autophagy inhibitor (3-methyladenine) (Cai et al., 2019a). ARF-related protein 1 (ARFRP1) is involved in protein trafficking (Werno et al., 2018), and Cai et al. demonstrated that FAM134B increases the expression of ARFRP1, which promotes lipid accumulation (Cai et al., 2019a). Similarly, another ER-phagy receptor, RTN3, was reported to participate in lipid accumulation, and increased expression of RTN3 was observed in obese and hypertriglyceridemic patients. Moreover, mice overexpressing RTN3 showed obesity and higher levels of triglycerides (Xiang et al., 2018). Furthermore, by interacting with heat shock protein family A (Hsp70) member 5 (HSPA5), RTN3 activates two important downstream molecules that regulate triglyceride biosynthesis, SREBP-1c and AMPK (Xiang et al., 2018). In addition, RTN3 controls the secretion of very low-density lipoprotein (VLDL) by regulating VLDL transport vesicles (Siddiqi et al., 2018).



NEUROLOGICAL DISEASES

Noticeable increases in autophagy levels, decreases in the ER Ca2+ concentration, and increases in ROS levels are observed in hippocampal neuronal culture models of acquired epilepsy (AE), while the upregulation of FAM134B expression reverses these changes (Xie et al., 2020). In addition, a missense mutation of ATL3 (p. Tyr192Cys and P338R) was identified in a family with sensory neuropathy and loss of pain perception through whole-exome sequencing (Fischer et al., 2014; Kornak et al., 2014). The most direct evidence of the relationship between ER-phagy and nervous system diseases was provided by Chen et al. (2019) who showed that these two mutations significantly abolished the interaction between ATL3 and GABARAP, thus abrogating the re-establishment of ER-phagy. Similarly, mutations in FAM134B are the cause of hereditary sensory and autonomic neuropathy type II (Kurth et al., 2009). Further supporting the speculation that abnormal ER-phagy is involved in the development of neurological diseases is that RTN3-immunoreactive dystrophic neurites (RIDNs) and the accumulation of high-molecular-weight RTN3 in patients with AD cases and mouse models result in neuronal dystrophy, which eventually leads to impairments in spatial learning and memory (Hu et al., 2007).



OTHER DISEASES

In addition to the metabolic and neurological diseases mentioned above, ER-phagy may also play a role in other diseases. The absence of FAM134B results in an increase in the production of infectious Ebola virus (EBOV) by 1- to 2-log10-fold (Chiramel et al., 2016), suggesting that the ER-phagy mediated by FAM134B is a limiting event for EBOV infection. Moreover, CCPG1-dependent ER-phagy maintains pancreatic homeostasis in vivo through the timely removal of insoluble proteins from the ER, thus preventing the occurrence of pancreatitis(Smith et al., 2018).



CONCLUSION

As the ER is one of the most important cellular organelles, ER homeostasis is essential for all life activities. ER-phagy protects cells from excessive ER stress by removing the damaged ER in a timely manner (Figure 4). During the UPR, the ER is expanded to counteract cellular stress. Once the stress stimulus subsides, the excess ER generated during the acute UPR phase is removed by receptor-mediated ER-phagy. Recently, a series of new ER-phagy receptors have been identified, and abnormal ER-phagy mediated by these receptors plays an important role in diseases. Therefore, the artificial regulation of ER-phagy will be a therapeutic strategy for some diseases in the future. However, unlike ER stress, our understanding of ER-phagy remains in its infancy, and further research on its relationship with diseases and its underlying molecular mechanisms are needed. Moreover, whether specific ER-phagy activators or inhibitors exist and which type of receptor-mediated ER-phagy plays the most important role in disease development need to be elucidated. Although substantially more research is needed, better comprehension of ER-phagy will further our understanding of the pathogenesis of some diseases. Moreover, as a new therapeutic target, ER-phagy still has invaluable significance in future research.
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FIGURE 4. Observation of ER-phagy by transmission electron microscopy. (A) Transmission electron microscopy images of the mouse kidney. (B) The autophagosomes involved in ER-phagy. (C) The localization pattern of autophagosomes in ER-phagy (the red arrow represents the ER membrane, and the black arrow represents the autophagosome membrane).




