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Abstract

Cancer cells encounter numerous stresses that pose a threat to their survival. Tumor 

microenviroment stresses that perturb protein homeostasis can produce endoplasmic reticulum 

(ER) stress, which can be counterbalanced by triggering the unfolded protein response (UPR) 

which is considered the canonical ER stress response. The UPR is characterized by three major 

proteins that lead to specific changes in transcriptional and translational programs in stressed cells. 

Activation of the UPR can induce apoptosis, but also can induce cytoprotective programs such as 

autophagy. There is increasing appreciation for the role that UPR-induced autophagy plays in 

supporting tumorigenesis and cancer therapy resistance. More recently several new pathways that 

connect cell stresses, components of the UPR and autophagy have been reported, which together 

can be viewed as non-canonical ER stress responses. Here we review recent findings on the 

molecular mechanisms by which canonical and non-canonical ER stress responses can activate 

cytoprotective autophagy and contribute to tumor growth and therapy resistance. Autophagy has 

been identified as a druggable pathway, however the components of autophagy (ATG genes) have 

proven difficult to drug. It may be the case that targeting the UPR or non-canonical ER stress 

programs can more effectively block cytoprotective autophagy to enhance cancer therapy. A 

deeper understanding of these pathways could provide new therapeutic targets in cancer.
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Introduction

The endoplasmic reticulum (ER) is often the largest organelle in eukaryotic cells, organized 

into netlike labyrinth of membrane-enclosed tubules and flattened cisternae (sacs) that 

stretch out from the nuclear membrane throughout the cytosol (1, 2). Approximately 11% of 

the 25,000 secretory proteins and 20% of single-pass or multi-pass transmembrane proteins 

are driven into the ER lumen by N-terminal signal sequence present on them (3, 4). Once 

inside the ER lumen, nascent proteins are properly folded, attaining their three-dimensional 

structure, while also undergoing a wide array of post-translational modifications with the 

assistance of ER-resident chaperones, oxidoreductases and glycosylating enzymes, (5, 6). 

When the ER Ca2+ levels change, or misfolded or mutant proteins accumulate, ER stress 

commences (7). ER stress triggers an evolutionarily conserved cascade known as unfolded 

protein response (UPR) to counteract the deleterious consequence of ER stress and restore 

ER homeostasis, or if not possible to activate apoptosis (8). In this review we are defining 

the “canonical ER stress response” as the UPR pathway regulated by ER chaperone protein 

GRP78/BiP and three traditional UPR sensors proteins R (PKR)-like endoplasmic reticulum 

kinase (PERK), inositol-requiring enzyme 1α (IREα), and activating transcription factor 6 

(ATF6). What has become clear is that other pathways intersect with components of the 

UPR to drive cytoprotection in the face of stress. We categorize these pathways reviewed 

extensively below as “non-canonical ER stress response”.

The discovery of lysosomes by Christian de Duve was recognized with the Nobel Prize in 

Physiology and Medicine in 1974 (9). More than twenty years later in 2016 the Nobel Prize 

was awarded to Yoshinori Ohsumi for the discovery of the genes that control autophagy, a 

lysosome dependent catabolic program that cells employ to degrade and recycle protein and 

organelles (10–12). Autophagy is an evolutionary conserved orchestrated program that 

includes initiation and membrane nucleation, phagophore formation and expansion, fusion 

with the lysosomes and degradation (13). Autophagy has gained a spotlight for its 

physiological importance in human health and diseases. Three defined types of autophagy: 

macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) all converge 

at a common node of the lysosomal degradation pathway where all cytosolic components are 

targeted for degradation (14). Macroautophagy is the best studied form of autophagy and 

hereafter in this review the term autophagy will refer only to macroautophagy. Delivery of 

cargo proteins through double membrane-bound vesicles, referred to as autophagosomes is 

the characteristic feature of macro-autophagy (15). During microautophagy, the cytosolic 

components are directly engulfed by the invagination of the lysosomal membrane (16). In 

contrast, to macro- and microautophagy which can be both selective or non-selective, CMA 

involves the recognition of a sequence-motif in the target proteins by cytosolic chaperon 

proteins such us shock-cognate (Hsc-70) which bind and escort them across the lysosomal 

membrane. There the complex is recognized by the lysosomal membrane receptor 

lysosomal-associated membrane protein 2A (LAMP-2A) and after multimerization the target 

protein is unfolded, translocated in the lysosome and subsequently degraded (17). 

Autophagy is thought to be primarily associated with the UPR by removing unfolded 

proteins to favor the survival of stressed cells. However, organelle-specific autophagy 

mechanisms such as reticulophagy (ER), nucleophagy (nucleus), peroxyphagy 
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(peroxisomes), mitophagy (mitochondria), xenophagy (bacteria) and others are also being 

investigated for their pathophysiological roles in various diseases (18–21).

Conceptually, the UPR and autophagy can be considered two different programs for cellular 

homeostasis that either work independently in the specified cellular locations, or work in co-

ordination to protect the cellular physiology against a diverse array of stress. Here we review 

the mechanistic underpinnings of how canonical- and non-canonical ER stress responses 

regulate autophagy in cancer cells.

The canonical ER stress response: the UPR

The ER is a multifunctional organelle, and various subregions within the ER support distinct 

pathways involved in cellular homeostasis and survival. Rough ER is associated with protein 

synthesis and degradation, trafficking of secreted and membrane proteins, and harbors 

oxidoreductases. Mitochondria-associated ER membrane (MAM), the nuclear envelope, 

peroxisomal components, Russell bodies, and lipid droplets are examples of specialized ER 

compartments (22). Smooth ER is responsible for lipid synthesis and metabolism, and 

calcium storage. In addition, smooth ER is decorated with specialized domains, including 

plasma membrane-associated ER and regions associated with MAM formation, 

autophagosomes, and lipid droplets (23, 24). Accumulation of folding-incompetent or 

misfolded proteins above a critical threshold sets in motion a remedial signal transduction 

pathway known as the UPR, which is relayed through three ER transmembrane sensors: 

IRE1α, PERK, and ATF6. A key ER chaperone HSPA5/GRP78/Bip is typically bound to 

each of these UPR sensors, preventing downstream signaling. When unfolded protein stress 

reaches a critical threshold enough GRP78 dissociates from the sensors to allow downstream 

signaling activation that regulates transcription and translation in manner that restores ER 

homeostasis. The common theme across the UPR effectors is that global mRNA translation 

is severely limited while transcription and translation of very specific cell fate effectors is 

upregulated (25). The UPR-dependent cell fate (i.e. cell death or cell survival) across the 

diverse array of cellular organization depends on the nature of the stimulus and duration of 

stress. Details of the mechanistic actions of these sensors are discussed below (Figure 1).

