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Abstract

Protein handling, modification and folding in the endoplasmic reticulum (ER) are tightly regulated 

processes that determine cell function, fate and survival. In several tumour types, diverse 

oncogenic, transcriptional and metabolic abnormalities cooperate to generate hostile 

microenvironments that disrupt ER homeostasis in malignant and stromal cells, as well as 

infiltrating leukocytes. These changes provoke a state of persistent ER stress that has been 

demonstrated to govern multiple pro-tumoural attributes in the cancer cell while dynamically 

reprogramming the function of innate and adaptive immune cells. Aberrant activation of ER stress 

sensors and their downstream signalling pathways have therefore emerged as key regulators of 

tumour growth and metastasis as well as response to chemotherapy, targeted therapies and 

immunotherapy. In this Review, we discuss the physiological inducers of ER stress in the tumour 

milieu, the interplay between oncogenic signalling and ER stress response pathways in the cancer 

cell and the profound immunomodulatory effects of sustained ER stress responses in tumours.

The endoplasmic reticulum (ER) is a central organelle where secreted and transmembrane 

proteins are synthesized, folded and modified. Although this process is exquisitely regulated, 

multiple external factors and cell-intrinsic events can disrupt the protein-folding capacity of 

this organelle and provoke a state of ER stress that is characterized by the build-up of 

✉ Xi.Chen@bcm.edu; jur2016@med.cornell.edu.
Author contributions
X.C. and J.R.C.-R. both researched data for the article, substantially contributed to discussion of the content and wrote, reviewed and 
edited the manuscript before submission.

Competing interests
X.C. and J.R.C.-R. hold patents on the use of ER stress and UPR modulators for cancer therapy. X.C. reports research funding from 
Fosun Pharma.

Peer review information
Nature Reviews Cancer thanks E. Chevet, C. Koumenis and the other, anonymous, reviewer(s) for their contribution to the peer review 
of this work.

HHS Public Access
Author manuscript
Nat Rev Cancer. Author manuscript; available in PMC 2022 February 01.

Published in final edited form as:
Nat Rev Cancer. 2021 February ; 21(2): 71–88. doi:10.1038/s41568-020-00312-2.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



misfolded or unfolded proteins. Diverse genetic, transcriptional and metabolic abnormalities 

enriched in tumours create adverse microenvironments that cause persistent ER stress in 

tumour cells, which ultimately impact their function, fate and survival (FIG. 1). In 

mammalian cells, three ER transmembrane proteins operate as sensors of ER stress1: 

activating transcription factor 6 (ATF6), inositol-requiring enzyme 1α (IRE1α) and PRKR-

like ER kinase (PERK) (BOX 1). Under conditions of proteostasis, the molecular chaperone 

binding-immunoglobulin protein (BiP; also known as GRP78) binds to these sensors and 

maintains them in an inactive state2,3. During periods of ER stress, BiP shows higher affinity 

binding for misfolded or unfolded proteins and therefore dissociates from the sensors. This 

event enables their activation and the subsequent induction of the unfolded protein response 

(UPR; also known as the ER stress response), which is an adaptive mechanism capable of 

reinstating ER homeostasis through multiple mechanisms encompassing transcriptional 

reprogramming and mRNA decay, global translational attenuation, removal of misfolded 

proteins via the ER-associated protein degradation (ERAD) system and recycling of 

misfolded proteins and cellular materials through the induction of autophagy (BOX 1). 

Productive, non-lethal, ER stress responses restore ER homeostasis, and thus promote cell 

adaptation to stress and survival. By contrast, unresolved or extreme ER stress can lead to 

cell death3. For instance, proteasome inhibitors used as anticancer agents induce unresolved 

lethal ER stress4. In addition, professional secretory cells with a constitutively active UPR 

are highly susceptible to additional ER stress, thus triggering cell death1. Importantly, it is 

becoming clear that signalling through ER stress sensors can further modulate UPR-

independent transcriptional and metabolic pathways in a cell-specific and context-dependent 

manner, consequently governing cellular phenotypes that are implicated in cancer initiation, 

progression and response or resistance to therapy. As the ER is in close and dynamic contact 

with other organelles such as the nucleus, mitochondria and Golgi apparatus, ER-intrinsic 

alterations can drastically impact the regulation of global cellular processes1. This Review 

focuses on the common drivers of ER stress in the tumour microenvironment (TME), the 

interplay between oncogenic events and ER stress responses, and the mechanisms by which 

ER stress response pathways influence diverse tumorigenic and immune-regulatory 

programmes to dictate malignant progression, antitumour immunity and response to 

treatment.

Common drivers of ER stress in the TME

Multiple stressors enriched in the TME dynamically perturb the protein-folding capacity of 

the ER in malignant and stromal cells (FIG. 1). As it is difficult to recapitulate the 

physiological array of stressors in vitro, it is crucial to study ER stress biology in vivo using 

preclinical cancer models and freshly isolated patient-derived specimens. Various 

experimental tools have been developed to detect and monitor ER stress responses. The 

majority of these involve the use of elegant reporter cell lines or transgenic mice that express 

fluorescent proteins upon activation of specific arms of the UPR5–7. However, these tools 

have not been extensively utilized in cancer research, and future preclinical studies would 

benefit from using these reporters to monitor ER stress in vivo. As these systems cannot be 

exploited to analyse human clinical specimens, phosphorylation of ER stress sensors, 

induction of UPR canonical target genes, changes in ER morphology and specific 
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modifications in ER-resident proteins have all been used as putative indicators of ER stress. 

The future development of novel imaging and biochemical approaches that enable accurate 

and direct assessment of ER stress in samples from patients with cancer will be instrumental 

to advance the field and direct potential clinical interventions using UPR modulators.

Hypoxia.

Lack of oxygen is a common feature in the TME that perturbs ER homeostasis and induces 

stress in this compartment8–11 (FIG. 1). While formation of disulfide bonds during protein 

synthesis can occur without oxygen, post-translational folding or isomerization are oxygen-

dependent processes. The perturbation of post-translational oxygen-dependent disulfide 

bond formation contributes to hypoxia-induced ER stress12. Furthermore, hypoxia restricts 

the function of the oxygen-dependent ER localized oxidoreductase ERO1α, which is 

required for disulfide bond formation and protein folding13. Oxygen is also necessary for 

lipid desaturation. Hypoxic cells have decreased content of desaturated lipids, which limits 

ER expansion and thus triggers ER stress14. However, it is noteworthy that only extreme 

hypoxia induces robust ER stress, with modest hypoxia (1–5% O2) having minimal effects 

on UPR activation15,16. This observation has raised the possibility that the magnitude of ER 

stress and UPR activation inside the tumour are spatially controlled.

Nutrient availability.

Metabolic stress, characterized by insufficient or excessive nutrient supply in comparison 

with normal cellular energetic needs, can readily disrupt ER homeostasis (FIG. 1). Glucose 

and glutamine availability are intimately connected with ER stress in multiple ways. The 

lack of glucose or glutamine interrupts the hexosamine biosynthetic pathway (HBP), which 

uses these two nutrients to generate uridine diphosphate-N-acetylglucosamine (UDP-

GlcNAc) that is necessary for N-linked glycosylation and folding of proteins in the ER17,18. 

Glucose restriction also affects ATP production, which operates as an energy source and a 

phosphate donor required for protein folding in the ER19. Furthermore, limited glucose 

results in dysregulated calcium flux in the ER mediated by sarcoplasmic/ER calcium ATPase 

(SERCA) activity20. Insufficient amino acid availability is another key stressor in the TME. 

Amino acid starvation activates the kinase GCN2 that induces eukaryotic translation 

initiation factor 2α (eIF2α) phosphorylation and activates the integrated stress response 

(ISR)21, which has emerged as an essential stress adaptation mechanism in cancer cells. 

Lastly, obesity is often associated with higher cancer risk22, and saturated long-chain fatty 

acids such as palmitate and stearate that are enriched in high-fat diets cause alterations in ER 

membrane size, composition and fluidity, which can, in turn, affect calcium stores and 

impair protein glycosylation, eventually leading to ER stress23.

Intracellular accumulation of reactive oxygen species.

Protein folding in the ER is heavily dependent on the redox status of this organelle. 

Intracellular accumulation of reactive oxygen species (ROS) in response to external 

conditions or evoked by diverse signalling events can drastically perturb ER proteostasis24 

(FIG. 1). For instance, limiting levels of glutamine fuels ER stress by disrupting glutathione 

production and altering the redox milieu of the ER lumen25. High amounts of ROS can also 

be generated at the inner membrane of mitochondria as a by-product of the electron 
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transport chain (ETC), especially during fatty acid β-oxidation (FAO)26. Moreover, 

signalling events initiated by the sensing of pro-inflammatory cytokines and growth factors, 

or upon engagement of pattern recognition receptors (PRRs), can result in sustained 

activation of downstream NADPH oxidases (NOXs) that generate copious amounts of 

ROS26. In these settings, excessive intracellular ROS accumulation can provoke protein-

folding stress by altering ER-resident calcium channels27 and by promoting the generation 

of lipid peroxidation by-products that form stable adducts with ER-resident protein 

chaperones28,29. ROS overproduction drives PERK-mediated stabilization of nuclear factor 

erythroid 2-related factor 2 (NRF2) to limit the oxidative damage induced by these 

radicals30.

Low pH.

Cancer cells use aerobic glycolysis as a central metabolic pathway, thereby producing lactic 

acid that lowers the pH of the surrounding microenvironment (FIG. 1). Activation of proton-

sensing receptors upon detection of low pH can trigger the three arms of the UPR in various 

cell types31,32, likely by disrupting intracellular calcium homeostasis and/or inducing ROS 

overproduction32–35.

ER stress responses in the cancer cell

The UPR in oncogenic transformation and tumour growth.

Beyond the adverse environmental conditions generated by tumours, genetic alterations in 

the cancer cell can fuel ER stress and promote persistent activation of UPR pathways (FIG. 

1). For instance, loss of tumour suppressors and hyperactivation of oncogenes readily 

increase protein synthesis to meet the increased metabolic demand during tumorigenesis. In 

addition, proliferating cancer cells require rapid ER expansion for division and allocation to 

daughter cells36. Orchestrating ER stress responses is a highly dynamic process that could 

result in both pro-survival and pro-apoptotic outputs. Indeed, cell fate determination appears 

to depend on the intensity and duration of the UPR (FIG. 2; BOX 2). In the past 15 years, 

multiple studies have uncovered relevant roles for ER stress response pathways in cancer 

initiation and progression.