AUTHOR CONTRIBUTIONS

MY, SL, XW, CL, and JY designed and performed the study. XZ and LX conceived the project. MY and LS wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This project was supported by grants from the National Natural Science Foundation of China (grant number 81730018) and the National Key R&D Program of China (grant number 2018YFC1314002).



REFERENCES

Acosta-Alvear, D., Karagoz, G. E., Frohlich, F., Li, H., Walther, T. C., Walter, P., et al. (2018). The unfolded protein response and endoplasmic reticulum protein targeting machineries converge on the stress sensor IRE1. Elife 7:e43036. doi: 10.7554/eLife.43036

Adams, C. J., Kopp, M. C., Larburu, N., Nowak, P. R., and Ali, M. (2019). Structure and molecular mechanism of ER stress signaling by the unfolded protein response signal activator IRE1. Front. Mol. Biosci. 6:11. doi: 10.3389/fmolb.2019.00011

Almanza, A., Carlesso, A., Chintha, C., Creedican, S., Doultsinos, D., Leuzzi, B., et al. (2019). Endoplasmic reticulum stress signalling - from basic mechanisms to clinical applications. Febs J. 286, 241–278. doi: 10.1111/febs.14608

An, H., Ordureau, A., Paulo, J. A., Shoemaker, C. J., Denic, V., Harper, J. W., et al. (2019). TEX264 is an endoplasmic Reticulum-Resident ATG8-Interacting protein critical for ER remodeling during nutrient stress. Mol. Cell 74, 891–908. doi: 10.1016/j.molcel.2019.03.034

Averous, J., Bruhat, A., Jousse, C., Carraro, V., Thiel, G., Fafournoux, P., et al. (2004). Induction of CHOP expression by amino acid limitation requires both ATF4 expression and ATF2 phosphorylation. J. Biol. Chem. 279, 5288–5297. doi: 10.1074/jbc.M311862200

Bhaskara, R. M., Grumati, P., Garcia-Pardo, J., Kalayil, S., Covarrubias-Pinto, A., Chen, W., et al. (2019). Curvature induction and membrane remodeling by FAM134B reticulon homology domain assist selective ER-phagy. Nat. Commun. 10:2370. doi: 10.1038/s41467-019-10345-3

Bhat, T. A., Chaudhary, A. K., Kumar, S., O’Malley, J., Inigo, J. R., Kumar, R., et al. (2017). Endoplasmic reticulum-mediated unfolded protein response and mitochondrial apoptosis in cancer. Biochim. Biophys. Acta Rev. Cancer 1867, 58–66. doi: 10.1016/j.bbcan.2016.12.002

Bommiasamy, H., Back, S. H., Fagone, P., Lee, K., Meshinchi, S., Vink, E., et al. (2009). ATF6alpha induces XBP1-independent expansion of the endoplasmic reticulum. J. Cell Sci. 122, 1626–1636. doi: 10.1242/jcs.045625

Bozi, L., Takano, A., Campos, J. C., Rolim, N., Dourado, P., Voltarelli, V. A., et al. (2018). Endoplasmic reticulum stress impairs cardiomyocyte contractility through JNK-dependent upregulation of BNIP3. Int. J. Cardiol. 272, 194–201. doi: 10.1016/j.ijcard.2018.08.070

Cai, M., Chen, J., Yu, C., Xi, L., Jiang, Q., Wang, Y., et al. (2019a). FAM134B promotes adipogenesis by increasing vesicular activity in porcine and 3T3-L1 adipocytes. Biol. Chem. 400, 523–532. doi: 10.1515/hsz-2018-0336

Cai, M., Zhao, J., Liu, Q., Wang, X., and Wang, Y. (2019b). FAM134B improves preadipocytes differentiation by enhancing mitophagy. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1864:158508. doi: 10.1016/j.bbalip.2019.08.004

