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Preface

The unfolded protein response (UPR) is an ancient (in the evolutionary sense) stress 
response network, components of which are readily detected in both prokaryotes 
and eukaryotes. There continue to be major advances in our understanding of the 
UPR and its ability to integrate multiple cellular functions including key aspects of 
basic cellular metabolism, autophagy, and apoptosis. Nonetheless, much remains 
unclear, and several key components of the UPR can be regulated outside the full 
activation of the three primary response arms regulated by IRE1α, PERK, and 
ATF6. This volume describes current knowledge of each of the arms of the UPR, 
how their activation/repression are regulated, integrated, and coordinated, how UPR 
components affect cancer cell biology and responsiveness to therapeutic interven-
tions, and how UPR components/activities offer potentially novel targets for drug 
discovery, repurposing, and development. Autophagy and the UPR are intimately 
related and they can affect the pathobiology of diseases other than cancer. Hence, 
this book also includes a chapter on neurodegenerative diseases by way of introduc-
tion to these activities. The primary goal of this volume is to provide a broad over-
view of the UPR, guided by the most recent information, with specific examples of 
how the UPR and/or specific components of its signaling contribute to cancer biol-
ogy. This book also addresses the role of the UPR in affecting the responsiveness of 
cancer cells to systemic endocrine and chemotherapeutic interventions, represent-
ing unique features of this volume relative to other works in the field. Each chapter 
in this book is written so that it can be read and understood independently. While 
some topics are covered more than once, the reader can choose among the chapters 
of greatest relevance or read the book in its entirety. The general nature of this book 
will be useful to researchers and students with an interest in understanding the role 
of the UPR in affecting cancer cell fate, with important insights from cellular con-
texts outside cancer as provided in the chapters on development and neurodegenera-
tive diseases. The Editor wishes to thank Ms. Jennifer Kluge for her many 
contributions in the preparation of this book.

Washington, DC, USA Robert Clarke 
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Chapter 1
Introduction: The Unfolded Protein 
Response

Robert Clarke

Abstract The translation and appropriate folding of proteins is critical for the 
maintenance of cellular function. This process is tightly controlled, and it can cre-
ate a significant energy demand, particularly in secretory cells. Inadequate folding 
of proteins, as may occur with an insufficient energy supply, can cause unfolded, 
misfolded, or damaged proteins to accumulate in the endoplasmic reticulum. The 
consequent endoplasmic reticulum stress leads to activation of the unfolded pro-
tein response (UPR). In stressed mitochondria, a similar process is activated (mito-
chondrial unfolded protein response). The unfolded protein response is an ancient 
stress response that coordinates multiple functions in an attempt to restore meta-
bolic homeostasis. In higher organisms, three signaling arms, driven respectively 
by PERK, ATF6, and IRE1α, may be activated. Together, the signaling from these 
arms coordinates specific cellular functions including autophagy, cell metabolism, 
and apoptosis. From a cell fate perspective, the outcome of activating the unfolded 
protein response can be either the restoration of homeostasis and normal cell func-
tion, or the failure to do so leading to aberrant cellular function (including neoplas-
tic transformation) and/or the eventual initiation of an irreversible programmed 
cell death. Hence, activation of the unfolded proteins response can be either pro-
survival or prodeath. This book covers many aspects of the unfolded protein 
response, from its roles in normal cell development and some aspects of immunity, 
through to those associated with neoplastic transformation and drug resistance in 
cancer. Also included is a chapter on the role of UPR-activated autophagy in spe-
cific neurodegenerative disorders. The primary focus of these chapters is the 
unfolded protein response as activated by an endoplasmic reticulum stress. While 
each chapter may be read independently, the reader will gain a much broader per-
spective of the critical roles of the unfolded protein response when the chapters are 
read collectively.