Oncogenic transformation is a multistep process that exploits the UPR to overcome diverse 

barriers. Hyperactivation of MYC in normal epithelial cells induces massive proteotoxic 

stress and leads to decreased cell survival37. Yet, cells enduring MYC-induced stress exhibit 

enhanced activation of the UPR in multiple human cancers, including lymphoma, 

neuroblastoma, prostate cancer and breast cancer37–42. Whereas normal mammary epithelial 

cells or cancer cells expressing low levels of MYC are resistant to X-box binding protein 1 

(XBP1) ablation, MYC-hyperactivated cells are highly sensitive to the genetic or 

pharmacological inactivation of IRE1α–XBP1 (REFS37,40). Therefore, an intact UPR is 

critical for adaptation to stress caused by MYC-driven oncogenic transformation (FIG. 3).

Mutant RAS is another oncogenic driver that interplays with the UPR (FIG. 3). HRAS-

G12V triggers IRE1α and ATF6 activation to promote premature senescence and suppress 

neoplastic growth in melanocytes43. The regulated IRE1-dependent decay of RNA (RIDD) 
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activity of IRE1α has been shown to mediate premature senescence in keratinocytes through 

degradation of inhibitor of DNA binding 1 (ID1) mRNA. However, this process was 

independent of XBP1 splicing or mitigation of ER stress using compounds that promote 

protein folding44. By contrast, IRE1α–XBP1 signalling enhances HRAS-induced 

proliferation of keratinocytes44. Genetic screens in yeast have also identified IRE1α as a 

synthetic lethal partner of mutant KRAS45. Nevertheless, the mechanisms behind the cell-

specific function of IRE1α upon mutant RAS activation remain to be determined. 

Furthermore, the functional importance of XBP1 splicing versus RIDD outputs of the 

IRE1α RNase activity in mutant RAS-driven tumour initiation and progression warrants 

further studies using preclinical animal models.

After oncogenic transformation, cancer cells undergo persistent, non-lethal, ER stress 

responses coordinated by IRE1α and PERK activation that facilitate adaptation and tumour 

growth (FIG. 3). Constitutive activation of IRE1α promotes XBP1-dependent expression of 

classical UPR genes, such as chaperones, foldases and the ERAD machinery. These 

effectors support the degradation of misfolded proteins while enhancing protein folding and 

secretion, thus sustaining the cytoprotective function of the UPR. IRE1α–XBP1 signalling is 

also involved in reprogramming of cancer metabolism. XBP1 regulates hypoxia responses 

and glycolysis by forming a heterodimer with hypoxia-inducible factor 1α (HIF1α) and 

controlling the expression of key regulators including glucose transporter 1 (GLUT1) and 

lactate dehydrogenase A (LDHA) in triple-negative breast cancer (TNBC)16,46,47 (FIG. 3). 

As mentioned above, the HBP is the branch of glycolysis responsible for the generation of 

UDP-GlcNAc, a key substrate for protein glycosylation, which has been implicated in 

cancer progression48. XBP1 directly binds to the promoter of the rate-limiting enzyme 

glutamine:fructose-6-phosphate amidotransferase 1 (GFAT1) to enhance the HBP49 (FIG. 3). 

XBP1 also controls lipid metabolism by transcriptionally inducing key enzymes such as 

stearoyl-CoA-desaturase 1 (SCD1), fatty acid synthase (FASN), ATP-citrate lyase (ACLY), 

acetyl-CoA carboxylase 1 (ACC1), 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

(HMGCR) and 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 (HMGCS1)40,50. MYC-

overexpressing tumours rely on XBP1-regulated SCD1 to generate unsaturated lipids that 

maintain ER homeostasis and cell growth40. In mouse models of pancreatic cancer, 

depletion of SWI/SNF chromatin remodeller SWI/SNF-related matrix-associated actin-

dependent regulator of chromatin subfamily B member 1 (Smarcb1) activates mutant 

KRAS-independent MYC and IRE1α–MKK4-mediated mesenchymal reprogramming, 

which provides a potential therapeutic target for the aggressive mesenchymal subtype of 

pancreatic cancer51. These mechanisms ensure an efficient adaptation to various oncogenic 

and metabolic stresses that cancer cells encounter during progression.

Recent studies have also begun to reveal the function of IRE1α-driven RIDD in cancer. In 

glioblastoma cell lines in vitro, the RNase activity of IRE1α plays two contrasting functions: 

XBP1 promotes infiltration by myeloid cells (described below) while also increasing 

angiogenesis and enhancing expression of migration and invasion markers52. By contrast, 

RIDD attenuates angiogenesis and cancer cell migration52. Therefore, the balance between 

XBP1 activation and RIDD has been proposed to be associated with the clinical outcome of 

patients with glioblastoma52. RIDD is also a key determinant of normal cell fate instructed 

by PERK and IRE1α crosstalk via death receptor 5 (DR5). ER stress can initiate apoptosis 
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through PERK–C/EBP homologous protein (CHOP)-activated intracellular DR5 

independent of its canonical extracellular ligand tumour necrosis factor-related apoptosis-

inducing ligand (TRAIL)53. Misfolded proteins also act as direct ligands that activate DR5 

intracellularly, promoting apoptosis53. The RIDD activity of IRE1α counteracts this process 

by degrading the DR5 mRNA54, but PERK can attenuate IRE1α phosphorylation and RNase 

activity through the phosphatase RNA polymerase II-associated protein 2 (RPAP2)55. 

Although the balance between PERK activation and IRE1α RIDD activity governs cell fate, 

the function of PERK-regulated and IRE1α-regulated DR5 in cancer cells remains to be 

determined. Under excessive ER stress, IRE1α RNase hyperactivation has been shown to 

promote apoptosis by cleaving select microRNAs (miR-17, miR-34a, miR-96 and 

miR-125b), allowing translation of proapoptotic caspase 2 and induction of the 

mitochondrial apoptosis pathway56. However, the implications of IRE1α-regulated 

microRNA function in cancer also remain largely unexplored.

The cytoplasmic domain of IRE1α interacts with tumour necrosis factor receptor-associated 

factor 2 (TRAF2) to stimulate the JUN N-terminal kinase (JNK) pathway and promote 

apoptosis by suppressing BCL-2 activity and inducing BIM (also known as BCL2L11) 

function57–59. Hence, long-term uncontrolled IRE1α activation is harmful to cancer cells. 

IRE1α undergoes autophosphorylation, but additional direct substrates of the IRE1α kinase 

domain remain largely unexplored. IRE1α has been shown to promote XBP1-independent 

signal transducer and activator of transcription 3 (STAT3) phosphorylation and growth of 

hepatocellular carcinoma (HCC)60. In addition, the kinase activity of IRE1α is required for 

ER stress-induced nuclear factor-κB (NF-κB) activation by forming a complex with IκB 

kinase (IKK) through TRAF2 (REF.61). The IRE1α–TRAF2–apoptosis signal-regulating 

kinase 1 (ASK1)–JNK axis also promotes NF-κB and activator protein 1 (AP1) activation to 

enhance inflammatory responses in cancer cells62,63 (BOX 1).

Beyond its common pro-tumorigenic function, IRE1α–XBP1 signalling was recently 

reported to suppress tumour growth in germinal centre B cell-like diffuse large B-cell 

lymphoma (GCB-DLBCL). IRE1α expression is silenced by enhancer of zeste homologue 2 

(EZH2), blocking XBP1 activation in GCB-DLBCL. However, this phenotype can be 

rescued by ectopic overexpression of XBP1s leading to suppression of GCB-DLBCL 

progression in xenograft mouse models64. Therefore, IRE1α–XBP1 downregulation appears 

to distinguish GCB-DLBCL from other DLBCL subtypes, but the underlying mechanism 

accounting for the distinct tumour suppressor function of IRE1α–XBP1 in this specific 

cancer subtype remains elusive.

BiP is overexpressed in multiple human cancers and promotes tumour growth via diverse 

mechanisms, such as enhancing growth factor maturation and secretion, suppressing 

apoptosis and promoting angiogenesis2,65,66. A fraction of BiP localizes on the cancer cell 

surface2,67, where it mediates signal transduction by forming complexes with other surface 

proteins. For instance, cell surface-localized BiP increases AKT signalling to enhance 

prostate cancer cell survival68, and it interacts with Cripto, a multifunctional cell surface 

protein, to facilitate prostate cancer growth by suppressing transforming growth factor-β 
(TGFβ) signalling69. Therefore, BiP has been considered an attractive therapeutic target in 

human cancers.
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PERK employs various mechanisms to regulate tumour progression. First, a key function of 

this sensor is to control oxidative stress by increasing biosynthesis of the antioxidant 

glutathione70. PERK phosphorylates NRF2, causing its dissociation from the Kelch-like 

ECH-associated protein 1 (KEAP1) complex and enabling its function as a transcriptional 

inducer of protective antioxidant responses71. PERK activation also upregulates ERO1α to 

facilitate protein folding in the ER72,73. The resultant increase in oxidative protein folding 

capacity is beneficial for tumour growth. Second, the PERK–eIF2α axis attenuates global 

translation and enhances autophagy to promote cytoprotective UPR functions in MYC-

driven lymphoma41. Third, both PERK and GCN2 are activated by MYC to phosphorylate 

eIF2α and induce ATF4 (REF.39). Although eIF2α transiently slows down translation, this is 

not sufficient to alleviate MYC-induced proteotoxic stress39. Hence, ATF4 forms a complex 

with MYC to directly upregulate eukaryotic translation initiation factor 4E-binding protein 1 

(4EBP1) and suppress mTOR complex 1 (mTORC1)-dependent signalling and prevent 

proteotoxicity upon MYC activation39 (FIG. 3). ATF4 also regulates amino acid transporters 

to sustain tumour growth39,74. PERK and GCN2 need to be simultaneously suppressed to 

reduce ATF4, therefore impeding MYC-driven tumour progression39. Fourth, PERK 

regulates lipid metabolism and phospholipid biology via multiple mechanisms. PERK 

controls the expression of key lipogenic enzymes, such as FASN, ACLY and SCD1, by 

promoting the maturation and activation of sterol regulatory element-binding protein 

(SREBP) in mammary epithelial cells75. PERK-dependent eIF2α phosphorylation and 

inhibition of protein synthesis triggers the depletion of insulin-induced gene 1 protein 

(INSIG1), an ER-localized protein that retains the SREBP–SREBP cleavage-activating 

protein (SCAP) complex in the ER membrane, and results in the translocation of SREBP to 

the Golgi for cleavage and activation75,76. PERK also has lipid kinase activity, which 

phosphorylates diacylglycerol (DAG) and generates phosphatidic acid as a major product. 