Chen, Q., Xiao, Y., Chai, P., Zheng, P., Teng, J., Chen, J., et al. (2019). ATL3 is a tubular ER-Phagy receptor for GABARAP-mediated selective autophagy. Curr. Biol. 29, 846–855. doi: 10.1016/j.cub.2019.01.041

Chen, X., Shen, W. B., Yang, P., Dong, D., Sun, W., Yang, P., et al. (2018). High glucose inhibits neural stem cell differentiation through oxidative stress and endoplasmic reticulum stress. Stem Cells Dev. 27, 745–755. doi: 10.1089/scd.2017.0203

Chino, H., Hatta, T., Natsume, T., and Mizushima, N. (2019). Intrinsically disordered protein TEX264 mediates ER-phagy. Mol. Cell 74, 909–921. doi: 10.1016/j.molcel.2019.03.033

Chiramel, A. I., Dougherty, J. D., Nair, V., Robertson, S. J., and Best, S. M. (2016). FAM134B, the selective autophagy receptor for endoplasmic reticulum turnover, inhibits replication of ebola virus strains makona and mayinga. J. Infect. Dis. 214, S319–S325. doi: 10.1093/infdis/jiw270

Cinque, L., De Leonibus, C., Iavazzo, M., Krahmer, N., Intartaglia, D., Salierno, F. G., et al. (2020). MiT/TFE factors control ER-phagy via transcriptional regulation of FAM134B. Embo J. 39:e105696. doi: 10.15252/embj.2020105696

Cubillos-Ruiz, J. R., Mohamed, E., and Rodriguez, P. C. (2017). Unfolding anti-tumor immunity: ER stress responses sculpt tolerogenic myeloid cells in cancer. J. Immunother. Cancer 5:5. doi: 10.1186/s40425-016-0203-4

Dandekar, A., Mendez, R., and Zhang, K. (2015). Cross talk between ER stress, oxidative stress, and inflammation in health and disease. Methods Mol. Biol. 1292, 205–214. doi: 10.1007/978-1-4939-2522-3_15

De Leonibus, C., Cinque, L., and Settembre, C. (2019). Emerging lysosomal pathways for quality control at the endoplasmic reticulum. FEBS Lett. 593, 2319–2329. doi: 10.1002/1873-3468.13571

Delorme-Axford, E., Popelka, H., and Klionsky, D. J. (2019). TEX264 is a major receptor for mammalian reticulophagy. Autophagy 15, 1677–1681. doi: 10.1080/15548627.2019.1646540

Dikic, I. (2018). Open questions: why should we care about ER-phagy and ER remodelling? BMC Biol. 16:131. doi: 10.1186/s12915-018-0603-7

Endres, K., and Reinhardt, S. (2013). ER-stress in Alzheimer’s disease: Turning the scale? Am. J. Neurodegener. Dis. 2, 247–265.

Erffelinck, M. L., and Goossens, A. (2018). Review: endoplasmic reticulum-associated degradation (ERAD)-dependent control of (Tri)terpenoid metabolism in plants. Planta Med. 84, 874–880. doi: 10.1055/a-0635-8369

Fernandez, A., Ordonez, R., Reiter, R. J., Gonzalez-Gallego, J., and Mauriz, J. L. (2015). Melatonin and endoplasmic reticulum stress: relation to autophagy and apoptosis. J. Pineal. Res. 59, 292–307. doi: 10.1111/jpi.12264

Fischer, D., Schabhuttl, M., Wieland, T., Windhager, R., Strom, T. M., Auer-Grumbach, M., et al. (2014). A novel missense mutation confirms ATL3 as a gene for hereditary sensory neuropathy type 1. Brain 137:e286. doi: 10.1093/brain/awu091

Forrester, A., De Leonibus, C., Grumati, P., Fasana, E., Piemontese, M., Staiano, L., et al. (2019). A selective ER-phagy exerts procollagen quality control via a Calnexin-FAM134B complex. Embo J. 38:e99847. doi: 10.15252/embj.201899847