R. Clarke (*) 
Department of Oncology, Georgetown University Medical Center, Washington, DC, USA 
e-mail: clarker@georgetown.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05067-2_1&domain=pdf
mailto:clarker@georgetown.edu
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 Introduction

Living cells must synthesize the proteins that perform the functions that sustain their 
life. These proteins often require folding into a specific conformation(s) that enables 
them to act. Cells expend a significant amount of their available energy in executing 
the process of protein folding. Unfolded, misfolded, or damaged proteins must be 
eliminated because the accumulation of these proteins within the endoplasmic retic-
ulum (EnR) causes the EnR to swell, become stressed (EnR stress), and fail to func-
tion optimally. A similar process and response can occur within mitochondria [1]. 
To address the challenges that this proteotoxic stress creates for cell function, EnR 
stress can activate a process that identifies and targets unfolded proteins for degrada-
tion. The process that is activated is called the unfolded protein response (UPR); in 
mitochondria, this response is called the mitochondrial UPR (UPRmt) [2].

Since the requirements to fold proteins properly and to eliminate unfolded or 
damaged proteins are fundamental to life, features of the UPR likely arose relatively 
early during evolution. For example, components of UPR action are readily detected 
in species as diverse as yeast and human. The UPR network has three signaling arms 
regulated, respectively, by protein kinase R (PKR)-like endoplasmic reticulum 
kinase (PERK), activating transcription factor 6 (ATF6), and inositol requiring 
enzyme 1 alpha (IRE1α). Each arm of the three UPR may have evolved over differ-
ent timeframes. These is some controversy over which is the oldest arm, with the 
IRE1α arm often being considered the older. However, orthologs of IRE1α are 
rarely seen in protozoans, where activities similar to PERK signaling are more often 
detected [3].

In higher eukaryotes, the UPR can help the cell respond to stresses that include 
the limitations in cellular energy and oxygen that are of particular relevance to can-
cer cells growing in poorly vascularized solid tumor microenvironments. For exam-
ple, the instruction to degrade unfolded or damaged proteins releases their amino 
acids and other components, including sugars and fatty acids, for reuse within the 
cells. This recycling can save energy by supporting intermediate metabolism within 
the cell [4]. Moreover, activation of the UPR, for example as induced following EnR 
stress, integrates the signaling that controls multiple cellular functions with the goal 
of enabling cell survival or executing a programmed cell death.

In its canonical signaling representations (Fig. 1.1), the three signaling arms of 
the UPR network are each regulated by the common upstream activator glucose- 
regulated protein-78 (GRP78), also known as binding immunoglobulin protein 
(BiP) or heat shock protein A5 (HSPA5; Human Genome Organization symbol for 
this gene). GRP78, a generally short-lived, EnR membrane-resident protein [5] is 
one of a series of molecular chaperones that bind to unfolded or misfolded proteins 
accumulating in the lumen of stressed EnR, and then targets these proteins for 
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refolding or degradation. Unfolded, misfolded, or damaged proteins generally have 
features exposed on their surface that are recognized by chaperone proteins as being 
inappropriate. These features include cysteine residues that would normally be 
paired, hydrophobic regions that are often internal rather than on a protein’s surface, 
and/or immature glycans. Chaperone binding prevents unfolded proteins from 
aggregating and assists in their refolding or retrotranslocation back out of the EnR 
or mitochondria to the cytosol for degradation. When acting as a chaperone, GRP78 
binding to misfolded proteins favors degradation in part by recognizing existing 
ubiquitin moieties and catalyzing additional ubiquitination [6]. Degradation of 
marked proteins involves the ubiquitin-proteasome system [7, 8]. An EnR-activated 
autophagy (ERAA) pathway also can be activated as a means to degrade unfolded 
proteins [9].

GRP78 is normally bound to three EnR membrane-resident proteins (PERK, 
ATF6, and IRE1α), which are consequently maintained in an inactive state. When 
released from GRP78, which leaves to fulfill its molecular chaperone role in 
response to an EnR stress, PERK, ATF6, and IRE1α can regulate their respective 
signaling cascades. Unresolved UPR activation could lead to prolonged repression 
of transcription and translation, and to excessive autophagic degradation of critical 
cellular components, that can induce an irreversible cell death cascade [10]. Hence, 