The lipid kinase activity of PERK is regulated by the PI3K p85 subunit and mediates mTOR, 

AKT and ERK1 and ERK2 activation during ER stress77. However, the PERK-dependent 

regulation of lipid metabolism in tumour progression warrants further investigation. Lastly, 

PERK-driven regulation of non-coding RNA is critical to promote cancer cell survival. 

miR-211 is a PERK-dependent pro-survival microRNA in mouse mammary tumours and 

human B cell lymphoma that induces histone H3 lysine 27 (H3K27) methylation at the 

CHOP promoter to repress its expression and sustain cell survival78. MYC-dependent 

activation of the PERK–miR-211 axis also suppresses the circadian regulators brain and 

muscle ARNT-like 1 (BMAL1) and circadian locomotor output cycles kaput (CLOCK) to 

reduce circadian oscillation and protein synthesis, thus promoting the progression of 

Burkitt’s lymphoma79.

Although both IRE1α and PERK function to alleviate ER stress and maintain cancer cell 

survival, multiple studies suggest that they are not functionally redundant in most cases. For 

instance, in MYC-driven cancers, ablation of either IRE1α or PERK reduced tumour 

progression37,40,41. How cancer cells maintain the pro-tumoural functions of IRE1α and 

PERK without triggering their pro-apoptotic activity is not well understood. In addition to 

the increased protein synthesis and folding demand, it is also crucial to understand whether 

oncogenic signalling directly regulates the key UPR factors through ER stress-independent 

mechanisms, and if so, what is the advantage of such specific regulation?
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The UPR in metastasis and dormancy.

Whereas the function of the UPR in primary tumour progression has been studied 

extensively, its role in the multistep metastatic programme remains incompletely defined. 

Cancer cells can reprogramme distant organ niches to facilitate the colonization and survival 

of metastatic cells, a process termed pre-metastatic niche (PMN) formation80,81. Hypoxia 

upregulates lysyl oxidase (LOX) in oestrogen receptor-negative breast tumours to promote 

PMN formation in the bone80. Interestingly, XBP1 binds to the LOX promoter and regulates 

its expression82, raising the possibility that IRE1α–XBP1 could contribute to PMN via this 

factor. During metastasis, cancer cells undergo anoikis, a form of programmed cell death, 

after losing contact with the extracellular matrix (ECM) and neighbouring cells83,84. Several 

studies suggest that the PERK–eIF2α axis suppresses anoikis and is required for tumour 

invasion and metastasis85–87. PERK is also selectively activated in cells undergoing 

epithelial-to-mesenchymal transition (EMT) with enhanced secretory capacity85. 

Inactivation of PERK compromised the in vitro invasion of breast cancer cells undergoing 

EMT85. Metastatic cells experience higher levels of oxidative stress in circulation and 

distant tissues than cancer cells in primary tumours88. Metabolic adaptations, such as the 

synthesis of antioxidants, are indispensable for the survival and eventual outgrowth of cancer 

cells at distant sites. The PERK branch promotes antioxidant responses through ATF4 and 

NRF2, and, thus, possibly benefits metastatic cells by alleviating oxidative stress71.

Recent studies also show an increased UPR in dormant malignant cells from patients and 

mouse models of cancer, including breast cancer, squamous carcinoma, colorectal carcinoma 

and pancreatic ductal adenocarcinoma (PDAC)89–93. The UPR may induce dormancy as an 

adaptation to survive the hostile microenvironments of distal organs90–92. For example, both 

BiP and the ER molecular chaperone GRP94 (also known as endoplasmin) are highly 

expressed in disseminated tumour cells (DTCs) present in the bone marrow of patients with 

breast cancer89. IRE1α activation might promote cancer cell entry into quiescence by 

inducing p38, a critical regulator of tumour dormancy in human cancers90–92,94. MKK6 and 

p38 induce the nuclear translocation and activation of ATF6 in dormant squamous 

carcinoma cells. ATF6 is essential for quiescent, but not proliferative, squamous carcinoma 

cells to adapt to chemotherapy, nutritional stress and the hostile microenvironment in vivo 

through the induction of GTP binding protein RHEB and mTOR signalling independent of 

AKT90. PERK inhibits the translation of cyclin D1 and cyclin D3 and cyclin-dependent 

kinase 4 (CDK4), thus restricting cancer cells in the G0–G1 phase91,95. Overactivation of the 

PERK pathway is evident in dormant PDAC DTCs present in the liver of patients and mouse 

models, where the unresolved ER stress appears to determine the fate of the PDAC DTCs93. 

Although these studies suggest the importance of the UPR in the survival of dormant cancer 

cells, some questions remain unanswered. First, as DTCs have very limited protein 

synthesis, how is the UPR activated in these quiescent cells and maintained at a high level? 

Second, unresolved ER stress usually leads to cell lethality, so how do DTCs tolerate and 

exploit this persistent ER stress? Collectively, activation of the UPR might be instrumental 

in promoting stressed cancer cells to enter into dormancy and sustain their initial survival.
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Modulation of the tumour immune microenvironment by ER stress in the cancer cell.

A body of work has indicated that cancer cell-intrinsic ER stress responses can influence 

malignant progression by altering the function of immune cells that coexist in the TME 

(FIG. 4). Early studies suggested that induction of ER stress and activation of the UPR could 

inhibit surface expression of major histocompatibility complex class I (MHC-I) molecules, 

likely via XBP1s and ATF6 overexpression96. Eliciting ER stress in mouse EL4 lymphoma 

cells by exposure to palmitate or glucose deprivation was found to cause eIF2α-mediated 

inhibition of protein synthesis and subsequent impairment of optimal peptide loading onto 

MHC-I proteins, which compromised their stability and normal surface localization97. 

Furthermore, ER-stressed epithelial cells demonstrated XBP1-dependent induction of 

miR-346, which post-transcriptionally repressed expression of the ER transporter involved 

in antigen processing 1 (TAP1) that is implicated in optimal ER peptide influx and MHC-I 

antigen loading98. Despite these interesting observations, it remains unclear whether 

persistent induction of UPR-associated pathways in cancer cells facilitates tumour immune 

evasion by blunting MHC-I-mediated antigen presentation to CD8+ T cells.

ER stress responses in the cancer cell have been proposed to alter natural killer (NK) cell-

mediated recognition of tumours. The IRE1α–XBP1 arm repressed expression of the NK 

group 2D (NKG2D) ligand MHC class I polypeptide-related sequence A (MICA) in human 

melanoma cell lines undergoing in vitro-induced ER stress99 (FIG. 4), and reduced MICA 

expression in human melanoma samples was negatively associated with the intrinsic levels 

of XBP1s in the same specimen99. Whereas it is unknown whether disabling IRE1α–XBP1 

in malignant cells can promote NK cell-driven antitumour responses, another study indicated 

that activation of the PERK–eIF2α arm of the UPR in melanoma cells undergoing 

pharmacological ER stress could induce expression of B7H6 (FIG. 4), which is a ligand for 

the NK cell receptor NKp30 (REF.100). Accordingly, ER-stressed melanoma cells 

overexpressing B7H6 were sensitized to killing by chimeric antigen receptor (CAR) T cells 

specifically redirected against this ligand100. Therefore, additional research is necessary to 

discern how activation of specific ER stress sensors in malignant cells either prevents or 

promotes tumour recognition by NK cells. Nevertheless, studies have indicated that ER-

stressed cancer cells can drastically alter the recruitment and function of immune cells at 

tumour locations (FIG. 4). IRE1α overactivation in TNBC cells facilitates the production of 

pro-inflammatory and immunomodulatory cytokines, such as interleukin-6 (IL-6), IL-8, 

CXC-chemokine ligand 1 (CXCL1) and granulocyte–macrophage colony-stimulating factor 

(GM-CSF)101. Ablating IRE1α remodelled the TME in TNBC by increasing pericyte levels 

and promoting vascular normalization while decreasing accumulation of cancer-associated 

fibroblasts (CAFs) and myeloid-derived suppressor cells (MDSCs)102. Work by Chevet and 

colleagues further demonstrated that IRE1α–XBP1 signalling in glioblastoma cells 

promoted their capacity to express IL-6, CC-chemokine ligand 2 (CCL2) and CXCL2, 

which can participate in the chemo-attraction of macrophages and monocytes to the TME52 

(FIG. 4). Furthermore, the extent of XBP1s expression in patient-derived glioblastoma 

samples correlated with increased macrophage infiltration in the same specimen52. 

Nevertheless, additional research is necessary to functionally define whether IRE1α-driven 

overexpression of pro-inflammatory factors in cancer cells promotes progression in these 

two malignancies by modulating the tumour immune contexture.
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ER-stressed cancer cells can release additional factors that recruit or alter the function of 

myeloid cells in the tumour. Administration of the ER stressor thapsigargin to mice bearing 

CT26-derived colon tumours promoted the recruitment and immunosuppressive activity of 

MDSCs, which could be attenuated upon treatment with compounds that relieve protein-

folding stress103. In genetically engineered mouse models of chronic lymphocytic leukaemia 

(CLL), malignant cells exploited the IRE1α–XBP1 arm to facilitate the overproduction of 

secretory immunoglobulin M (sIgM), which in turn promoted the accumulation and 

immunoregulatory function of MDSCs, presumably via signalling through sialic acid-

binding immunoglobulin-like lectin G (Siglec-G) and/or complement receptors expressed on 

these innate immune cells104 (FIG. 4). Disabling IRE1α–XBP1 in CLL cells reduced MDSC 

accumulation and controlled their immunosuppressive activity, thus delaying malignant 

progression in this model104. HCC cells treated with the ER stressor tunicamycin released 

exosomes containing high amounts of miR-23a-3p, which upregulated programmed cell 

death protein 1 ligand 1 (PDL1) expression in macrophages via modulation of the PTEN–

AKT pathway105. Macrophages exposed to exosomes derived from ER-stressed HCC cells 

demonstrated suppressive activity towards CD8+ T cells105, and histological expression of 

ER stress response markers BiP, ATF6, PERK and IRE1α in human HCC specimens 

correlated with increased infiltration by CD68+PDL1+ macrophages and poor patient 

prognosis105. Of note, a recent study demonstrated that ER stress sensor IRE1α facilitates 

production of hepatocyte-derived extracellular vesicles (EVs) that recruit macrophages to the 

liver to promote inflammation in the setting of diet-induced steatohepatitis106. In addition, 

mouse myeloid cells exposed to factors secreted by prostate cancer, lung cancer or 

melanoma cells experiencing ER stress demonstrated UPR activation that was accompanied 

by the induction of pro-tumorigenic and immunosuppressive functions. This process, termed 

‘transmissible ER stress’107, was shown to upregulate immunosuppressive Arginase 1 and 

prostaglandin E2 (PGE2) in dendritic cells (DCs) while simultaneously inhibiting their 

capacity to cross-present antigens to CD8+ T cells108. Therefore, DCs conditioned in vitro 

with supernatants from ER-stressed cancer cells acquired an immunosuppressive phenotype 

that stimulated tumour growth after adoptive transfer into mice bearing B16.F10 

melanomas108. As the mechanisms mediating this type of transmissible ER stress are 

unknown, it would be pertinent to test whether exosomes or EVs released from ER-stressed 

cancer cells are implicated in the process. Indeed, EVs have been shown to contain diverse 

types of RNAs that could trigger ISR-dependent p38 activation in normal cells located in 

distal organs, which would subsequently phosphorylate interferon-α/β receptor 1 (IFNAR1) 

to enable its degradation by β-transducin repeat-containing protein (β-TRCP)109,110. Hence, 

this form of transmissible stress may have major implications in the regulation of antitumour 

immunity and PMN formation.