Fregno, I., Fasana, E., Bergmann, T. J., Raimondi, A., Loi, M., Soldà, T., et al. (2018). ER-to-lysosome-associated degradation of proteasome-resistant ATZ polymers occurs via receptor-mediated vesicular transport. Embo J. 37:e99259. doi: 10.15252/embj.201899259

Fregno, I., and Molinari, M. (2018). Endoplasmic reticulum turnover: ER-phagy and other flavors in selective and non-selective ER clearance. F1000Res 7:454. doi: 10.12688/f1000research.13968.1

Fregno, I., and Molinari, M. (2019). Proteasomal and lysosomal clearance of faulty secretory proteins: ER-associated degradation (ERAD) and ER-to-lysosome-associated degradation (ERLAD) pathways. Crit. Rev. Biochem. Mol. Biol. 54, 153–163. doi: 10.1080/10409238.2019.1610351

Fumagalli, F., Noack, J., Bergmann, T. J., Cebollero, E., Pisoni, G. B., Fasana, E., et al. (2016). Translocon component Sec62 acts in endoplasmic reticulum turnover during stress recovery. Nat. Cell. Biol. 18, 1173–1184. doi: 10.1038/ncb3423

Glick, D., Barth, S., and Macleod, K. F. (2010). Autophagy: cellular and molecular mechanisms. J. Pathol. 221, 3–12. doi: 10.1002/path.2697

Grumati, P., Dikic, I., and Stolz, A. (2018). ER-phagy at a glance. J. Cell Sci. 131:jcs217364. doi: 10.1242/jcs.217364

Grumati, P., Morozzi, G., Holper, S., Mari, M., Harwardt, M. I., Yan, R., et al. (2017). Full length RTN3 regulates turnover of tubular endoplasmic reticulum via selective autophagy. Elife 6:25555. doi: 10.7554/eLife.25555

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. doi: 10.1105/tpc.111.093112

Hu, S., Ye, H., Cui, Y., and Jiang, L. (2020). AtSec62 is critical for plant development and is involved in ER-phagy in Arabidopsis thaliana. J. Integr. Plant Biol. 62, 181–200. doi: 10.1111/jipb.12872

Hu, X., Shi, Q., Zhou, X., He, W., Yi, H., Yin, X., et al. (2007). Transgenic mice overexpressing reticulon 3 develop neuritic abnormalities. Embo J. 26, 2755–2767. doi: 10.1038/sj.emboj.7601707

Hughes, D., and Mallucci, G. R. (2019). The unfolded protein response in neurodegenerative disorders - therapeutic modulation of the PERK pathway. Febs J. 286, 342–355. doi: 10.1111/febs.14422

Islam, F., Gopalan, V., and Lam, A. K. (2018). RETREG1 (FAM134B): A new player in human diseases: 15 years after the discovery in cancer. J. Cell Physiol. 233, 4479–4489. doi: 10.1002/jcp.26384

Jiang, X., Wang, X., Ding, X., Du, M., Li, B., Weng, X., et al. (2020). FAM134B oligomerization drives endoplasmic reticulum membrane scission for ER-phagy. Embo J. 39:e102608. doi: 10.15252/embj.2019102608

Johansen, T., and Lamark, T. (2011). Selective autophagy mediated by autophagic adapter proteins. Autophagy 7, 279–296. doi: 10.4161/auto.7.3.14487

Kasai, S., Yamazaki, H., Tanji, K., Engler, M. J., Matsumiya, T., Itoh, K., et al. (2019). Role of the ISR-ATF4 pathway and its cross talk with Nrf2 in mitochondrial quality control. J. Clin. Biochem. Nutr. 64, 1–12. doi: 10.3164/jcbn.18-37

Kohno, S., Shiozaki, Y., Keenan, A. L., Miyazaki-Anzai, S., and Miyazaki, M. (2019). An N-terminal-truncated isoform of FAM134B (FAM134B-2) regulates starvation-induced hepatic selective ER-phagy. Life Sci. Alliance 2:201900340. doi: 10.26508/lsa.201900340