ATF6

PERK Arm

ATF6 Arm

IRE1α Arm
XBP1U

XBP1S

eIF2α

eIF2α
P
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Fig. 1.1 Simple representation of the structure of the canonical unfolded protein response (UPR) 
network. Upon activation, GRP78 (HSPA5, BiP) is released from each of the three sensors (PERK, 
ATF6, IRE1α) to act as a chaperone for unfolded, misfolded, or damaged proteins. Each sensor is 
activated upon release from GRP78 to initiate signaling in its respective UPR arm. Activated PERK 
controls eIF2α phosphorylation that can then inhibit translation and activate ATF4. ATF6 (90 kDa) 
is cleaved by site 1 and site 2 proteases to release a transcriptionally active cleaved ATF6 (50 kDa). 
Activated IRE1α removes a 26 bp fragment from unspliced XBP1 (XBP1U) creating a frame shift 
that encodes for a spliced XBP1 (XBP1S) that can now act as a nuclear transcription factor
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feedback inhibition within the UPR can normally return signaling to its resting state 
once the stress has been resolved. The complexity of these and other control mecha-
nisms within the UPR is still being defined. Perhaps the feedback control that has 
been most widely studied is that controlling the regulation of eukaryotic initiation 
factor 2-alpha (eIF2α) phosphorylation in the PERK arm of the UPR. eIF2α can 
control the rate of protein translation. When dephosphorylated by PP1, as regulated 
by activating transcription factor 4 (ATF4) and growth arrest and DNA damage- 
inducible protein-34 (GADD34; PPP1R15A), the eIF2α-driven inhibition of trans-
lation is relieved and the rate of translation can return to normal.

The importance of the UPR in managing protein load has been studied in both 
normal and diseased tissues, with key fundamental work evident in the pancreas 
with respect to insulin production in the normal and diabetic states [11, 12] and in 
hematopoietic cells [13, 14]. The importance of regulating unfolded proteins in 
prion diseases has recently begun to attract notable attention. Inappropriate protein 
aggregation is particularly problematic in the brain and contributes to several major 
neurological disorders [15]. The need to ensure appropriate control of protein pro-
duction and folding is likely to be different in tissues that secrete large amounts of 
proteins when compared with those that are non-secretory and/or not proliferating.

In several cancers and other diseases, UPR components can be regulated differ-
ently from normal tissues. The control of cell proliferation and survival as deter-
mined by estrogen receptor alpha (ER; ESR1) activation in many breast cancers has 
major implications for cell fate determination [16]. The importance of endocrine 
regulation of the UPR, and loss of this regulation when cells become resistant to 
drugs that target ER activity, has been established [4, 10, 16–18]. In this example, 
aspects of canonical UPR signaling are evident in cancer cells. However, the control 
of individual features of canonical signaling can be modified by hormones, growth 
factors, or other changes in cells including those affected by other signals received 
from the tumor microenvironment. Together, these intrinsic and extrinsic activities 
contribute significantly to cell context-specific modifications to UPR regulation and 
execution within an individual cancer cell.

The timing of activation of each UPR arm, and the relative importance of each 
arm once activated, remains unclear and likely differs by cell context and the nature 
and/or potency of the stressor(s). UPR components activated differentially in dura-
tion or level of activity likely also contribute to whether the ultimate cell fate out-
come is death versus survival and/or proliferation. Some cells can activate an 
anticipatory UPR, including estrogen responsive breast cancer cells [18]. 
Translational inhibitory activities often occur first and within minutes of UPR acti-
vation [19]. Blocking the translation of existing mRNA templates would have an 
immediate effect on the number of protein molecules requiring folding and produce 
a rapid decline in the energy needs within the cell. The speed of activation implies 
that the executors of this inhibition are already present and do not require transcrip-
tion or translation. Inhibition of transcription occurs later, often concurrent with 
chromatin remodeling [19]. This sequencing allows for the general inhibition of 
mRNA and protein production and the preferential synthesis of any new proteins 
required (including molecular chaperones) and (ideally) only in the amounts the cell 
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can manage. Concurrent chromatin remodeling would allow the cells to retain this 
pattern of expression for prolonged periods and possibly dampen the potential for 
the transcriptional regulation from UPR activation to cycle on and off inappropri-
ately. For any cell already committed to completing a turn of the cell cycle, its 
progeny also would arise programmed to manage their protein production in a 
stressed environment, likely also reflecting any cell context-specific modifications.