Other studies have indicated that ER stress in the cancer cell can modulate T cell-mediated 

control of tumour growth, metastasis and response to immunotherapy. In mouse models of 

pancreatic cancer, artificial overexpression of XBP1s in malignant cells, together with 

systemic T cell depletion using antibody-based approaches, facilitated the outgrowth of 

macrometastatic lesions93. This phenotype was attributed to reduced ER stress in cancer 

cells overexpressing XBP1s (REF.93), but additional studies are necessary to address 

whether enforced expression of this transcription factor in pancreatic cancer cells induces 
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UPR-independent pro-tumorigenic or immunosuppressive programmes that stimulate 

metastatic outgrowth. In a different setting, analysis of mice lacking the ubiquitin ligase ring 

finger protein 5 (RNF5) revealed diminished IRE1α–XBP1 activation and decreased 

expression of UPR gene markers in their intestinal epithelial cells, which was associated 

with CCL5-mediated DC recruitment and activation, and reduced production of 

antimicrobial peptides111. These effects altered the gut microbiota composition and 

promoted the development of T cell-driven responses capable of restraining melanoma 

growth in mouse models111. Knocking down XBP1 directly in melanoma cells enhanced the 

immunotherapeutic effects of treatment with antibodies blocking programmed cell death 

protein 1 (PD1) and cytotoxic T lymphocyte-associated antigen 4 (CTLA4). Importantly, 

reduced expression of XBP1s, ATF4 and BiP in pretreatment tumour biopsy samples 

correlated with improved responses and extended survival in various cohorts of patients with 

melanoma receiving anti-CTLA4 therapy111. Interestingly, expression of the active form of 

ATF6 in intestinal epithelial cells was shown to promote microbial dysbiosis and innate 

immune changes that facilitated microbiota-dependent colorectal tumorigenesis. Hence, 

elevated expression of ATF6 was associated with reduced disease-free survival of patients 

with colorectal cancer112. Collectively, these studies indicate that ER-stressed malignant 

cells can orchestrate various immune-evasive mechanisms in the TME to facilitate malignant 

progression.

The UPR in intratumoural immune cells

The recognition and elimination of neoplasms by the immune system requires the efficient 

and timely expression of several molecules that act in concert to dictate the activation, 

trafficking, proliferation, differentiation and fate of cancer-reactive immune cells. Mounting 

durable immune responses against tumours is a complex systemic process that involves the 

coordination of metabolic, transcriptional and translational programmes in innate and 

adaptive immune cells. As the ER functions as a cellular hub that senses and integrates 

various intracellular alterations, as well as extracellular conditions and factors, intrinsic 

disruption of ER homeostasis in tumour-infiltrating leukocytes has emerged as a key 

mechanism promoting malignant progression and immune escape by cancer cells.

Various conditions in the TME contribute to sustaining detrimental ER stress responses in 

infiltrating immune cells (FIG. 1). The high metabolic demand and unrestrained proliferative 

capacity of malignant cells drastically alter the nutrient composition of the tumour milieu. 

For instance, cancer cells rapidly intake and consume glucose and glutamine to support 

various metabolic processes associated with uncontrolled cell division113. Therefore, 

tumour-infiltrating immune cells have limited access to key nutrients implicated in major 

metabolic processes required for protein folding and the generation of effective anticancer 

responses114. As described above, intracellular ROS accumulation and acidosis in the TME 

can also readily dampen the protein-folding capacity of the ER, triggering persistent ER 

stress responses in tumour-infiltrating leukocytes. Whether hypoxia promotes ER stress in 

intratumoural immune cells has not been established and deserves further investigation.

The following subsections summarize recent studies revealing that tumour-infiltrating 

leukocytes undergo persistent activation of ER stress signalling pathways that, beyond 

Chen and Cubillos-Ruiz Page 11

Nat Rev Cancer. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



triggering the canonical UPR, modulate major transcriptional and metabolic programmes in 

an immune cell-specific manner (FIG. 4). Therefore, targeting ER stress sensors, or their 

associated UPR pathways, might be useful to enhance the effects of immune checkpoint 

blockade and adoptive T cell immunotherapies in solid tumours currently refractory to these 

approaches.

Myeloid cells.

In mouse models of metastatic ovarian cancer, dysfunctional tumour-associated DCs 

demonstrated accumulation of intracellular ROS that provoked ER stress and persistent 

activation of the UPR by generating lipid peroxidation by-products that modified ER-

resident proteins28. Sustained IRE1α–XBP1 activation in these tumour-associated DCs not 

only upregulated multiple UPR factors but also induced transcriptional activation of 

pathways driving triglyceride biosynthesis and lipid droplet formation, which ultimately 

hindered their antigen-presenting capacity28 (FIG. 4). Of note, previous studies had 

established that aberrant lipid accumulation and uncontrolled lipid droplet formation are a 

central feature of tolerogenic or immunosuppressive DCs in patients with cancer and mouse 

models of disease115,116. Treatment with antioxidants or hydrazine derivatives that sequester 

lipid peroxidation by-products mitigated IRE1α–XBP1 induction in DCs exposed to 

tumour-derived soluble factors28. Moreover, selective ablation of IRE1α–XBP1 in DCs 

using conditional knockout mice or small interfering RNA (siRNA)-loaded nanoparticles 

controlled abnormal lipogenesis in tumour-associated DCs while simultaneously enhancing 

their antigen-presenting capacity in the TME28. Disabling IRE1α–XBP1 in DCs using these 

approaches delayed ovarian cancer progression in different mouse models and extended their 

survival by eliciting adaptive antitumour immunity28. Furthermore, elevated expression of 

ER stress gene markers in DCs isolated from human ovarian cancer samples correlated with 

decreased intratumoural T cell infiltration in the same specimens28. Subsequent studies 

uncovered that IRE1α–XBP1 signalling not only controlled antigen presentation by DCs but 

also expression of key immunosuppressive factors. This arm of the UPR was demonstrated 

to drive the synthesis of multiple prostaglandins, including the potent lipid mediator PGE2, 

by mouse bone marrow-derived DCs and human monocyte-derived DCs undergoing ER 

stress or stimulated via PRRs117. Upon activation by IRE1α, XBP1s transcriptionally 

induced two genes encoding enzymes necessary for inducible PGE2 biosynthesis, namely 

prostaglandin-endoperoxide synthase 2 (Ptgs2; encoding COX2) and prostaglandin E 

synthase (Ptges; encoding mPGES1)117. Furthermore, DCs, macrophages and neutrophils 

lacking either IRE1α or XBP1 demonstrated impaired production of PGE2 under ER stress 

or inflammatory settings, both in vitro and in vivo117. Ablation of IRE1α or XBP1 was 

subsequently found to decrease expression of PTGS2 by human TNBC cells102. As PGE2 

coordinates crucial immune-evasive mechanisms in cancer118, these findings raise the 

possibility that persistent IRE1α–XBP1 activation in intratumoural myeloid subsets, or 

cancer cells, could further promote malignant progression by enhancing biosynthesis of this 

immunosuppressive lipid mediator.

TME-enriched cytokines such as IL-4, IL-6 and IL-10 were shown to trigger IRE1α–XBP1 

signalling in macrophages via activation of STAT3 and STAT6 (REF.119). This process 

promoted expression and secretion of ECM-degrading cathepsins that facilitated 
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macrophage-mediated cancer cell invasion in in vitro models119. Uptake of oxidized low-

density lipoprotein (ox-LDL) via the scavenger receptor CD36 caused ER stress in 

macrophages, which in turn enhanced expression of the receptor and promoted intracellular 

lipid accumulation through IRE1α and ATF6 (REF.120). Although lipid-laden macrophages 

have been shown to exhibit robust immunosuppressive capacity that promotes tumour 

growth121, whether this process is mediated by ER stress responses induced by the TME has 

not been determined. Nonetheless, recent findings indicate that tumour-associated 

macrophages (TAMs) in B16F10 melanoma mouse models demonstrate robust activation of 

IRE1α–XBP1, which promoted their capacity to express immunoregulatory PDL1 and 

Arginase 1 (REF.122) (FIG. 4). Of note, classical IRE1α-dependent gene signatures were 

postulated to be associated with higher expression of CD274 (encoding PDL1) in human 

melanoma samples122, and B16F10 tumour-bearing mice selectively lacking IRE1α in 

macrophages showed a significant increase in survival compared with their wild-type 

counterparts122. Nonetheless, whether these protective effects were mediated by the 

induction of antitumour T cell responses was not determined.

ER stress responses have also been shown to play a major role in coordinating the 

immunoregulatory activity of MDSCs in cancer. Early work by Gabrilovich and colleagues 

showed that MDSCs in various mouse models of cancer demonstrated signs of ER stress 

associated with the regulation of their fate and turnover123. MDSCs exhibited lower viability 

and a shorter half-life than neutrophils and monocytes due to increased apoptosis mediated 

by TRAIL receptors (TRAIL-Rs) and caspase 8 activation (FIG. 4). TRAIL-R expression in 

MDSCs was linked to the intrinsic induction of ER stress gene markers, and the short 

lifespan of peripheral MDSCs promoted their expansion in the bone marrow123. Supporting 

these initial observations, a recent study reported that TRAIL-R expression in various cell 

types, including macrophages, can operate as stress-associated molecular patterns that 

mediate inflammatory or apoptotic responses induced by ER stress124. Furthermore, 

upregulation of ER stress-related gene signatures and surface expression of the lectin-type 

oxidized LDL receptor 1 (LOX1) specifically distinguished low-density immunosuppressive 

polymorphonuclear MDSCs (PMN-MDSCs) from high-density neutrophils in patients with 

cancer125 (FIG. 4). Of note, human primary neutrophils undergoing pharmacologically 

induced ER stress upregulated LOX1 and became highly suppressive towards T cells, a 

process that could be mitigated by disabling the IRE1α RNAse domain125.