Kornak, U., Mademan, I., Schinke, M., Voigt, M., Krawitz, P., Hecht, J., et al. (2014). Sensory neuropathy with bone destruction due to a mutation in the membrane-shaping atlastin GTPase 3. Brain 137, 683–692. doi: 10.1093/brain/awt357

Kurth, I., Pamminger, T., Hennings, J. C., Soehendra, D., Huebner, A. K., Rotthier, A., et al. (2009). Mutations in FAM134B, encoding a newly identified Golgi protein, cause severe sensory and autonomic neuropathy. Nat. Genet. 41, 1179–1181. doi: 10.1038/ng.464

Lamark, T., Svenning, S., and Johansen, T. (2017). Regulation of selective autophagy: The p62/SQSTM1 paradigm. Essays Biochem. 61, 609–624. doi: 10.1042/EBC20170035

Lebeaupin, C., Vallee, D., Hazari, Y., Hetz, C., Chevet, E., Bailly-Maitre, B., et al. (2018). Endoplasmic reticulum stress signalling and the pathogenesis of non-alcoholic fatty liver disease. J. Hepatol. 69, 927–947. doi: 10.1016/j.jhep.2018.06.008

Liao, Y., Duan, B., Zhang, Y., Zhang, X., and Xia, B. (2019). Excessive ER-phagy mediated by the autophagy receptor FAM134B results in ER stress, the unfolded protein response, and cell death in HeLa cells. J. Biol. Chem. 294, 20009–20023. doi: 10.1074/jbc.RA119.008709

Lin, Y., Jiang, M., Chen, W., Zhao, T., and Wei, Y. (2019). Cancer and ER stress: Mutual crosstalk between autophagy, oxidative stress and inflammatory response. Biomed. Pharmacother. 118:109249. doi: 10.1016/j.biopha.2019.109249

Linxweiler, M., Schick, B., and Zimmermann, R. (2017). Let’s talk about Secs: Sec61, Sec62 and Sec63 in signal transduction, oncology and personalized medicine. Signal Transduct. Target Ther. 2:17002. doi: 10.1038/sigtrans.2017.2

Loi, M., Fregno, I., Guerra, C., and Molinari, M. (2018). Eat it right: ER-phagy and recovER-phagy. Biochem. Soc. Trans. 46, 699–706. doi: 10.1042/BST20170354

Loi, M., and Molinari, M. (2020). Mechanistic insights in recov-ER-phagy: Micro-ER-phagy to recover from stress. Autophagy 16, 385–386. doi: 10.1080/15548627.2019.1709767

Loi, M., Raimondi, A., Morone, D., and Molinari, M. (2019). ESCRT-III-driven piecemeal micro-ER-phagy remodels the ER during recovery from ER stress. Nat. Commun. 10:5058. doi: 10.1038/s41467-019-12991-z

Marciniak, S. J. (2017). Endoplasmic reticulum stress in lung disease. Eur. Respir. Rev. 26:170018. doi: 10.1183/16000617.0018-2017

Mehrtash, A. B., and Hochstrasser, M. (2019). Ubiquitin-dependent protein degradation at the endoplasmic reticulum and nuclear envelope. Semin. Cell Dev. Biol. 93, 111–124. doi: 10.1016/j.semcdb.2018.09.013

Michaeli, S., Honig, A., Levanony, H., Peled-Zehavi, H., and Galili, G. (2014). Arabidopsis ATG8-INTERACTING PROTEIN1 is involved in autophagy-dependent vesicular trafficking of plastid proteins to the vacuole. Plant Cell 26, 4084–4101. doi: 10.1105/tpc.114.129999

Mitra, S., and Ryoo, H. D. (2019). The unfolded protein response in metazoan development. J. Cell Sci. 132:jcs217216. doi: 10.1242/jcs.217216

Mochida, K., Oikawa, Y., Kimura, Y., Kirisako, H., Hirano, H., Ohsumi, Y., et al. (2015). Receptor-mediated selective autophagy degrades the endoplasmic reticulum and the nucleus. Nature 522, 359–362. doi: 10.1038/nature14506