A key consequence of UPR activation is its direction to degrade unfolded pro-
teins through an EnR-associated degradation (ERAD) [20, 21]. For example, mis-
folded glycoproteins are managed by genes in the EDEM family (EnR 
degradation-enhancing α-mannosidase-like protein). This process targets the mis-
folded proteins for eventual degradation by the ubiquitin-proteasome [22]. Proteins 
bound to chaperones are also removed through chaperone-mediated autophagy; 
other proteins targeted for degradation may be collected from the cytosol through 
microautophagy [23, 24]. Macroautophagy can also be induced by UPR signaling 
[4]. It is through the degradation of unfolded or damaged proteins, or damaged or 
excess organelles, that the products so released can be used as substrates for inter-
mediate metabolism to help restore metabolic homeostasis. Hence, signaling 
through the UPR network to control autophagy and cellular metabolism represents 
an example of the functional integration required to optimize the ability of a cell to 
respond to stress.

Within the UPR network, the signaling arms that are perhaps the most widely 
studied for their impact on cell fate are those for PERK and IRE1α. While the con-
trol of transcriptional responses to stress are complex [19], activation of the PERK 
signaling arm can essentially modify the rates of transcription, translation, and pro-
tein transport into the EnR to help align the resources available with the protein 
folding load and so restore homeostasis. This arm can also initiate cell death signal-
ing through activation of C/EBP homologous protein (CHOP; DDIT3). Conversely, 
activation of IRE1α leads to the unconventional splicing of X-box binding protein-1 
(XBP1), which can drive prosurvival signaling through XBP1 regulation of select 
members of the BCL2 family and the coordinated regulation of autophagy and 
apoptosis [4, 10]. The balance of prodeath and prosurvival signaling is a major 
determinant of cell fate in normal and neoplastic cells. In this regard, the altered 
regulation of UPR signaling appears to be central to the process of neoplastic trans-
formation and cancer cell survival [25], in addition to representing a fundamental 
component of cancer cells’ adaptive responses to the cellular stresses induced by 
many systemic anticancer therapies. Thus, the UPR likely also contributes to de 
novo and/or acquired resistance to some anticancer drugs.

 A Brief Overview of This Book

The various activities of the UPR noted above are described and discussed in more 
detail throughout this book. Starting with the role of UPR in development and end-
ing with a description of its regulation of autophagy and the consequences thereof 
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for neuronal cell fate in neurodegenerative diseases, UPR network signaling and 
function are presented from multiple different perspectives. Each chapter in this 
book is written so that it can be read and understood independently, without neces-
sarily referring to other chapters. While this leaves some ground covered more than 
once, this approach achieves two important goals. Firstly, it presents the UPR in 
different contexts while underscoring the central nature of this ancient response in 
cancer biology. Secondly, because each chapter can stand alone, the reader can 
choose the chapters of greatest relevance or interest without the need to read the 
book in its entirety. While it is not possible to cover all aspects of the UPR in normal 
development and in disease, the chapters in this book provide readers with insight 
from several perspectives into the importance of this stress response network. 
Moreover, components of the UPR that can affect other functions independent of the 
need to ameliorate multiple different forms of cellular stress are also considered.

The chapter by Dominicus et al. [26] addresses the role of EnR stress and the 
UPR in the context of development. Each of the major control components of 
the UPR is introduced (PERK, IRE1α, ATF6), providing an excellent overview 
of the canonical processes attributed to UPR signaling. In the context of develop-
ment, the authors explore the role of the IRE1-XBP1 arm in embryonic liver and 
placenta, pancreas and stomach, B-cells and plasma cells, dendritic cells, osteogen-
esis, and in an epithelial-to-mesenchymal transition (EMT). The PERK-eIF2α-ATF4 
arm is considered in the development of the pancreas, and the processes of osteo-
genesis and adipogenesis. While the ATF6 arm is perhaps the least well studied of 
the three UPR arms, its key role in the development of myoblasts, osteogenesis, and 
photoreceptor biology is presented. A short section also discusses the role of ATF6 
paralogues in cellular development. Overall, it is now evident that the role of the 
UPR extends well beyond a canonical EnR stress response network for cells [27]. 
While it might be expected that these activities would be most evident in secretory 
cells, the UPR is also a key player in the development of non-secretory cells. This 
latter series of activities in non-secretory cells may be a broader reflection of the 
general need of all cells to maintain control over the use of their available resources 
to synthesize and fold the new proteins essential for the repair and replacement of 
damaged or aged organelles and to maintain basic cellular functions over time.