Beyond the role of IRE1α–XBP1 in tumour-infiltrating myeloid cells, seminal work by the 

group of Paulo Rodriguez has further demonstrated a major immunoregulatory and 

tumorigenic function for the PERK–CHOP arm of the UPR in MDSCs (FIG. 4). ROS and 

peroxynitrites (PNTs) potently induced CHOP in tumour-associated MDSCs, which 

promoted their accumulation and T cell suppressive function in various mouse models of 

cancer126. CHOP deficiency reprogrammed MDSCs towards an immunostimulatory cell 

type capable of activating cancer-specific T cells that restrained tumour growth126. Although 

CHOP induction during ER stress is predominantly driven by ATF4, it remains unknown 

whether ATF4 can modulate MDSC function independently of CHOP. Nonetheless, a more 

recent study by the same group demonstrated that deleting or targeting PERK in MDSCs 

could be used to elicit type I interferon-mediated antitumour immune responses in various 

mouse models of cancer127. Tumour-associated MDSCs demonstrated robust PERK 
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activation that promoted resistance to oxidative stress by phosphorylating and activating the 

transcription factor NRF2 (FIG. 4), which induces cellular redox transcripts that alleviate the 

effects of ROS accummulation71. Genetic or pharmacological targeting of PERK 

compromised NRF2 signalling in MDSCs and disrupted their mitochondrial homeostasis, 

provoking cytosolic accumulation of mitochondrial DNA127. This process triggered 

stimulator of interferon genes (STING)-dependent production of type I interferon and 

subsequent induction of antitumour immune responses capable of enhancing the effects of 

immune checkpoint blockade and adoptive T cell immunotherapy127.

Collectively, these findings indicate that sustained activation of ER stress sensors IRE1α and 

PERK in tumour-associated myeloid cells promotes cancer progression by shaping a 

tolerogenic and immunosuppressive TME. Additional research is necessary to evaluate 

potential XBP1-independent roles of IRE1α activation in intratumoural myeloid cells. 

Likewise, it remains to be determined whether the ATF6 arm further modulates the activity 

of myeloid cells to impact adaptive antitumour immunity and cancer progression.

T cells.

Beyond altering the function of myeloid cells, the TME can directly control adaptive 

immune responses by causing metabolic perturbations and mitochondrial dysfunction in 

infiltrating T cells114,128,129. How metabolic stress signals are sensed and integrated by 

intratumoural T cells is an area of active research, and increasing experimental evidence now 

indicates that adverse conditions in the TME can provoke maladaptive ER stress responses 

that control the metabolic fitness and effector profile of intratumoural T cells (FIG. 4).

T cells isolated from human ovarian cancer specimens, including solid tumours and ascites 

fluid, demonstrated robust XBP1 splicing and upregulation of ER stress response gene 

markers, which was associated with diminished intratumoural T cell infiltration and reduced 

interferon-γ (IFNG) mRNA expression130. Soluble factors in the ovarian TME suppressed 

expression of GLUT1 on T cells and, hence, impaired their capacity to import this nutrient. 

Defective N-linked glycosylation, decreased mitochondrial respiration and reduced 

production of IFNγ were observed in ER-stressed T cells under glucose deprivation or 

exposed to ascites supernatants derived from patients with ovarian cancer130. 

Mechanistically, aberrant IRE1α–XBP1 activation during glucose restriction decreased the 

abundance of glutamine transporters in T cells, limiting the influx and usage of this amino 

acid as an alternative carbon source to sustain mitochondrial respiration in the absence of 

glucose130 (FIG. 4). Abrogating IRE1α–XBP1 signalling in glucose-deprived or ascites-

exposed T cells augmented their mitochondrial respiration and IFNγ production130. 

Furthermore, ovarian cancer-bearing mice that lacked IRE1α or XBP1 selectively in T cells 

exhibited delayed malignant progression and increased survival, which was accompanied by 

intratumoural T cell reprogramming characterized by the induction of immune-activating 

gene networks and enhanced effector capacity against cancer cells130. Subsequent studies 

reported that elevated levels of cholesterol in B16 melanoma tumours promoted ER stress in 

infiltrating CD8+ T cells, a process that contributed to their exhausted phenotype via XBP1s-

mediated upregulation of PD1 (REF.131) (FIG. 4). Silencing XBP1 in cancer-specific CD8+ 

T cells enhanced their antitumour activity and enabled superior control of B16 melanoma 
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cells growing in the lung. By contrast, enforcing XBP1s expression in cancer-reactive CD8+ 

T cells promoted malignant progression and metastatic disease131. It remains to be 

determined how tumour-released cholesterol evokes or amplifies ER stress in intratumoural 

T cells. Identifying the transcriptional programmes that XBP1s controls in melanoma-

infiltrating CD8+ T cells to promote their exhaustion also deserves further investigation. 

Taken together, these findings indicate that although IRE1α–XBP1 supports ER expansion 

and the resolution of protein-folding stress in this organelle under nutrient-rich 

conditions132, persistent activation of this UPR branch is detrimental to T cells residing in 

the TME where nutrient availability is restricted or altered.

Hyperactivation of the PERK–CHOP pathway in intratumoural T cells has also emerged as a 

critical mediator of immune evasion in cancer. In various mouse models of cancer, CHOP 

was found to inhibit IFNγ production in intratumoural CD8+ T cells by directly repressing 

the type 1 T helper (TH1) transcription factor T-box expressed in T cells (T-BET)133. CHOP 

also negatively regulated glycolysis and mitochondrial respiration in activated CD8+ T 

cells133 (FIG. 4), but the underlying mechanisms remain to be determined. Genetic or 

pharmacological targeting of this branch of the UPR enhanced the cytotoxic activity of 

cancer-reactive T cells in the TME and other aspects of their effector capacity, which was 

found to improve the effects of both immune checkpoint blockade and adoptive T cell 

immunotherapy in multiple different mouse models of cancer133,134. Importantly, CHOP 

overexpression in tumour-infiltrating T cells correlated with poor clinical outcome in 

patients with ovarian cancer133.

NK cells.

Recent studies indicate that IRE1α–XBP1 signalling is necessary for the optimal 

proliferative capacity of NK cells under homeostatic conditions and in the setting of mouse 

viral infections and melanoma models135. Mechanistically, XBP1s was found to induce 

MYC and promote mitochondrial respiration to support NK cell proliferation135 (FIG. 4). 

Intravenous injection of B16F10 melanoma cells into conditional knockout mice lacking 

IRE1α or XBP1 in NK cells resulted in decreased intratumoural NK cell infiltration, 

increased lung nodules and reduced host survival, compared with their wild-type 

counterparts135. Although NK cells promote intratumoural recruitment of DC populations 

that orchestrate protective T cell-mediated responses against melanoma136, it was not 

established whether DC-driven adaptive immunity was compromised under these conditions. 

Furthermore, whether pharmacological targeting of IRE1α alters the expansion and/or 

function of intratumoural NK cells in vivo has not been determined and also deserves 

investigation. Likewise, the role of ATF6 or PERK activation in intratumoural NK cell 

function remains elusive.

Pharmacological modulation of the UPR

Induction of unresolved or lethal ER stress, or suppression of UPR-driven cytoprotective 

functions, could be exploited to restrain tumour growth. Furthermore, multiple standard of 

care therapies perturb ER homeostasis and trigger adaptive ER stress responses in the cancer 

cell that promote tumour growth and mediate resistance to treatment (BOX 3). Approaches 
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combining standard therapies with UPR modulators have shown remarkable efficacy in 

preclinical cancer models and hence warrant future consideration in patients with cancer. 

Drugs modulating ER stress and/or the UPR have been extensively reviewed elsewhere137. 

Therefore, this section will briefly focus on some pharmacological UPR modulators that 

have been shown to induce antitumour effects in preclinical models of cancer.

IRE1α inhibitors.

IRE1α has two druggable enzymatic domains: the kinase domain and the endoribonuclease 

domain (BOX 1). IRE1α kinase inhibitors have shown remarkable in vivo efficacy in 

xenograft models of multiple myeloma. The IRE1α kinase inhibitor Compound 18, also 

known as KIRA8 or AMG-18, restrains multiple myeloma growth and augments the 

response of these tumours to established front-line drugs, the proteasome inhibitor 

bortezomib and the immunomodulatory drug lenalidomide138. Importantly, kinase-dead 

IRE1α mutants are refractory to the inhibitor treatment, validating the on-target effects of 

this compound. Similarly, the IRE1α RNase inhibitor MKC3946 significantly enhances 

cytotoxicity induced by bortezomib or the heat shock protein 90 (HSP90) inhibitor 17-AAG 

in xenograft models of multiple myeloma139. However, it is noteworthy that genetic ablation 

of IRE1α, inactivating mutations in XBP1 or deletion of XBP1 in multiple myeloma was 

reported to induce bortezomib resistance via de-differentiation of plasma cells into 

progenitors140. It is unclear whether the de-differentiation of plasma cells is specific to 

complete genetic deletion of IRE1α or XBP1, or could also be induced by inhibition of 

IRE1α kinase or RNase activity. Further studies are necessary to understand the discrepancy 

between genetic and pharmacological effects, which will provide valuable information for 

potential clinical application of these inhibitors in patients with multiple myeloma. In 

xenograft mouse models of TNBC, suppression of IRE1α kinase activity with Compound 18 

hindered tumour growth and sensitized tumours to anti-VEGFA therapy102. Treatment of 

pancreatic neuroendocrine tumours (PanNETs) with Compound 18 also reduced tumour 

growth and prolonged host survival in a RIP-Tag2 genetically engineered mouse model of 

this malignancy141.