IRE1-XBP1 signaling

The most conserved and oldest branch of the UPR is governed by a type-1 single pass 

transmembrane protein IRE1, which consist of a serine/threonine kinase domain and an 

endoribonuclease (RNase) domain. The two IRE1 homologs encoded by mammalian 

genome: IRE1α (26, 27) and IRE1β which are expressed ubiquitously and in limited tissues 

respectively (28, 29). Activation of IRE1 has been proposed to occur in two ways. The 

competition model indicates that release of GRP78 from IRE1 ER luminal domain allows 

GRP78 to bind to unfolded proteins in the ER lumen while promoting dimerization of 

IRE1α. The second model suggests that the direct binding of unfolded proteins to core 

luminal domain of IRE1 induces its dimerization (30, 31). Between the two, the first model 

is more widely accepted and once dimerization or oligomerization occurs, the IRE1α kinase 

domains become juxtaposed and trans-autophosphorylation ensues. Phosphorylation of 

IRE1α is required for its RNase activation. The RNase activity initiates the cleavage of 

mRNA encoding X box-binding protein 1 (XBP1) to the spliced form XBP1-S, which can 
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function as an active transcription factor. XBP1-S translocates to the nucleus and initiates 

the expression of a diverse set of genes by binding to the UPR element (UPRE) and to the 

ER stress-response elements I and II (ERSE-I and ERSE-II) in the promoter region of 

multiple genes (32). These target genes orchestrate ER protein folding, secretion, ERAD, 

lipid biosynthesis and ER expansion to alleviate ER stress. In addition, IRE1-dependent 

decay (RIDD) activation degrades UPR target mRNAs, including Grp78 and other mRNAs 

that negatively regulate apoptosis, cell proliferation and differentiation (33–35).The IRE1α-

XBP1 pathway critically regulates development and lineage fates of several cell types. 

Development of dendritic cells, zymogen processing and maturation, homeostasis of Paneth 

cells for innate immunity and host defense and several other physiological processes are all 

regulated by XBP1s (36, 37).

However, this signaling pathway can also activate cell death. Activated IRE1α forms a 

complex with tumor necrosis factorα (TNFα) receptor-associated factor 2 (TRAF2) and 

apoptosis signaling-regulating kinase (ASK1). Activated ASK1 in turn, activates a number 

of transcription factors including NF-κB, c-Jun N-terminal kinase (JNK) and transcription 

factor AP1, which together promote pro-inflammatory and pro-apoptotic responses (38–41). 

These apoptotic signals converge on both the mitochondria, by suppressing Bcl-2 and 

activating BIM, as well as on the cytoplasm to activate downstream effector caspases 

(caspase-9, caspase-3) (42, 43). IRE1α activated JNK phosphorylates insulin receptor 

substrate 1 and 2 to induce insulin resistance and apoptosis (44). Hyperactivation of IRE1α 
rapidly upregulates pro-oxidant protein TXNIP (thioredoxin-interacting protein), that drives 

inflammasome-caspase-1 cell death pathway with concomitant attenuation of levels of 

miRNAs by IRE1α’s RNase (45, 46). IRE1α and PERK oligomerization can activate stress-

activated kinase p38 MAPK which upregulates the expression of UPR genes serving as a 

feed forward ER Stress response (47). Thus, IRE1α acts as a molecular switch that regulates 

both adaptive and suicide genes response during prolonged activation of ER stress.

PERK-eIF2α-ATF4-CHOP signaling

Another key effector of the canonical UPR is PERK. The structural and mechanistic 

activation of PERK is similar to that of IRE1α, involving GRP78 competition between 

PERK and unfolded proteins driving activation. Activated PERK attenuates translational 

initiation by phosphorylating Ser51 of the α subunit of eukaryotic translation initiation 

factor 2 (eIF2α). Phosphorylaton of eIF2α serves two purposes. First, it transiently inhibits 

global protein synthesis in order to minimize the protein-folding load in the ER, conserve 

adenosine-5’-triphosphate (ATP) and amino acids (48). Phosphorylation of eIF2α increases 

its affinity for the eIF2β guanine nucleotide exchange factor, and this binding contributes to 

global mRNA translation suppression (49, 50). The second effect of phosphorylation of 

eIF2α is the preferential translation of select mRNAs containing short upstream opening 

reading frames (uORFs) in their 5’ untranslated region (UTR). One of the proteins whose 

translation is upregulated is the activating transcription factor 4 (ATF4) that activates the 

expression of genes that aim to relieve ER stress.

The critical role of PERK-p-eIF2α axis in organismal physiology is most well understood in 

pancreatic β cells where this axis controls insulin secretion and cellular metabolism (51). 
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Mutation of the Ser51 eIF2α phosphorylation site is associated with hypoglycemia and 

defective gluconeogenesis in the liver of transgenic mice (51–53). To prevent total collapse 

of protein translation, growth arrest and DNA damage-inducible protein 34 (GADD34) and 

protein phosphatase 1 (PP1) direct the dephosphorylation of eIF2α, fine tuning mRNA 

translation to restore adaptive functions for ER homeostasis (54–56). This includes the 

enhanced translation of cellular apoptotic inhibitors (X-linked inhibitor of apoptosis proteins 

(XIAP), cellular inhibitor of apoptosis proteins 1 (cIAP1) and 2 (cIAP2)) and ATF4 (57, 58). 