Mochida, K., Yamasaki, A., Matoba, K., Kirisako, H., Noda, N. N., Nakatogawa, H., et al. (2020). Super-assembly of ER-phagy receptor Atg40 induces local ER remodeling at contacts with forming autophagosomal membranes. Nat. Commun. 11:3306. doi: 10.1038/s41467-020-17163-y

Moon, H. W., Han, H. G., and Jeon, Y. J. (2018). Protein quality control in the endoplasmic reticulum and cancer. Int. J. Mol. Sci. 19:3020. doi: 10.3390/ijms19103020

Nakatogawa, H. (2020). Autophagic degradation of the endoplasmic reticulum. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 96, 1–9. doi: 10.2183/pjab.96.001

Nakatogawa, H., and Mochida, K. (2015). Reticulophagy and nucleophagy: New findings and unsolved issues. Autophagy 11, 2377–2378. doi: 10.1080/15548627.2015.1106665

Nam, S. M., and Jeon, Y. J. (2019). Proteostasis in the endoplasmic reticulum: road to cure. Cancers (Basel) 11:1793. doi: 10.3390/cancers11111793

Ney, P. A. (2015). Mitochondrial autophagy: Origins, significance, and role of BNIP3 and NIX. Biochim. Biophys. Acta 1853, 2775–2783. doi: 10.1016/j.bbamcr.2015.02.022

Ni, H., Rui, Q., Li, D., Gao, R., and Chen, G. (2018). The role of IRE1 signaling in the central nervous system diseases. Curr. Neuropharmacol. 16, 1340–1347. doi: 10.2174/1570159X16666180416094646

Nthiga, T. M., Kumar, S. B., Sjottem, E., Bruun, J. A., Bowitz Larsen, K., Bhujabal, Z., et al. (2020a). CALCOCO1 acts with VAMP-associated proteins to mediate ER-phagy. Embo J. 39:e103649. doi: 10.15252/embj.2019103649

Nthiga, T. M., Shrestha, B. K., Lamark, T., and Johansen, T. (2020b). CALCOCO1 is a soluble reticulophagy receptor. Autophagy 16, 1729–1731. doi: 10.1080/15548627.2020.1797289

Oakes, S. A. (2020). Endoplasmic reticulum stress signaling in cancer cells. Am. J. Pathol. 190, 934–946. doi: 10.1016/j.ajpath.2020.01.010

Oakes, S. A., and Papa, F. R. (2015). The role of endoplasmic reticulum stress in human pathology. Annu. Rev. Pathol. 10, 173–194. doi: 10.1146/annurev-pathol-012513-104649

O’Sullivan, T. E., Johnson, L. R., Kang, H. H., and Sun, J. C. (2015). BNIP3- and BNIP3L-Mediated mitophagy promotes the generation of natural killer cell memory. Immunity 43, 331–342. doi: 10.1016/j.immuni.2015.07.012

Pytel, D., Majsterek, I., and Diehl, J. A. (2016). Tumor progression and the different faces of the PERK kinase. Oncogene 35, 1207–1215. doi: 10.1038/onc.2015.178

Rashid, H. O., Yadav, R. K., Kim, H. R., and Chae, H. J. (2015). ER stress: Autophagy induction, inhibition and selection. Autophagy 11, 1956–1977. doi: 10.1080/15548627.2015.1091141

Rismanchi, N., Soderblom, C., Stadler, J., Zhu, P. P., and Blackstone, C. (2008). Atlastin GTPases are required for Golgi apparatus and ER morphogenesis. Hum. Mol. Genet. 17, 1591–1604. doi: 10.1093/hmg/ddn046

Ruggiano, A., Foresti, O., and Carvalho, P. (2014). Quality control: ER-associated degradation: protein quality control and beyond. J. Cell Biol. 204, 869–879. doi: 10.1083/jcb.201312042

Shibutani, S. T., Saitoh, T., Nowag, H., Munz, C., and Yoshimori, T. (2015). Autophagy and autophagy-related proteins in the immune system. Nat. Immunol. 16, 1014–1024. doi: 10.1038/ni.3273