IRE1α RNase inhibitors, including B-I09, STF083010, MKC3946 and MKC8866, have 

been extensively tested in mouse models of breast cancer, prostate cancer, melanoma, 

lymphoma, multiple myeloma and CLL37,40,101,142–146. B-I09 has been proven a safe and 

selective IRE1α RNase inhibitor suitable for in vivo use. Treatment with B-I09 suppressed 

leukaemic growth in mouse models of CLL without causing systemic toxicity and 

synergized with ibrutinib, a US Food and Drug Administration (FDA)-approved Bruton 

tyrosine kinase (BTK) inhibitor, to induce apoptosis in human cell lines of B cell leukaemia, 

lymphoma and multiple myeloma142. B-I09 administration also sensitized MYC-driven 

Burkitt’s lymphoma and neuroblastoma to the chemotherapy doxorubicin in mouse 

models40. Treatment with another IRE1α RNase inhibitor, MKC8866, enhanced the effects 

of the chemotherapy docetaxel to induce complete and durable responses in a MYC-driven 

patient-derived xenograft (PDX) model of TNBC37. Long-term administration of MKC8866 

caused minimal toxicity to normal mouse tissues and is currently being tested in a phase I 

clinical trial for patients with relapsed or refractory metastatic breast cancer146. In mouse 

models of glioblastoma, intracerebral administration of MKC8866 improved the antitumour 
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effects of surgical resection combined with radiotherapy and chemotherapy147. Lastly, 

treatment with STF083010 enhanced the efficacy of adoptive immunotherapy using tumour-

specific CD8+ T cells in mouse models of melanoma131. Additional mechanistic studies of 

how RIDD influences tumour progression are needed to better direct the design of 

therapeutic strategies using IRE1α RNase inhibitors. Overall, these preclinical studies 

suggest that using IRE1α pharmacological inhibitors may be beneficial to improve the 

clinical outcome of patients with cancer with poor response to chemotherapy, drug 

resistance and/or disease recurrence.

PERK inhibitors.

PERK inhibitors GSK2606414 and GSK2656157 suppress tumour growth in human 

xenograft models of different cancers137. Altered amino acid metabolism, decreased blood 

vessel density and decreased vascular perfusion are potential mechanisms for the observed 

antitumour activity of these inhibitors. GSK2656157 also sensitizes colon cancer cells to 5-

fluorouracil (5-FU) chemotherapy148. Interestingly, GSK2606414 administration reactivates 

T cell function and enhances responses to PD1 blockade in mouse models of immunogenic 

sarcoma134. Despite the marked therapeutic efficacy, the on-target toxicity is a concern for 

PERK abrogation149. PERK inhibition causes serious toxic effects in the pancreas and 

markedly suppresses insulin production78,150,151. Recent reports also indicate that both 

GSK2606414 and GSK2656157 exhibit PERK-independent off-target effects including 

targeting RIPK1 to completely repress tumour necrosis factor (TNF)-mediated receptor-

interacting serine/threonine-protein kinase 1 (RIPK1) kinase-dependent cell death152. 

GSK2606414 and the IRE1α kinase inhibitor KIRA6 are also potent KIT inhibitors that 

suppress its tyrosine kinase activity. By contrast, a series of 1H-pyrazol-3(2H)-one molecules 

have recently been identified as new PERK inhibitors153. Structure-based design and 

optimization led to identification of the compounds AMG44 and AMG52 as potent and 

highly selective PERK inhibitors153. These two compounds demonstrate good 

pharmacokinetic properties for in vivo use. Notably, prolonged treatment with AMG44 did 

not induce pancreatic toxicity and was well tolerated when used as an experimental 

approach to control the regulatory activity of MDSCs and induce antitumour immunity in 

various preclinical models of cancer127. LY-4 is a potent third-generation PERK inhibitor 

with good selectivity154. This compound has shown impressive in vivo efficacy against 

BRAFV600E mutant melanoma and MYC-driven lymphoma (specifically in transgenic mice 

lacking GCN2) without pancreatic or overt toxicities39,154. Therefore, AMG44 and LY-4 are 

emerging as selective and well-tolerated PERK inhibitors that warrant further preclinical and 

clinical investigation to evaluate their antitumour efficacy and potential side effects in 

combination with cytotoxic drugs or targeted therapies.

eIF2α inhibitors.

eIF2α is the key node of the ISR21. ER stress-driven PERK activation, amino acid 

starvation-induced GCN2, double-stranded RNA (dsRNA)-induced protein kinase RNA-

activated (PKR; also known as EIF2AK2) or haem deficiency-induced haem-regulated 

inhibitor (HRI; also known as EIF2AK1) phosphorylates eIF2α, which converts eIF2 from a 

substrate to a competitive inhibitor of its guanine nucleotide exchange factor, eIF2B, and 

inhibits translation21. ISRIB is a potent eIF2α inhibitor that suppresses the effects of eIF2α 
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phosphorylation by activating eIF2B155,156. When used as a single agent, ISRIB 

significantly suppressed PTEN-deficient and MYC-overexpressing prostate cancer 

progression, extending the survival of tumour-bearing mice42. Importantly, administration of 

ISRIB alone could cause regression of advanced prostate tumours after 3 weeks of treatment 

without overt side effects42. Studies of the role of IRE1α, PERK and the ISR in tumour 

progression and metastasis suggest that these pathways are not functionally 

redundant16,37,39–41,85. Hence, it would be pertinent to test whether there is a therapeutic 

window to simultaneously target IRE1α and the ISR in cancer cells, and whether this 

combination therapy may induce synergistic effects in suppressing tumour progression and 

metastasis without toxicity to normal tissues.

BiP inhibitors.

BiP is upregulated in multiple different human cancers, plays pro-tumoural roles in mouse 

models of malignancy and promotes resistance to anticancer therapies157. Silencing of BiP 

in glioblastoma, bladder or breast cancer cell lines enhances their responses to 

chemotherapy158,159. The overexpression of BiP and the existence of cancer type-specific 

variants of BiP in human cancers provide a therapeutic window making BiP an attractive 

therapeutic target2. The ruthenium-based BiP inhibitor KP1339 induces extensive ER stress 

and immunogenic cell death (ICD) (BOX 2) in various mouse models of cancer160–163. 

Importantly, a phase I study of KP1339 showed acceptable tolerability and disease 

stabilization in 10 out of 38 patients with metastatic neuroendocrine tumours, non-small cell 

lung carcinoma (NSCLC) or colon cancer161,164. HA15 is another compound that targets 

BiP and triggers unresolved ER stress that leads to cancer cell death both in vitro and in 

vivo. As such, HA15 elicited marked antitumour effects in xenograft models of melanoma 

and was effective in slowing down BRAF inhibitor-resistant melanoma without major side 

effects165. Furthermore, cell-surface BiP appears to be a viable therapeutic target. Synthetic 

chimeric peptides composed of BiP binding motifs fused to a cell death-inducing sequence 

can suppress tumour growth in xenograft models of prostate cancer and breast cancer166. A 

cancer cell-specific O-linked carbohydrate moiety in cell surface-localized BiP also provides 

a potential target for immunotherapy and antibody-based therapy in gastric cancer167.

Concluding remarks

Persistent ER stress is an emerging hallmark of cancer, which is driven by multiple 

metabolic and oncogenic abnormalities in the TME that perturb protein-folding homeostasis 

in both malignant cells and infiltrating immune cells. Constitutively active ER stress 

responses enable malignant cell adaptation to oncogenic and environmental challenges while 

orchestrating diverse immunomodulatory mechanisms that promote malignant progression. 

Systematic deconvolution of the precise impact of the UPR on individual cell types in the 

TME, and especially on cancer cell metabolic reprogramming in vivo, should be carried out 

in the future. Although multiple studies have elucidated the function and mechanisms of the 

UPR in each step of tumorigenesis, additional studies are also necessary to understand the 

role of ER stress in cancer metastasis and therapy resistance. In particular, a deeper 

mechanistic understanding of the UPR in the rate-limiting steps of the metastatic cascade, 

particularly in the context of TME reprogramming during metastasis, is also imperative for 
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the rational design of effective therapeutic interventions that address the current clinical 

challenges and improve patient outcome (BOX 3).

Besides immune cells, endothelial cells and CAFs are important components of the TME 

that significantly contribute to tumour progression. Although limited knowledge is available 

on the role of ER stress in these cells in the TME, there is evidence indicating the functional 

impact of ER stress responses in endothelial cells under normal physiological conditions. 

For instance, BiP relocalizes from the ER to the cell surface and interacts with T-cadherin to 

promote endothelial cell survival via the PI3K–AKT pathway168. Further studies to dissect 

the role of the UPR in endothelial cells, CAFs and other stromal cells in the TME during 

cancer progression and therapy are necessary.

Targeting ER stress responses alone can destabilize some aggressive features of cancer cells 

while enhancing antitumour immunity, but this may not lead to therapeutic efficacy that is 

superior to standard interventions. However, increasing evidence demonstrates that 

modulation of ER stress sensors or UPR-associated factors creates vulnerabilities that 

markedly sensitize aggressive tumours to cytotoxic drugs, targeted therapies and 

immunotherapy. Larger preclinical studies using PDXs and immunocompetent mouse 

models that recapitulate human tumour heterogeneity, together with retrospective analyses of 

clinical trial specimens, could help uncover potent UPR-targeted combination treatments to 

elicit durable responses that prevent cancer progression and/or recurrence in patients.
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Glossary

Proteostasis
The regulation of a balanced and functional proteome.

Isomerization
The transformation of a molecule into a different isomer.

Hypoxia
A low level of oxygen tension.

Integrated stress response (ISR)
An adaptive signalling pathway activated by various forms of cellular stress, including 

endoplasmic reticulum stress, which helps maintain cellular integrity under unfavourable 

conditions such as nutrient restriction and oxidative stress.
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Reactive oxygen species (ROS)
A natural by-product of the metabolism of oxygen that is more reactive than molecular 

oxygen.

ER-associated protein degradation (ERAD)
A pathway that targets misfolded proteins in the endoplasmic reticulum (ER) for 

ubiquitylation and degradation by the proteasome in the cytoplasm.

Autophagy
A regulated cellular process that delivers dysfunctional cellular constituents to the lysosomes 

for degradation and recycling.

Electron transport chain (ETC)
A series of enzymatic reactions occurring in the inner mitochondrial membrane that shuttles 

electrons from NADH and FADH2 to oxygen. During this process, protons pumped from the 

mitochondrial matrix to the intermembrane space are used to produce ATP.

Fatty acid β-oxidation (FAO; also known as β-oxidation)
The breakdown of fatty acids to generate acetyl-CoA, which is incorporated into the 

tricarboxylic acid (TCA) cycle.

Pattern recognition receptors (PRRs)
Germline-encoded proteins that sense invading pathogens or endogenous damage signals to 

initiate and regulate immune responses.

Glycolysis
The oxygen-independent metabolic pathway that converts glucose into pyruvate.

Regulated IRE1-dependent decay of RNA (RIDD)
The mechanism of microRNA or mRNA degradation caused by hyperactivation of the 

ribonuclease domain of inositol-requiring enzyme 1α (IRE1α).

Damage-associated molecular patterns (DAMPS)
Host-derived molecules that can initiate and drive a non-infectious inflammatory response. 

By contrast, pathogen-associated molecular patterns are molecules derived from an 

infectious non-self-entity, which also stimulate an inflammatory response.