ATF4 contributes to multiple facets of cellular homeostasis including amino acid 

biosynthesis and antioxidant programs. Importantly, it is clear that ATF4 may be the critical 

link between ER stress response pathways and the expression of autophagy genes as it 

directly binds the promoters of, and upregulates expression of multiple autophagy genes 

(MAP1LC3B, ATG12, and BECN1) (59, 60). ATF4 also binds to the promoter region and 

activates transcription of is a 29 kDa bZIP transcription factor known as CCAAT/enhancer 

binding protein homologous protein (CHOP) (61). A well-known mediator of ER stress-

mediated cell death, CHOP activates a plethora of pro-apoptotic factors and accentuates 

oxidative stress (by ER reductase gene ERO1α), when protein folding is compromised in 

multiple cell types (62). Thus, much like IRE1a signaling, PERK signalling can activate cell 

survival and cell death pathways depending on the severity and resolution of ER stress.

ATF6 signaling

ATF6 is a type-II ER transmembrane protein consisting of a CREB/ATF bZIP transcription 

factor domain at the amino terminus. The initial step in the activation of ATF6 during ER 

stress is similar to that of IRE1 and PERK as the dissociation of constitutively bound GRP78 

from ATF6 results in activation of ATF6. However unlike PERK and IRE1α, ATF6 

activation requires regulated intramembrane proteolysis (RIP), producing a cleaved protein 

domain that is no longer membrane bound (63). Upon activation, ATF6 is translocated from 

the ER to the Golgi apparatus for sequential cleavage at the transmembrane site by site-1 

protease (S1P) and site-2 protease (S2P) to yield ATF6 p50, an N-terminal cytosolic 

fragment required for activation of gene expression in the nucleus (64–66). Like IRE1, ATF6 

exists in mammals in two isoforms: ATF6α and ATF6β. ATF6α is required for the 

regulation of protein homeostasis, during ER stress, yet deletion of ATF6β is not embryonic 

lethal and ATF6β−/− mice exhibit no phenotype suggesting that redundancy in the ER stress 

program can compensate for this loss (31, 67, 68). As homodimer, ATF6α transactivates and 

constitutively controls the levels of the ER chaperone GRP94 and co-chaperone p58IPK in 

dopaminergic neurons (69). When ATF6α forms a heterodimer with XBP1s, this complex 

directs the expression of multiple components of the ERAD machinery (EDEM, HERP and 

HRD1) (70–72). In addition, ATF6α also promotes the expression of ER quality control 

genes by recruiting the CREB regulated transcription coactivator 2 (CRTC2) to ER stress 

response elements in gene promoters (73). In contrast, deletion of ATF6β do not produce a 

significant phenotype and there has not been repertoire of consistent ATF6β target genes 

reported (31, 67). However, the overlapping functions of ATF6α and ATF6β are essential for 

transcriptional upregulation of GRP78, CHOP and XBP1 (68). Mounting evidence suggests 

that ATF6α drives the up-regulation of Ras homology enriched in brain (Rheb) and mTOR 

in an Akt-independent manner and increases the sensitivity of anti-tumor activity of 

rapamycin during tumor dormancy (74–78). Apart from ATF6, other bZIP transcription 
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factors such as Luman/CREB3, OASIS/CREB3L1, and CREBH/CREB3L3 are also 

regulated by RIP during ER stress (79, 80).

The UPR controls apoptosis and autophagy in response to cell stress in cancer.

Within the nutrient and oxygen-limited tumor microenvironment, oxidative stress is often a 

major driver of the cancer phenotype (81). Glucose limitation affects protein glycosylation 

which leads to ER-Ca2+ imbalance and increased GRP78 levels. Tumor cells adapt to low 

glucose environment via UPR and progressing to a high rate of aerobic glycolysis known as 

Warburg effect (82–85). The UPR regulates oxidative stress by reducing global translation, 

while simultaneously increasing the expression of specific proteins. In breast cancer cells, 

ERO1α enhances the oxidative protein folding capacity by elevating the biosynthesis of the 

antioxidant glutathione (86, 87). Moreover, PERK is responsible for resistance to oxidative 

stress in radiotherapy by preventing the oxidative damage to DNA and promoting adaptation 

to preconditioned ER stress in breast cancer (88–90). Furthermore, one of the major 

antioxidant responses downstream of the UPR is upregulation of the transcription factor 

NRF2, which lies in a dormant state by binding with Kelch-like ECH-associated protein 1 

(Keap1) (91, 92). In addition, the UPR confers cytoprotection against cellular insults via 

inhibition of inflammatory and apoptotic signaling pathways (93). Collectively, these three 

pathways converge in a coordinated way as a homeostatic feedback loop to alleviate ER 

stress when the stress is acute or mild. To succeed this all three pathways aim to block global 

translation, expand the ER and selectively activate the expression of genes that contribute to 

relieving the stress and increasing the folding capacity, such as chaperon proteins. If 

successful in reducing the amount of misfolded proteins, the UPR is attenuated and the cell 

survives. However, if the stress is severe and prolonged and homeostasis cannot be 

reestablished, then the UPR will be sustained and transform into the terminal UPR that 

promotes cell death (8, 71). Although the proapoptotic character of the UPR is not yet fully 

understood molecularly, hyper-activation of PERK and prolonged inhibition of translation 

can lead the cells to death. Additionally, PERK hyperactivation can upregulate CHOP 

transcription factor which inhibits expression of the gene that encodes for the antiapoptotic 

BCL-2 (94, 95).

Mounting evidence suggests that activation of the UPR can induce cytoprotective autophagy, 

which promotes cell survival by recycling damaged organelles and proteins. In hypoxic 

tumor xenografts, expression of autophagic factor LC3 has been reported to enhance 

autophagy survival mechanism (89). During hypoxia-induced ER stress, PERK, promotes 

autophagosome formation by transcriptional upregulation of microtubule associated protein 

1 light chain 3 beta (MAP1LC3) and autophagy regulated (ATG) 5 through ATF4 and 

CHOP respectively (89, 96, 97). Moreover, eIF2α/ATF4/CHOP axis regulates the 

transcriptional levels of p62 and promotes autophagy induction through binding with the 

amino acid response element (AARE) sequence of p62 promoter (59). PERK-mediated 

cytoprotective autophagy in MYC driven lymphomagenesis is driven by cell cycle 

deregulation and enhanced protein biosynthesis (98, 99). The IRE1α-XBP1-S axis increases 

the conversion of LC3 I to LC3 II in endothelial cells to induce autophagy (100). In addition, 

XBP1-S directly binds to the −537 and −755 region of BECN1 gene promoter which 

enhances the expression of Beclin-1 and autophagy induction (96, 100). ATF6α also 
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regulates induction of autophagy by formation of a transcriptional heterodimer complex with 

C/EBP-B and binds with CRE/ATF elements of the death-associated kinase 1 (DAPK1) gene 

promoter (101). Activated DAPK1 promotes phosphorylation of Beclin-1 and drives the 

formation of autophagosomes which results in activation of autophagy (102). ATF6α-

induced autophagy is mediated by upregulation of CHOP and XBP1 genes (103). Therefore, 

mechanistic role of both UPR and autophagy must be taken into account during cancer 

treatment. While both processes can lead to cell death if persistently activated, 

overwhelming evidence suggests that activation of these pathways in the tumor 

microenvironment typically supports tumor growth and survival.