Siddiqi, S., Zhelyabovska, O., and Siddiqi, S. A. (2018). Reticulon 3 regulates very low density lipoprotein secretion by controlling very low density lipoprotein transport vesicle biogenesis. Can. J. Physiol. Pharmacol. 96, 668–675. doi: 10.1139/cjpp-2018-0077

Smith, M., and Wilkinson, S. (2017). ER homeostasis and autophagy. Essays Biochem. 61, 625–635. doi: 10.1042/EBC20170092

Smith, M. D., Harley, M. E., Kemp, A. J., Wills, J., Lee, M., Arends, M., et al. (2018). CCPG1 is a non-canonical autophagy cargo receptor essential for ER-Phagy and pancreatic ER proteostasis. Dev. Cell 44, 217–232. doi: 10.1016/j.devcel.2017.11.024

Smith, M. D., and Wilkinson, S. (2018). CCPG1, an unconventional cargo receptor for ER-phagy, maintains pancreatic acinar cell health. Mol. Cell Oncol. 5:e1441631. doi: 10.1080/23723556.2018.1441631

Song, S., Tan, J., Miao, Y., and Zhang, Q. (2018). Crosstalk of ER stress-mediated autophagy and ER-phagy: involvement of UPR and the core autophagy machinery. J. Cell Physiol. 233, 3867–3874. doi: 10.1002/jcp.26137

Stephani, M., Picchianti, L., Gajic, A., Beveridge, R., Skarwan, E., Sanchez de Medina Hernandez, V., et al. (2020). A cross-kingdom conserved ER-phagy receptor maintains endoplasmic reticulum homeostasis during stress. Elife 9:e58396. doi: 10.7554/eLife.58396

Tang, C., Han, H., Liu, Z., Liu, Y., Yin, L., Cai, J., et al. (2019). Activation of BNIP3-mediated mitophagy protects against renal ischemia-reperfusion injury. Cell Death Dis. 10:677. doi: 10.1038/s41419-019-1899-0

Wangeline, M. A., and Hampton, R. Y. (2018). “Mallostery”-ligand-dependent protein misfolding enables physiological regulation by ERAD. J. Biol. Chem. 293, 14937–14950. doi: 10.1074/jbc.RA118.001808

Werno, M. W., Wilhelmi, I., Kuropka, B., Ebert, F., Freund, C., Schürmann, A., et al. (2018). The GTPase ARFRP1 affects lipid droplet protein composition and triglyceride release from intracellular storage of intestinal Caco-2 cells. Biochem. Biophys. Res. Commun. 506, 259–265. doi: 10.1016/j.bbrc.2018.10.092

Wilkinson, S. (2019). ER-phagy: Shaping up and destressing the endoplasmic reticulum. Febs J. 286, 2645–2663. doi: 10.1111/febs.14932

Wortel, I., van der Meer, L. T., Kilberg, M. S., and van Leeuwen, F. N. (2017). Surviving stress: Modulation of ATF4-mediated stress responses in normal and malignant cells. Trends Endocrinol. Metab. 28, 794–806. doi: 10.1016/j.tem.2017.07.003

Xiang, R., Fan, L. L., Huang, H., Chen, Y. Q., He, W., Guo, S., et al. (2018). Increased reticulon 3 (RTN3) leads to obesity and hypertriglyceridemia by interacting with heat shock protein family a (Hsp70) member 5 (HSPA5). Circulation 138, 1828–1838. doi: 10.1161/CIRCULATIONAHA.117.030718

Xie, N., Li, Y., Wang, C., Lian, Y., Zhang, H., Li, Y., et al. (2020). FAM134B attenuates Seizure-Induced apoptosis and endoplasmic reticulum stress in hippocampal neurons by promoting autophagy. Cell. Mol. Neurobiol. 40, 1297–1305. doi: 10.1007/s10571-020-00814-5