Epithelial-to-mesenchymal transition (EMT)
A cellular developmental process by which epithelial cells acquire a mesenchymal-like 

phenotype. This process is accompanied by the loss of cell adhesion properties and 

augmented motility, and is therefore exploited by cancer cells to metastasize.

Myeloid-derived suppressor cells (MDSCs)
A heterogeneous group of immune cells from the myeloid lineage with relatively immature 

but potent immunosuppressive phenotypes. MDSCs are classified into two major subtypes: 

monocytic MDSCs (M-MDSCs) and granulocytic MDSCs (polymorphonuclear (PMN)-

MDSCs).
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Acidosis
A process that increases acidity in the blood and other tissues.

Peroxynitrites (PNTs)
Powerful oxidants produced by the reaction between nitric oxide and superoxide radicals 

that cause lipid peroxidation, as well as protein and DNA damage.
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Box 1 |

Sensing and responding to endoplasmic reticulum stress: canonical roles 
of the unfolded protein response

Protein folding and modification in the endoplasmic reticulum (ER) is a highly regulated 

process. Yet various intrinsic and extrinsic stressors can disrupt proteostasis in this 

organelle, leading to ER stress. The unfolded protein response (UPR) is a highly 

conserved, adaptive mechanism with three branches that coordinates responses to the 

detrimental accumulation of unfolded or misfolded proteins. Indeed, the UPR is 

instigated by perturbation of ER homeostasis owing to alterations in protein synthesis 

rates, mutations that lead to protein misfolding or fluctuations in the ER folding 

environment, which include, but are not limited to, alterations in the redox state, nutrient 

status and calcium levels19,169. In metazoans, the UPR is initiated by three ER-resident 

transmembrane proteins that function as sensors of protein-folding stress: inositol-

requiring protein 1α (IRE1α), PRKR-like ER kinase (PERK) and activating transcription 

factor 6 (ATF6). Under normal conditions, the molecular chaperone binding-

immunoglobulin protein (BiP) binds to these sensors to restrain their activation3. 

However, during periods of ER stress, BiP is titrated away from the sensors owing to its 

capacity to bind misfolded proteins with higher affinity, thus leading to activation of the 

ER stress sensors and their downstream signalling. IRE1α–X-box binding protein 1 

(XBP1) is the most evolutionarily conserved arm of the UPR170,171. Upon activation, 

IRE1α oligomerizes and undergoes autophosphorylation, causing a conformational 

change that activates its RNase domain to excise a 26-nucleotide fragment from the 

XBP1 mRNA in the cytosol172. This unconventional splicing event generates a modified 

mRNA isoform (XBP1s) that codes for the functionally active protein XBP1 (also known 

as XBP1s), which operates as a potent and multifunctional transcription factor172. In the 

absence of IRE1α activation, unspliced XBP1 (XBP1u) is translated into a highly 

unstable protein with poor transcriptional activation properties. This unique activation 

mechanism allows for rapid XBP1 isoform switching in response to changes in ER 

proteostasis, enabling the induction of genes encoding chaperones, foldases and ER-

associated protein degradation (ERAD) components, as well as transcriptional networks 

controlling lipid and hexosamine biosynthetic programmes172,173. Peptides and unfolded 

proteins can also directly bind to the major histocompatibility complex (MHC)-like 

groove in the ER-luminal domain of the IRE1α core, causing allosteric changes that lead 

to its activation174,175. Under particular conditions, the RNase domain of IRE1α can also 

degrade certain mRNAs in a process termed regulated IRE1-dependent decay (RIDD), 

which reduces the burden of proteins entering the ER176,177. By interacting with different 

adaptor and modulator proteins, IRE1α can further activate the JUN N-terminal kinase 

(JNK), p38 and nuclear factor-κB (NF-κB) pathways, thus modulating inflammation, 

autophagy and apoptosis57,61,178. Additional ER stress or UPR-independent functions of 

IRE1α include the regulation of cytoskeleton remodelling by binding to filamin A and 

the control of mitochondrial function by facilitating calcium transfer between the ER and 

the mitochondrion179,180.
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PERK is a serine–threonine kinase, the best-characterized substrate of which is the 

eukaryotic translation initiation factor 2α (eIF2α)181. PERK-dependent phosphorylation 

of eIF2α reduces protein synthesis by globally inhibiting 5′ cap-dependent translation 

while selectively increasing the cap-independent translation of ATF4. ATF4 subsequently 

induces the transcription factor C/EBP homologous protein (CHOP, also known as 

DDIT3) and multiple other genes involved in the regulation of autophagy, amino acid 

metabolism, antioxidant responses and cell death182–184. Under ER stress, ATF6 is 

translocated to the Golgi apparatus where it is cleaved by S1P (also known as MBTPS1) 

and S2P (also known as MBTPS2) proteases, releasing its N-terminal fraction (ATF6 

p50) that functions as a transcription factor185. Cleaved ATF6 (ATF6 p50) forms a 

heterodimer with XBP1 and mediates the induction of the primary (unspliced) XBP1 
transcript and other genes that are involved in protein folding and degradation in the ER, 

such as molecular chaperones, foldases and ERAD system components186,187. AP1, 

activator protein 1; GADD34:PP1, growth arrest and DNA-damaged protein 34 bound to 

serine/threonine protein phosphatase 1; P, phosphorylation; TRAF2, tumour necrosis 

factor receptor-associated factor 2.
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Box 2 |

Endoplasmic reticulum stress responses and immunogenic cell death

Lethal endoplasmic reticulum (ER) stress responses induced by some forms of 

chemotherapy have been shown to trigger immunogenic cell death (ICD) that evokes 

protective antitumour immune responses (FIG. 2). Although this topic was previously 

reviewed elsewhere188, recent studies have expanded our understanding of the role of ER 

stress response factors in the induction of ICD. For instance, treatment with cytotoxic 

drugs of the anthracycline family has been demonstrated to trigger overproduction of 

reactive oxygen species (ROS) in the cancer cell. This process causes severe ER stress 

and induces the localization of the ER-associated chaperone calreticulin to the cancer cell 

surface while promoting the release of damage-associated molecular patterns (DAMPs), 

such as double-stranded DNA (dsDNA), ATP and high mobility group protein B1 

(HMGB1) prior to causing cell death189,190. Calreticulin binds to scavenger receptors and 

CD91, whereas HMGB1 concurrently triggers Toll-like receptor 2 (TLR2) and/or TLR4 

signalling on neighbouring phagocytic immune cells. These events initiate various 

signalling pathways that, ultimately, facilitate the attraction, licensing and maturation of 

dendritic cells capable of priming or reactivating tumour-specific T cells189,190. Recent 

studies by Kroemer and colleagues revealed that ICD-inducing anthracyclines and 

pharmacological agents that provoke tetraploidization in the cancer cell preferentially 

enhance the phosphorylation of eukaryotic translation initiation factor 2α (eIF2α) 

without activating other ER stress response factors, such as activating transcription factor 

4 (ATF4), ATF6 or X-box binding protein 1s (XBP1s)191. Furthermore, it has been shown 

that inhibition of the pro-survival receptor tyrosine kinase ephrin type-B receptor 4 

(EPHB4) also induces eIF2α phosphorylation and ICD in prostate cancer cells by 

suppressing glucose uptake and reducing the intracellular ATP levels192. Interestingly, 

specific polyphenol fractions isolated from the plant Caesalpinia spinosa can induce 

canonical ICD and T cell-driven antitumour immunity in preclinical models of melanoma 

and breast cancer193,194, but recent in vitro mechanistic experiments suggest that these 

effects are predominantly mediated by activation of the ER stress sensor PRKR-like ER 

kinase (PERK), independently of eIF2α phosphorylation195.

In contrast to the ICD-promoting effects of PERK or eIF2α signalling described above, 

the inositol-requiring protein 1α (IRE1α)–XBP1 arm of the unfolded protein response 

was shown to mediate resistance to ICD in colorectal cancer cells treated with the 

combination of chemotherapy and monoclonal antibodies blocking the epidermal growth 

factor receptor (EGFR)196. However, the mechanisms by which IRE1α–XBP1 signalling 

antagonizes ICD in this setting remain elusive. Furthermore, it was reported that reducing 

dietary protein content by ~25% could induce ER stress and IRE1α overactivation in 

malignant cells of the tumour microenvironment in various mouse models of cancer197. 

In this particular setting, IRE1α activation was found to promote antitumour immune 

responses by triggering regulated IRE1-dependent decay of RNA (RIDD) and the 

consequential generation of small RNA fragments that stimulated the antiviral innate 

immune response receptor RIG-I in the cancer cell197. However, the potential 

involvement of ICD as a mediator of this process was not determined. Lastly, it would be 
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worth testing whether ICD-inducing binding-immunoglobulin protein (BiP) inhibitors, 

such as HA15 and KP1339, can enhance the therapeutic effects of immune checkpoint 

blockers.
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Box 3 |

The unfolded protein response and resistance to cancer therapy

Various standard anticancer treatments can induce endoplasmic reticulum (ER) stress and 

activate the unfolded protein response (UPR) in malignant cells as an adaptive pro-

survival mechanism.

Chemotherapy resistance

The UPR is associated with chemotherapy responses in human breast cancers198. High 

binding-immunoglobulin protein (BiP) expression correlates with shorter relapse-free 

survival in patients with breast cancer who received doxorubicin adjuvant therapy199. BiP 

inhibits doxorubicin-induced apoptosis by suppressing BAX and caspase 7 activation200. 

Paradoxically, BiP positivity in tumours from patients with breast cancer treated with 

doxorubicin and cyclophosphamide followed by taxane predicts better clinical 

outcome199. Similarly, expression of BiP in MCF7 human breast cancer cells confers 

greater sensitivity to sequential doxorubicin and taxane treatment199. It is unclear why 

taxane is able to reverse the correlation between BiP levels and chemosensitivity. 

However, taxanes can induce activation of inositol-requiring protein 1α (IRE1α), 

activating transcription factor 6 (ATF6) and PRKR-like ER kinase (PERK) in breast 

cancers198,201. Inhibition of the IRE1α RNase activity with MKC8866 substantially 

enhanced the response of a triple-negative breast cancer (TNBC) patient-derived 

xenograft (PDX) model and MDA-MB-231 breast cancer xenografts to taxane37,101. 

Another IRE1α RNase inhibitor, B-I09, similarly improved the in vitro cytotoxicity of 

doxorubicin or vincristine in Burkitt’s lymphoma cells40. In colon cancer cells, PERK–

nuclear factor erythroid 2-related factor 2 (NRF2) regulates multidrug resistance-

associated protein 1 (MRP1) to mediate cancer cell resistance to ER stress and 

chemotherapy202. Silencing PERK reduced tumour growth and restored chemosensitivity 

in resistant HT29 colon cancer xenografts. In addition, ATF4 activation induces 

autophagy, which mediates breast cancer resistance to taxane198.