Non-Canonical ER Stress Responses

The canonical ER stress response is described above and directed by the three ER stress 

sensors and downstream effects, collectively referred to as the UPR. It has become clear 

recently that many other pathways converge on the UPR, or specific components of the 

UPR, that may have an effect on cell fate independent of the classical UPR. Here we review 

the Integrated stress response (ISR), ER translocation and ERK reactivation, endoplasmic-

reticulum-associated protein degradation (ERAD), ERphagy, and other pathways that are 

just beginning to be dissected. Our focus is on how these non-canonical ER stress response 

programs converge on autophagy to drive cytoprotection. Autophagy has been identified as a 

druggable pathway. However, the components of autophagy regulated (ATG) genes have 

proven difficult to drug. It may be the case that targeting the UPR or non-canonical ER 

stress programs can more effectively block cytoprotective autophagy to enhance cancer 

therapy.

The Integrated Stress Response (ISR)

The integrated stress response (ISR) serves as a supplemental route to drive the activation of 

the UPR by the three sensors which have been discussed above. The ISR is an essential 

adaptive mechanism with respect to extrinsic (hypoxia, bioenergetics demands etc.) and 

intrinsic factors (ER stress or oncogenic stress) in human malignancies (104, 105). Apart 

from PERK-mediated eIF2α phosphorylation, double-stranded RNA-activated protein 

kinase (PKR), general control non-derepressible-2 (GCN2) and the heme-regulated inhibitor 

kinase (HRI) also phosphorylate Ser51 of eIF2α during viral infection, amino-acid 

starvation and heme-deprivation in erythroid cells respectively (Figure 2). One hallmark of 

the ISR is the activation of GCN2 by uncharged tRNAs. Among the intrinsic factors, c-MYC 

oncogene (MYC)-driven cancers are transformed by the enhanced protein synthesis along 

with an increase in size and folding efficiency of the ER to sustain survival of malignant 

cells during tumor development. In MYC-driven cancers, MYC activation enhances the 

protein synthesis causing ER stress. In response, PERK-mediated eIF2α phosphorylation 

limits the rate of protein translation and activates pro-survival autophagy to circumvent 

proteotoxicity during tumor growth (99). Simultaneously, MYC activates the GCN2 arm of 

ISR resulting in further phosphorylation of eIF2α to conserve amino acid metabolism and 

ATF4 induction to prevent nutrient depletion. A recent study by Tameire and colleagues 

(106) unraveled a novel pathway of ISR-induced signaling in MYC-dependent cancer 

progression. This study showed that both PERK and GCN2 kinases of ISR are necessary for 

optimal ATF4 expression by MYC activity in various cancer cell lines. Expression of MYC 
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was associated with the accumulation of uncharged tRNAs which activate GCN2. Activated 

GCN2, in turn, drives the activation of transcription factor ATF4 which coordinates a gene 

expression program that recalibrates protein translation through mTOR effectors p70S6K 

and 4EBP1 (Figure 2). Alleviation of MYC-induced ER stress is driven by enhanced 

phosphorylated levels of p70S6K and EIF4EBP1 (4E-BP1), a downstream substrate of 

mammalian target of rapamycin complex 1 (mTORC1) which hyperphosphorylate 4E-BP1 

by its dissociation from eIF4E. Targeting the ISR can be achieved by drugging the 

translational machinery (107) or by targeting autophagy (59, 108), but recently more specific 

inhibitors of ISR have entered clinical trials. ONC201 (also known as TIC10) a small 

molecule inhibitor that produces tumor growth impairment by activating an eIF2α-ATF4-

dependent apoptosis pathway (107). In addition, a new generation of GCN2 inhibitors can 

sensitize cancer cells with low basal-level expression of asparagine synthetase (ASNS) to the 

L-asparaginase (ASNase), an anti-leukemic agent by inducing MAPKs pathway and 

apoptosis (109). Recently, a small molecule ISR inhibitor (ISRIB) has been identified which 

facilitates the assembly of active eIF2B and rescues translation in the presence of 

intracellular p-eIF2α levels. The pharmacological activation of eIF2B to inhibit the ISR by 

ISRIB could be a promising approach for cancer treatment (110).

Therapeutic Stress drives ER Translocation of MAPK pathways during targeted therapy:

ER stress is not only activated by environmental stresses or by oncogenic stress, but also by 

therapeutic stress. Numerous cancer therapies activate ER stress but the mechanism by 

which this occurs is not always clear for drugs that are not well known to perturb protein 

folding. In BRAF mutant melanoma, BRAF inhibitors and combined BRAF and MEK 

inhibitors are the standard of care treatment for patients with metastatic or high risk BRAF 
mutant melanoma (111). These inhibitors are very effective initially with a 75% response 

rate in some cases, however, eventually most patients who respond recur. An intense effort 

has been underway to understand the mechanisms of resistance to BRAF and BRAF and 

MEK inhibition. Our group previously found that BRAF or BRAF and MEK inhibition 

activates cytoprotective autophagy by engaging the canonical UPR (112). Numerous groups 

have confirmed these findings in both BRAF mutant melanoma, but also in BRAF mutant 

colon cancer, and thyroid cancer. Since this publication numerous other gro ups have 

corroborated this finding (113–120). Meanwhile, other groups have found that numerous 

distinct resistance mechanisms impinge on ERK reactivation as a common mechanism of 

resistance in many patients (121–126). In cell culture immediately after BRAF and MEK 

inhibition, phosphorylation of ERK disappears, but within 4–12 hours in almost all cell lines 

tested, rephosphorylation of ERK emerges. Similar findings were found in biopsies of tumor 

that progressed on BRAF inhibitors (BRAFi) (127) where ERK phosphorylation was 

increased in resistant tumor specimens compared to either baseline samples or samples 

collected during initial tumor shrinkage. While drug-induced Raf hetero-dimerization has 

been proposed as a mechanism of ERK reactivation (128), the fact that this occurs in the 

presence of MEK inhibitor (MEKi) argued for another explanation for this phenomenon. 