The roles of the UPR in the development of neoplasia and anticancer drug 
responsiveness are introduced in the chapter by Morreall et al. [28]. Following on 
from the observations from the development of normal cells in the prior chapter, 
these authors address the role of UPR signaling in enabling the maintenance of cell 
proliferation and neoplastic transformation, and of an EMT that has been widely 
implicated in the acquisition of a more aggressive, metastatic cancer phenotype. 
This chapter places the co-opting of the UPR at the center of these critical biological 
processes as they occur along the spectrum of changes that arise with the develop-
ment of cancer, on through to enabling cancer cells to adapt to the stressors imposed 
by the systemic interventions applied during cancer treatment. As noted above, 
regulation of key components of the UPR can be altered in cancer cells. Examples 
include regulation of PERK activity by the oncogene MYC [29] and the require-
ment of MYC-transformed cells for XBP1 signaling to maintain growth [30]. MYC 
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is frequently dysregulated in breast cancer, where MYC can regulate the UPR and 
both glucose and glutamine uptake [31]. Here, Morreall et  al. provide critical 
insights into how the UPR can regulate key aspects of cellular metabolism and cell 
fate, with their text organized respectively by the UPR arms of PERK, ATF6, and 
then IRE1α. Reflecting the complexity of signaling within the UPR, coordination 
among PERK, ATF6, and IRE1α is introduced briefly with clarity and specific 
examples. Following a similar organization, the chapter continues by discussing 
pharmacological interventions for each UPR arm, concluding with valuable insights 
into what the future may hold for anticancer treatments that could more effectively 
target the prosurvival signaling of the UPR. The hypoxia present in tumor microen-
vironments is also introduced here, and discussed in depth with a focus on drug 
resistance in the following chapter by Singleton and Harris.

Areas of hypoxia are common in solid tumors, reflecting their often poor and 
heterogeneous vascularization [32]. Since low oxygen levels can affect cellular 
metabolism and the oxidative environment of the EnR, reduced capacity for protein 
folding occurs leading to the accumulation of unfolded proteins and UPR activation 
[33]. Focusing on the role of ATF4, Singleton and Harris [34] provide a clear and 
detailed review of the role of hypoxia and UPR activation in conferring resistance 
to chemotherapy and radiotherapy. The authors begin with an overview of hypoxia 
and the molecular responses to a low oxygen environment, most notably the hypoxia 
inducible gene family (HIF) and HIF-related signaling. Activation of ATF4 also 
introduces one of the key integration points between the UPR and the cellular pro-
cess of autophagy. Further integration between autophagy and UPR is described in 
the chapters by Clarke (on ER+ breast cancer) and Moussa (on neurodegenerative 
diseases). Here, Singleton and Harris describe how ATF4 signaling contributes to 
redox metabolism, amino acid homeostasis, angiogenesis, and cell invasion and 
metastasis. The role ascribed to ATF4 in this latter process reflects its role in regulat-
ing an EMT, a relationship introduced by Dominicus et al. earlier in this book. How 
ATF4 can alter responsiveness to both chemotherapy and radiotherapy is then pre-
sented, followed by some emerging approaches to targeting eIF2α, PERK, and 
ATF4. While in the relatively early phases of discovery, these approaches to target-
ing key features of UPR signaling could offer important new therapeutic interven-
tions that could be of significant value to some cancer patients.