Hormone therapy resistance

IRE1α and PERK are important for resistance to endocrine therapy in hormone-

dependent breast cancers146. X-box binding protein 1 (XBP1) is a direct target of the 

oestrogen receptor203, and its expression is upregulated in breast cancer cells resistant to 

anti-oestrogen therapy204,205. Enforced expression of XBP1 confers oestrogen-

independent growth of breast cancers and resistance to tamoxifen and fulvestrant 

treatment through multiple mechanisms, including autophagy, nuclear factor-κB (NF-κB) 

activation and regulation of the ER206,207. BHPI is an effective antagonist of oestrogen 

receptor-α that selectively inhibits growth of oestrogen receptor-expressing breast cancer 

xenografts and ovarian cancer cell lines208. Of note, BHPI activates the UPR by 

inhibiting protein synthesis through activating phospholipase Cγ (PLCγ) and depleting 

ER calcium stores208. Therefore, BHPI enhances the cytotoxic effects of endocrine 

therapy by inducing lethal ER stress responses in these cancer cells208.

Targeted therapy resistance
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The combination of a BRAF inhibitor and a MEK inhibitor (BRAFi and MEKi) is the 

standard of care for BRAF-mutant melanoma and lung cancer209. Interestingly, treatment 

with these inhibitors results in SEC61-dependent translocation of MAPK into the ER, 

leading to PERK-mediated ERK re-phosphorylation and reactivation209. In turn, ERK 

phosphorylates ATF4 and upregulates autophagy to induce resistance to therapy with 

BRAF and MEK inhibitors209. Upregulation of BiP levels and ATF4 phosphorylation are 

observed in tumours from patients resistant to these inhibitors209, and targeting ATF4 re-

sensitized the tumours to BRAF and MEK combined inhibitor treatment. It is unclear 

why MAPK needs to translocate to the ER to escape the drug treatment. Whether the 

eukaryotic translation initiation factor 2α (eIF2α) inhibitor ISRIB could be used to 

reverse tumour resistance to BRAF and MEK combined inhibition in BRAF-mutant 

melanoma and lung cancer deserves further attention. ADT, androgen deprivation 

therapy; GRP78, 78-kDa glucose-regulated protein; ISR, integrated stress response; 

KSR2, kinase suppressor of Ras 2; P, phosphorylation.
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Fig. 1 |. Inducers of endoplasmic reticulum stress in the tumour microenvironment.
The uncontrolled proliferative capacity of malignant cells in growing tumours engenders 

hostile microenvironments characterized by high metabolic demand, hypoxia, nutrient 

limitations and acidosis, which in turn provoke disruption of calcium and lipid homeostasis 

in multiple cell types inhabiting this milieu. Collectively, these harsh conditions alter the 

protein-folding capacity of the endoplasmic reticulum (ER) in both cancer cells and 

infiltrating immune cells, thereby promoting accumulation of misfolded or unfolded proteins 

within this organelle and, consequently, ER stress. Oncogenic events in cancer cells further 

contribute to this state by elevating their global transcription and translation rates. The 

unfolded protein response (UPR) is subsequently activated as an attempt to restore ER 

homeostasis and promote adaptation to diverse insults in the tumour. Certain therapeutic 

modalities can also trigger ER stress in the cancer cell to alter their normal behaviour in the 

tumour microenvironment (TME). Depending on the magnitude of ER stress, the cell type 

and the specific pathological context, ER stress responses can have multiple effects ranging 

from cellular reprogramming and adaptation to autophagy and apoptosis. Owing to the 
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additive effects of various ER stressors concurrently enriched in the TME during cancer 

initiation, progression and therapy, robust and persistent UPR activation is mostly evidenced 

in cancer cells and tumour-infiltrating immune cells in vivo, which has been challenging to 

recapitulate under in vitro conditions. ROS, reactive oxygen species.
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Fig. 2 |. The magnitude of endoplasmic reticulum stress and its differential outcomes in 
malignant cells.
Persistent, yet moderate, endoplasmic reticulum (ER) stress responses fuelled by oncogenic 

pathways, metabolic changes and conditions of the tumour microenvironment stimulate 

several mechanisms that promote cancer cell proliferation, metastasis, chemoresistance, 

angiogenesis and immune evasion. By contrast, extreme ER stress caused by the 

uncontrolled accumulation of misfolded proteins in this organelle can lead to a terminal 

unfolded protein response (UPR) that induces cell death. For instance, proteasome inhibitors 

have been shown to trigger proapoptotic ER stress responses in multiple myeloma cells by 
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hyperactivating the PRKR-like ER kinase (PERK)–eukaryotic translation initiation factor 2α 
(eIF2α)–activating transcription factor 4 (ATF4)–C/EBP homologous protein (CHOP) arm 

of the UPR. Of note, exposure to some cytotoxic agents, such as anthracyclines, can trigger 

ER stress responses that promote immunogenic cell death (ICD) capable of eliciting 

antitumour immunity (BOX 2). Hence, the consequences of UPR activation, either pro-

survival or pro-apoptotic, are determined by the duration and intensity of the stress.
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Fig. 3 |. Integration of oncogenic programmes and endoplasmic reticulum stress responses in the 
cancer cell.
Oncogenic MYC activates the unfolded protein response (UPR) through multiple 

mechanisms. MYC-induced upregulation of global transcription (mRNA flood) and 

translation increases ribosome biogenesis and protein load in the endoplasmic reticulum 

(ER), thus activating all branches of the UPR. MYC further binds to promoter and enhancer 

regions in the gene encoding inositol-requiring protein 1α (IRE1α), positively regulating its 

transcription and augmenting IRE1α protein levels. MYC can also form a heterodimer with 

X-box binding protein 1s (XBP1s) in the nucleus to regulate classical UPR genes and lipid 

metabolism genes. Of note, XBP1s has been shown to promote MYC transcription in 

prostate cancer cells and natural killer cells. MYC engages PRKR-like ER kinase (PERK) 

and general control non-derepressible 2 (GCN2) kinase to induce eukaryotic translation 

initiation factor 2α (eIF2α) phosphorylation and the integrated stress response. MYC can 

also interact with activating transcription factor 4 (ATF4) to regulate amino acid transporters 

and biosynthesis, antioxidant pathways and autophagy. The MYC–ATF4 complex regulates 

eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) to reduce translation 

and proteotoxic stress. mTOR complex 1 (mTORC1) activation induces protein synthesis 

and ER overload that activates the UPR. In turn, the IRE1α–tumour necrosis factor receptor-

associated factor 2 (TRAF2)–JUN N-terminal kinase (JNK)–insulin receptor substrate 1 

(IRS1) axis has been shown to restrict mTORC1 activity. Mutant RAS is integrated within 

the UPR in a context-specific manner. Mutant HRAS preferentially induces IRE1α activity 

in keratinocytes through an unknown mechanism. In primary human melanocytes, HRAS-

G12V–PI3K, but not BRAF-V600E, increases ER content and induces activation of all UPR 

branches. It is unclear whether mutant RAS enhances global protein translation and protein 

Chen and Cubillos-Ruiz Page 42

Nat Rev Cancer. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



load in the ER, which promotes ER stress in all cancer types. BiP, binding-immunoglobulin 

protein; HIF1α, hypoxia-inducible factor 1α; P, phosphorylation; RIDD, regulated IRE1-

dependent decay of RNA; VEGF, vascular endothelial growth factor.
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Fig. 4 |. Immunomodulatory effects of endoplasmic reticulum stress signals in the tumour 
microenvironment.
Cancer cells undergoing activation of inositol-requiring protein 1α (IRE1α) or PRKR-like 

ER kinase (PERK) modulate tumour recognition by natural killer (NK) cells while secreting 

mediators that promote angiogenesis and recruitment of myeloid cell types to tumour sites. 

Both IRE1α and PERK are well established to regulate angiogenesis168. X-box binding 

protein 1s (XBP1s) and activating transcription factor 4 (ATF4) directly bind to the vascular 

endothelial growth factor (VEGF) promoter to regulate its expression. Nutrient restriction, 

reactive oxygen species (ROS) accumulation or the presence of soluble factors that blunt 

glucose uptake cause endoplasmic reticulum (ER) stress and chronic activation of the 

IRE1α–XBP1 and PERK–C/EBP homologous protein (CHOP) arms of the unfolded protein 

response (UPR) in intratumoural T cells, provoking mitochondrial dysfunction and 
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inhibition of their optimal anticancer effector function. High levels of cholesterol in the 

tumour microenvironment (TME) can also activate IRE1α–XBP1 signalling in 

intratumoural T cells to induce programmed cell death protein 1 (PD1) expression and limit 

their protective activity. Myeloid-derived suppressor cells (MDSCs) exploit PERK to control 

antitumour immunity via CHOP-mediated expression of T cell suppressive factors and by 

inducing nuclear factor erythroid 2-related factor 2 (NRF2)-driven responses that inhibit 

production of protective type I interferon. ER stress in MDSCs has also been associated with 

their elevated expression of tumour necrosis factor-related apoptosis-inducing ligand-

receptors (TRAIL-Rs) and rapid turnover in the TME. ER stress-related gene signatures and 

expression of lectin-type oxidized LDL receptor 1 (LOX1) distinguish normal neutrophils 

from polymorphonuclear (PMN)-MDSCs in patients with cancer. In addition, ER-stressed 

neutrophils acquire immunosuppressive attributes and overexpress LOX1 via IRE1α 
activation. ROS accumulation fuels ER stress and persistent IRE1α–XBP1 activation in 

tumour-associated dendritic cells (DCs), driving uncontrolled lipid droplet formation that 

inhibits their capacity to present local antigens to intratumoural T cells. ER-stressed DCs 

have also been shown to overproduce the immunosuppressive lipid mediator prostaglandin 

E2 (PGE2) via IRE1α–XBP1 activation, presumably contributing to immune escape in 

cancer. In macrophages, the IRE1α–XBP1 branch has been shown to promote expression of 

cathepsins, PD1 ligand 1 (PDL1) and Arginase 1, further promoting cancer cell invasion and 

immunosuppression in the TME. CCL2, CC-chemokine ligand 2; CXCL2, CXC-chemokine 

ligand 2; IFNα, interferon-α; IL-6, interleukin-6; MICA, MHC class I polypeptide-related 

sequence A; NKGD2, natural killer group 2D; sIgM, secretory immunoglobulin M.
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