Our groups had previously delineated the adaptive resistance mechanism of ERK 

reactivation and autophagy following BRAFi + MEKi treatment in BRAF mutant or BRAF/
NRAS mutant melanoma tumors. ERK reactivation is critically dependent on ER 

translocation of the MAPK pathway (Figure 3). During BRAF and MEK inhibition a 
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cytoplasmic pool of GRP78 binds to the scaffolding protein KSR2 which scaffolds NRAS, 

BRAF, MEK and ERK and shuttle this multiprotein complex to the ER membrane on 

RAB5+ early endosomes. MAPK components then translocate into the ER lumen via the ER 

translocase SEC61, as demonstrated by the trypsin protection assay and digitonin 

permeabilization assay in the literature (129). Sec/Sec61 dependent protein translocation can 

occur in two different ways. The first is co-translational translocation, which consists of 

arrested elongation of the polypeptide chain at the ribosome coupled with translocation 

through the Sec61 channel in the ER membrane. The second is post-translational 

translocation whereby the synthesis of the precursor is completed (or nearly completed) in 

the cytosol. Specific cytosolic chaperones prevent the precursor from attaining its native 

conformation and target the precursor to the translocon (130–132). The mechanism how a 

huge MAPK protein complex translocate through the Sec61 channel or engulfed into ER 

still needs to be studied extensively. We can speculate that MAPK precursors do not attain 

their native conformation or become unfolded as they are bound to KSR2 and hence are 

translocated in their non-native conformation. This sudden increase in ER luminal protein 

load provides a likely explanation as to why and how the UPR is activated following BRAF 

and MEK inhibition. After the ER translocation of MAPK components, ERK translocates 

from the ER back to the cytoplasm while NRAS, BRAF and MEK remain in the ER. It is 

still unclear about the fate of the remaining proteins inside the ER and what signal drives out 

the ERK from ER is a topic of future study. It may be that ERK is retrotranslocated from the 

ER to cytosol as previously described (133, 134). The other possible mechanism that ERK is 

associated with other ER luminal proteins Derlin-1 and Derlin-2 which may facilitate the 

subsequent movement of ERK from ER lumen to ER membrane by the cytosolic p97 

ATPase (135, 136). Inhibition of the ERAD pathway does not impact MAPK components in 

the ER (unpublished data) as further experiments are needed to study this mechanism, hence 

we have not included in this review. Rephosphorylation of ERK2 by the cytoplasmic domain 

of PERK is critical for ERK2 reactivation following targeted therapy. Once 

rephosphorylated the cytoplasmic ERK species localizes to the nucleus (129). In the nucleus 

reactivated ERK phosphorylates ATF4, stabilizing this protein independently of eIF2alpha 

and the UPR. This non-canonical ER stress response driven by ATF4 phosphorylation 

results in the transcription of a number of autophagy genes and upregulation of autophagix 

flux. The critical nature of ATF4 phosphorylation in generating resistance to BRAF and 

MEK inhibitors was demonstrated by mutating the ERK phosphorylation site on ATF4, and 

reversing resistance to BRAFi + MEKi treatment in a highly treatment refractory patient 

derived xenograft. In this paper targeting any of the components of the ER translocation 

machinery (GRP78, KSR2, SEC61), PERK, ERK, or ATF4 abrogated therapy-induced 

autophagy and resistance to targeted therapy. Thus, targeting regulators of ER translocation 

would curb on the adaptive resistance mechanism in BRAF mutant cancer therapy.

PERK-Nrf2 signaling can drive autophagy.—Besides proteotoxic stress, nutrient 

stress and therapeutic stress, another non-canonical ER stress response is driven by a unique 

relationship between PERK and the master antioxidant transcriptional factor NRF2 (Figure 

4). PERK phosphorylates and stabilizes nuclear factor erythroid-derived 2-like 2 (NRF2), 

promoting cytoplasmic to nuclear translocation and expression of NRF2 target genes. NRF2 

targets include antioxidant genes such as superoxide dismutase (Cu-Zn) 1 (SOD1) and 
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catalase which increased the ratio of reduced to oxidized glutathione. NRF2 activation 

through PERK, also promotes drug resistance to cancer drugs through transcriptional 

upregulation of drug efflux pumps such as p-glycoprotein/multi-drug resistance (MDR) and 

confers enhanced oxidative stress buffering of both non-cancerous and cancerous de-

differentiated cells (137). NRF2 activation has a complex effect on autophagy. The KEAP1 - 

NRF2 complex plays a major role in the oxidative stress defense system. Under normal 

conditions, KEAP1 binds with NRF2 and targets NRF2 for proteasomal degradation. 

Exposure to reactive oxygen species inactivates KEAP1 stabilizing NRF2 and promotes its 

nuclear translocation, where it binds with antioxidant response elements (AREs) and induces 

the transcription of numerous cytoprotective genes. The KEAP1-NRF2 pathway intersects 

with autophagy through competitive inhibition of the KEAP1-NRF2 interaction by p62/

sequestosome 1 (SQSTM1). p62 binds to NRF2, and promotes the stabilization and 

activation of NRF2. NRF2, in turn, increases expression of autophagy cargo receptors p62 

and NDP52. p62 serves as a selective autophagy substrate and a cargo receptor for 

autophagy as it binds both to ubiquitin and to LC3. Thus, a positive-feedback loop exists 

within the p62-KEAP1-NRF2 axis. At least one report demonstrates that NRF2 

overexpression increases the formation of autophagosomes and autophagic flux (138). 

Activation of PERK can, therefore, drive autophagy through NRF2 stabilization (139–142).