Yan, R., Shi, Q., Hu, X., and Zhou, X. (2006). Reticulon proteins: emerging players in neurodegenerative diseases. Cell. Mol. Life Sci. 63, 877–889. doi: 10.1007/s00018-005-5338-2

Yang, J., Liu, H., Li, L., Liu, H., Shi, W., Yuan, X., et al. (2016). Structural insights into IRE1 functions in the unfolded protein response. Curr. Med. Chem. 23, 4706–4716. doi: 10.2174/0929867323666160927142349

Zhang, J., and Ney, P. A. (2009). Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ. 16, 939–946. doi: 10.1038/cdd.2009.16

Zhang, L., Li, L., Leavesley, H. W., Zhang, X., Borowitz, J. L., Isom, G. E., et al. (2010). Cyanide-induced apoptosis of dopaminergic cells is promoted by BNIP3 and Bax modulation of endoplasmic reticulum-mitochondrial Ca2+ levels. J. Pharmacol. Exp. Ther. 332, 97–105. doi: 10.1124/jpet.109.159103

Zhang, L., Li, L., Liu, H., Borowitz, J. L., and Isom, G. E. (2009). BNIP3 mediates cell death by different pathways following localization to endoplasmic reticulum and mitochondrion. Faseb. J. 23, 3405–3414. doi: 10.1096/fj.08-124354

Zhang, X., Ding, X., Marshall, R. S., Paez-Valencia, J., Lacey, P., Vierstra, R. D., et al. (2020). Reticulon proteins modulate autophagy of the endoplasmic reticulum in maize endosperm. Elife 9:51918. doi: 10.7554/eLife.51918

Zhao, D., and Du, L. L. (2020). Epr1, a UPR-upregulated soluble autophagy receptor for reticulophagy. Autophagy 2020, 1–2. doi: 10.1080/15548627.2020.1816665

Zhao, D., Zou, C. X., Liu, X. M., Jiang, Z. D., Yu, Z. Q., Suo, F., et al. (2020). A UPR-Induced soluble ER-Phagy receptor acts with VAPs to confer ER stress resistance. Mol. Cell. 79, 963–977. doi: 10.1016/j.molcel.2020.07.019

Zhao, G., Zhu, P. P., Renvoise, B., Maldonado-Baez, L., Park, S. H., Blackstone, C., et al. (2016). Mammalian knock out cells reveal prominent roles for atlastin GTPases in ER network morphology. Exp. Cell Res. 349, 32–44. doi: 10.1016/j.yexcr.2016.09.015

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Yang, Luo, Wang, Li, Yang, Zhu, Xiao and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		ER-Phagy: A New Regulator of ER Homeostasis



		INTRODUCTION



		Unfolded Protein Response



		IRE1



		PERK



		ATF6



		ERAD







		ER-PHAGY RECEPTORS



		ER-PHAGY RECEPTORS IN MAMMALS



		FAM134B



		SEC62



		RTN3



		CCPG1



		TEX264



		ATL3







		OTHER RECEPTORS IN MAMMALS



		ER-PHAGY RECEPTORS IN YEAST



		ATG39 AND ATG40



		ERP1







		ER-PHAGY RECEPTOR IN PLANTS



		ER-PHAGY AND DISEASE



		METABOLIC DISEASES



		NEUROLOGICAL DISEASES



		OTHER DISEASES



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

ER-Phagy: A New Regulator
of ER Homeostasis









OPS/images/fcell-09-684526-g001.jpg
A*E—> T

elF2a

X OV
* =V — —>\— @
CHOP

W/ b /'

% @

Global protein
translation

C* ER__ @%\_ _»czﬁ . & — UPR genes

stp— & &
~ o,

Golgi





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-684526-g002.jpg
cytosol @ GIMs/AIMs/LIR
@  FR

Atg39 Atg40 RTN3L ATL3 FAM134B SEC62 CCPG1 TEX264

nuclear ER tubuli ER sheets whole ER
envelope network





OPS/images/fcell-09-684526-g003.jpg
ER

Atg40

autophagosome





OPS/images/fcell-09-684526-g004.jpg
Tracker