PERK-p38-chaperone mediated autophagy (CMA)

When the UPR fails to expeditiously alleviate ER stress and restore ER homeostasis, 

persistent or late phase ER stress can lead to the activation of autophagy (143, 144). During 

the late phase of ER stress, p38MAPK/Hog1 phosphorylation is mediated by cytoplasmic 

regulator of osmolarity two-component system protein SSK1 (required during osmotic 

stress), canonical UPR components IRE1 and HAC1 (ortholog of XBP1 in yeast). Following 

its phosphorylation, high-osmolarity glycerol 1 (Hog1) translocates to the nucleus and 

governs the expression of late phase ER stress response genes such as HSP12, YMR103C 
and YPL088W. Eventually, Hog1 translocates back to the cytoplasm with elevated 

phosphorylation levels and stabilizes the essential autophagy protein LC3/Atg8 (145). More 

recently, the role of p38MAPK as a link between ER stress response and autophagy was 

further elucidated. This work found that ER stress induces phosphorylation of p38 MAPK 

and attenuates the levels of CMA substrate transcription factor monocyte enhancer 2D 

(MEF2D). Two key regulators of CMA, LAMP2A and Hsc70 were upregulated in lysosomal 

fractions during ER stress. Activation of lysosomal p38 MAPK by PERK causes 

phosphorylation at T211 and T213 of LAMP2A and leads to its oligomerization through 

recruitment of activated MKK4 to the lysosomes protecting the cell against the deleterious 

effects of ER stress. The PERK-p38 MAPK-CMA axis serves as a fundamental pathway for 

ER stress induced CMA (ERICA) where ER and lysosomes are associated with each other, 

and loss of CMA activity promotes ER stress-mediated cell death (146).

ERAD, ER-phagy and ERCQ-autophagy

ERAD, ER-phagy and ER-quality control-autophagy (ERQC-autophagy) are processes 

notably distinct from each other. ERAD is one of the best characterized cellular homeostasis 

pathways that monitors biosynthesis of membranous and secretory proteins in ER and 

regulated degradation of certain folded ER proteins (147) (Figure 5). ER-phagy is a selective 
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process in which autophagic sequestration of ER fragments in autophagosomes occurs in 

eukaryotic cells (148, 149), whereas ERQC-autophagy is associated with transfer of 

conformer mutant of proteins from ER and their apparent clearance into autophagosomes 

(150, 151), RETREG1/FAM134B (149), RTN3 (152), and SEC62 (153) are known ER-

phagy regulators. More recently, cell-cycle progression gene 1 (CCPG1) has been 

recognized as a vertebrate-specific protein with a cytosolic N-terminal region, a 

transmembrane domain within ER membrane and ER-luminal C-terminal region that traffics 

between autophagic vesicles and the ER membrane. Upon amino acid starvation or 

activation of ER stress, (154–156) CCGP1 localizes to the ER and binds both 

GABARAP/LC3 family members and focal adhesion kinase family interacting protein of 

200 kD (FIP200), two different major autophagy proteins that drive ER-phagy and partition 

ER from the autophagy pathway (155). The GABARAP/LC3 family of autophagy proteins 

binds to the cytosolic domain of CCPG1 and via a conserved LC3-interacting region (LIR) 

motif protein in the cytosolic N-terminus of CCPG1, indicating CCPG1 is an autophagy 

cargo receptor for the ER. CCPG1 has direct interaction with FIP200 which is part of the 

UNC-51-like kinase 1 (ULk1) complex that readies membranes to become autophagosomes. 

Either ATG5 deletion or CCPG1 deletion prevented ER-phagy in HeLa cells. Thus, CCPG1 

is an ER stress-mediated transcriptionally active gene which facilitates ER-phagy via 

interacting with ATG8 family members and FIP200.

The SEC61 translocon in ER membrane permits the unfolded proteins to cross the ER 

membrane for their folding inside the ER. The ERAD pathway removes misfolded proteins 

from the lumen or the membrane of the ER by retrotranslocation of the misfolded proteins 

back to the cytosol, where they are ubiquitinated. These ubiquitinated-proteins are 

recognized and degraded by the cytosolic 26S proteasome and maintain the ER protein 

quality control. Despite of the tightly regulated ERAD pathway, some misfolded proteins 

become resistance to the ERAD pathway due to their large size or aggregate formation. 

These proteasome resistant proteins are delivered from ER to endo-lysosomal compartments 

for degradation by autophagic and non-autophagic pathways, which are known as ER-to-

lysosome-associated degradation (ERLAD) pathways (Figure 5). The involvement of ATG 

genes in disposal from the ER of proteasome-resistant proteins has been reported, yet their 

mechanism of signal transduction pathway remains to be explored. The clearance of 

misfolded proteins generated in the ER depends on their delivery via ERAD or ERLAD 

pathways to maintain ER homeostasis (151, 157–160).

Angiogenic factor with a G-patch domain and a Forkhead-associated domain (AGGF1) and 
CHOP

Initially identified as a susceptible gene in congenital vascular disorder Klippel-Trenaunay 

syndrome (161, 162), AGGF1 serves as an unfavorable prognostic factor and could play a 

pivotal role in tumor growth and metastasis (163–165). Elevated levels of APPG1 were 

significantly associated with the enhanced expression of CD34-labelled microvessel density 

and vascular endothelial growth factor (VEGF) in hepatocellular carcinoma (HCC). 

Additionally, expression levels of APPG1 were found to be an independent marker for the 

disease-free survival (DFS) of HCC patients (166).
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Much of the work on ER stress and AGGF1 was performed in a cardiovascular model, but 

provides lessons that may be relevant in cancer. In heart failure, ER stress is activated in 

cardiac myocytes and leads to increased CHOP expression, which acts as a critical regulator 

of cardiac myocyte apoptosis (167). Recently it was reported that ER stress decreases levels 

of AGGF1 resulting in activation of ERK1/2, reduced levels of the transcriptional repressor 

ZEB1, with concomitant increased expression of miR-183–5p. miR-183–5p initiates post-

transcriptional suppression of CHOP. Therefore ER Stress-regulated AGGF provides a built 

in negative feedback loop that favors ER stress response-associated autophagy by preventing 

CHOP mediated apoptosis. Apart from this mechanism, AGGF1 also governs other ER 

stress signaling markers, including sXBP1, GRP78, ERO1α, p-eIF2α, ATF4 and DR5, 

which were upregulated during ER stress (168).

Other examples of non-canonical ER stress response signaling

There are other pathways independent of the tradition UPR that can rescue the cancer cell 

from ER stress conditions. Mutant or misfolded proteins can be evacuated from the ER 

lumen by the Golgi reassembly stacking protein 1 (GRASP1)-mediated unconventional 

secretory pathway (169). The ER surveillance (ERSU) pathway is activated during mitosis 

to ensure inheritance of a functional ER to both daughter cells because the ER cannot be 

generated de novo. The ERSU pathway is regulated by MAPK Slt2 kinase, which works 

independently of UPR (170).

Most of the studies on the ER stress response in cancer have focused on the cancer cell, but 

it is clear the host cells especially immune cells also undergo canonical and non-canonical 

ER stress responses. A comprehensive discussion of the ER stress response and autophagy 

in each cell type is beyond the scope of this review. However, a recent study shows how the 

ER stress response and a non-canonical aspect of it can regulate epithelial-to-immune cell 

interactions. Intestinal epithelial cells (IECs) are exposed to constant environmental 

challenges and function as a front-line defense in the mucosal barrier (171, 172). There is 

clear evidence that demonstrates that IECs are reliant on the UPR and autophagy for 

homeostasis, and to perform their secretory function in the gut (173, 174). For instance an 

intact UPR and autophagy are required for the survival of mucin-secreting goblet cells and 

Paneth cells in the small intestine, two cell types that together maintain the intestinal stem 

cell niche (175, 176). When elements of the UPR are disabled, unchecked ER stress in IEC 

leads to enteritis, or inflammatory bowel disease. Detection of IECs’ ER stress by intestinal 

immune cells could be hallmark of cancer surveillance in the intestine. Earlier reports 

suggested that specific deletion of XBP1 in the epithelium result in enhanced expression of 

homologue of MHC class I molecules known as natural-killer group 2 member D (NKG2D) 

ligand (NKG2DL). Activation of cytomegalovirus UL16-binding proteins (ULBPs) and 

murine ULBP-like transcript 1 (MULT1) in humans and mice respectively are driven by 

UPR component CHOP in the IECs (177). Enhanced expression of NKG2DL is related with 

concomitant increase in numbers of intraepithelial NKG2D-expressing group 1 innate 

lymphoid cells (ILC1), which promoted ER stress-induced inflammatory cytolysis in vitro 
and spontaneous small intestinal enteritis in vivo (178–180). Pharmacological inhibition of 

NKG2D and depletion of NK1.1-expressing cells in Rag1−/−Xbp1ΔIEC double-mutant mice 

dampens inflammation and showed the importance of NKG2D and ILCs as innate immune 

Bhardwaj et al. Page 12

Semin Cancer Biol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activators (177). In other prospective, a polyreactive IgA response induced during IEC-ER 

stress is barrier-protective immune response against enteric inflammation. This ER stress in 

IEC is peritoneal B1b cell-derived which causes T cell-independent and microbiota 

independent-expansion that culminates in the peritoneal cavity. Enhanced numbers of IgA-

producing plasma cells is witnessed during defective autophagy is a “eustress” response for 

homeostatic function of epithelial ER stress (181).

Path to a clinical implementation for ER stress response inhibitors:

Canonical and non-canonical ER stress response pathways regulate cell fate through 

multiple mechanisms as described above. In most disease contexts, including cancer, 

inhibition of the ER stress response components is desirable. The one caveat is that that in 

certain contexts such as cancer therapy induced ER stress response the cell fate may be 

apoptosis and inhibition of the ER stress response would be detrimental. For the vast 

majority of therapeutic contexts in cancer patients with advanced therapy resistant cancer, 

the ER Stress response pathway and its intimate link to cytoprotective autophagy suggests it 

would be an attractive target for drug development. A growing number of tool compounds 

used to study canonical and non-canonical ER stress response in the laboratory have 

spawned some interest in modifying these or related compounds to take agents into clinical 

trials. Examples of these agents have been reviewed elsewhere (129, 182–184). Meanwhile 

increased expression of ER stress response signaling components are becoming evident 

across in clinical samples, further emphasizing the attractiveness of this pathway as a 

druggable pathway in cancer. Expression levels of GRP78 have been associated with poor 

prognosis (185) and resistance to chemotherapy (186, 187) in multiple cancers. In addition, 

expression of IRE1 (188–190), PERK (191) and other canonical and non-canonical ER 

stress markers have been associated with cancer progression (192–198). ER stress is 

associated with progression and chemoresistance of a variety of cancers through multiple 

cellular pathways, including autophagy, which makes ER-stress induced cytoprotective 

autophagy as molecular target for clinical therapeutics (199). DNA-damaging 

chemotherapeutic agent cisplatin (cis-diamminedichloroplatinum II), induces autophagy via 

activating IRE1α-JNK pathway in HeLa cells (200). Apatinib, a novel tyrosine kinase 

inhibitor (TKI) significantly increased the expression levels of UPR target marker GRP78, 

IRE1-α, and LC3-II proteins in colorectal cancer cells (CRC). The ER stress-autophagy in 

CRC is activated through IRE1α-JNK pathway, which is ameliorated by synergistic 

treatment of autophagy inhibitor chloroquine (CQ) and apatinib (201). Nelfinavir, an ER 

stress-inducing drug which is currently in clinical trials for cancer patients resulted in the 

expression of endogenous mTOR inhibitor sestrin-2 (SESN2) and autophagy in breast 

cancer cells. Ectopic expression of ATF4 caused transcriptional upregulation of SESN2 

expression, resulted in mTOR inhibition and autophagy (202). In addition, nelfinavir induces 

ER morphological changes and stress response, along with an autophagic protective strategy 

(203). Sequential treatment with celecoxib, a cyclooxygenase-2 (COX-2)-specific inhibitor, 

and proteasome inhibitor ortezomib enhances the ER stress-mediated autophagy-associated 

cell death by inducing the intracellular Ca2+ release, leading to the generation of 

autophagosomes in colon cancer cells (204). Sensitivity of melanoma cells to dabrafenib and 

temozolomide (TMZ) is determined by ER-stress induced autophagy (205, 206). The 

mechanisms of ER stress-induced autophagy in chemotherapy resistance has been discussed 
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in this manuscript is discussed in revised review manuscript. Different anticancer treatments, 

including those that stimulate ER stress, activate autophagy in tumor cells, which has been 

proposed to either enhance cancer cell death or act as a mechanism of resistance to 

chemotherapy (207–211).

Efforts to inhibit components of the ER stress response must be met with caution as this 

stress response pathway may be required to maintain homeostasis in non-cancerous tissues 

in cancer patients. Careful characterization of preclinical toxicity at pharmacologically 

active doses needs to be established before moving ER stress response inhibitors into the 

clinic.

Conclusions and Open Questions

With the increasing understanding of canonical and non-canonical ER stress responses and 

how they regulate autophagy and apoptosis, it is now possible for us to design new 

combinatorial approaches for the treatment of multiple cancers. Although, inhibitors (natural 

or chemical) or small molecules that target canonical ER stress-mediated UPR and 

autophagy are being considered for clinical development in cancer treatment, one most 

consider the important aspects of how these inhibitors would impact non-canonical ER stress 

response pathways. Taken together these stress response pathways are an attractive area for 

future drug development. Open questions remain about how therapeutically targeting the ER 

Stress response would impact tumor immunity? How can specific inhibitors be designed to 

promote cancer cell death and avoid toxicity to normal tissue? Is it more effective to target 

UPR components, non-canonical ER Stress response proteins, autophagy proteins or the 

lysosome? Is there an ideal cancer or cancer therapy combination to test the efficacy of ER 

Stress inhibitors? Much work remains to be done to answer these and other burning 

questions in the field.
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Figure 1: The unfolded protein response (UPR) signaling mechanisms and autophagy.
Perturbances in endoplasmic reticulum (ER) environment due to misfolded proteins, Ca2+ 

imbalance, or glucose limitation causes ER stress. Following ER stress, the UPR is executed 

by three major proteins and their downstream effectors: inositol-requiring enzyme 1α 
(IRE1α), protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), and the 

activating transcription factor 6 α (ATF6α). The IRE1α arm of UPR produces spliced X 

box-binding protein 1 (XBP1-S) enhances the expression of Beclin-1 by binding with 

BECN1 gene. IRE1-dependent decay (RIDD) activation degrades UPR target mRNAs. 

Activated IRE1α forms a complex with tumor necrosis factorα (TNFα) receptor-associated 

factor 2 (TRAF2) and apoptosis signaling-regulating kinase (ASK1), which in turn activates 

c-Jun N-terminal kinase (JNK). The IRE1α-JNK arm mediates phosphorylation of B-cell 

lymphoma 2 (Bcl-2), which causes Beclin-1 dissociation and induction of autophagy. 

Autophagy is induced via expression of p62, autophagy regulated (ATG) 5, ATG12, and 

microtubule associated protein 1 light chain 3 beta (MAP1LC3B) genes by the activating 

transcription factor 4 (ATF4) transcription factor and CCAAT/enhancer binding protein 

homologous protein (CHOP) which is mediated by PERK arm of the UPR. The ATF6α arm 

of UPR is believed to induce autophagy by regulating the transcriptional levels of death-
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associated kinase 1 (DAPK1), CHOP and XBP1 genes. In addition, ATF6α upregulates Ras 

homology enriched in brain (Rheb) and mammalian target of rapamycin (mTOR) to promote 

survival of dormant tumor cells.
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Figure 2: The Integrated stress response (ISR) in MYC-driven malignancies.
The ISR is activated by various intrinsic and extrinsic factors. Phosphorylation of eIF2α at 

Ser51 by double-stranded RNA-activated protein kinase (PKR), general control non-

derepressible-2 (GCN2) and the heme-regulated inhibitor kinase (HRI) occurs during viral 

infection, amino-acid starvation and the heme-deprivation in erythroid cells respectively. 

During amino-acid starvation GCN2 is activated by uncharged tRNAs and phosphorylates 

eIF2α and triggers ATF4 induction in MYC driven cancers. Enhanced phosphorylation of 

p70S6K1 and 4E-BP1 abrogates ER stress and supports c-MYC driven cancer survival.
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Figure 3: ER translocation of MAPK pathways and autophagy.
During targeted therapy with BRAF and MEK inhibition in BRAF mutant melanoma, a 

cytoplasmic pool of Grp78 binds to the scaffold protein KSR2 which recruits NRAS, BRAF, 

MEK and ERK. This multiprotein complex is shuttled to Rab5+ on early endosomes on ER 

membrane. MAPK components translocate to ER via the ER translocase SEC61. ERK 

translocates from ER back to the cytoplasm where ERK is phosphorylated by the 

cytoplasmic domain of PERK and ERK is reactivated. This reactivated ERK promotes 

phosphorylation of ATF4 independent of eIF2α and the UPR. ATF4 activates autophagy 

through transcriptional upregulation of multiple autophagy genes.
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Figure 4: The PERK-NRF2 pathway and autophagy.
PERK triggers phosphorylation of NRF2 resulting in the translocation of NRF2 from the 

cytoplasm to the nucleus. Nuclear NRF2 binds with antioxidant response elements (AREs) 

and permits transcription of cytoprotective and autophagy related genes including p62. 

NRF2 forms a complex with KEAP1, which limits its access to the nucleus Autophagy 

cargo receptor p62 competitively binds NRF2 releasing it from KEAP1 inhibition promoting 

NRF2 stabilization and its translocation to nucleus. NRF2 increases expression of p62 which 

binds with LC3-II to promote autophagy.
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Figure 5: Endoplasmic-reticulum-associated protein degradation (ERAD) and ER-to-lysosome-
associated degradation (ERLAD) pathway.
Misfolded proteins are retrotranslocated from the ER to the cytoplasm via the ER 

translocase SEC61 and ubiquitinated. These ubiquitinated proteins are recognized and 

degraded by 26S proteasome which is known as ERAD pathway. In contrast, ERAD 

resistant proteins are transported from ER to endo-lysosomal compartments are degraded by 

autophagic and non-autophagic pathways which are known as ERLAD pathway.
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