UPR signaling initiated by activation of PERK leads to phosphorylation of the 
eIF2α complex. The consequences of acute and chronic activation of eIF2α are 
compared in the chapter by Sengupta et al. [35]. The initial goal of eIF2α regulation 
is to inhibit global protein translation, thereby reducing the load of newly synthe-
sized proteins for folding within the EnR. When considered in the context of the 
concurrent removal, degradation, and recycling of damaged or unfolded proteins, 
this effect can enable the cell to better align its available resources with the number 
of protein molecules that need appropriate folding. If homeostasis is restored, the 
cell will not induce a programmed cell death. In marked contrast, chronic activation 
of eIF2α-related signaling can lead to initiation and execution of apoptosis [36]. 
Appropriate regulation of this pathway is one of the critical control features of the 
UPR and can explain, in part, why activation of the UPR can result in either cell 
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survival or cell death. This chapter describes in detail how the PERK arm of the 
UPR regulates the protein translational machinery that plays a critical role in decid-
ing a cell’s fate following an EnR stress.

The next two chapters address the roles of XBP1 in breast cancer. The first of 
these chapters describes the roles of unspliced XBP1 (XBP1-U) and spliced 
(XBP1-S). The second of these chapters looks more closely at the role of XBP1 in 
triple negative breast cancers (TNBC), those that lack detectable expression of ER, 
progesterone receptor (PR), and the oncogene HER2. A later chapter by Clarke 
includes XBP1 activities within the broader role of the UPR as induced by endo-
crine therapies in ER+ breast cancer cells and their responsiveness to these agents.

As described by Hu and Clarke [37], unlike almost all other mRNAs that are 
spliced, XBP1 splicing occurs outside spliceosome assemblies. Rather, the endori-
bonuclease activity of IRE1α removes a 26  bp intron from within the unspliced 
XBP1 transcript. Splicing produces a frame shift that creates a template for translat-
ing an XBP1 protein now capable of acting as a transcription factor. XBP1 proteins 
arising from both the spliced (29 kDa) and unspliced transcripts (56 kDa) can be 
detected in human cancer cells. While the XBP1-S protein is more stable and has a 
longer half-life, XBP1-U can act as an endogenous dominant negative of 
XBP1-S. This chapter details the relative importance of both XBP1-U and XBP1-S, 
including a discussion of XBP1-S activities that occur outside the canonical UPR 
signaling. Indeed, several chapters include discussions of activities that can regulate 
key components of the UPR in a manner outside what is currently thought of as 
being canonical UPR signaling.

The second chapter on XBP1 focuses on another important breast cancer molec-
ular subtype. Representing approximately 15% of all newly diagnosed breast can-
cers, TNBCs are often highly aggressive. Moreover, unlike the remaining two 
molecular subgroups (ER+ and/or PR+; HER2+) there is no standard molecular 
targeted therapy for TNBCs [38, 39]. In the chapter by Zhao et al. [40], the authors 
provide powerful new insights into the role of XBP1 as a central driver of the TNBC 
phenotype. An overview of the role of the UPR in normal mammary gland develop-
ment provides critical background for the subsequent discussion of its role in 
TNBCs. Importantly, the authors link the UPR to hypoxia, nutrient deprivation, and 
MYC activity, extending the discussion to other important cancer-associated genes 
that are often overexpressed or mutated in breast and other cancers (RAS, PI3K, 
TP53). Some of these subjects were introduced briefly in earlier chapters, further 
reinforcing the central role of the UPR in cancer biology. This chapter further details 
the role of the UPR in cell communication within the tumor microenvironment and 
presents some exciting new therapies that could be developed by targeting features 
of the UPR often upregulated in cancer cells.

The most commonly diagnosed breast cancer subtype is comprised of tumors 
that express ER and/or PR. These tumors often respond initially to an endocrine 
therapy that either targets the synthesis of 17β-estradiol (aromatase inhibitors such 
as Letrozole or Anastrozole) or inhibits ER activity (selective estrogen receptor 
modulators, SERMs, like Tamoxifen or selective estrogen receptor downregulators, 
SERDs, like Fulvestrant) [41]. The chapter by Clarke [42] describes a stress 
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response to these endocrine therapies that is centered on activation of the UPR and 
its regulation of autophagy and apoptosis. There are multiple ways the UPR can be 
activated by these drugs including through altered glucose or glutamine metabolism 
and/or reduced ATP production, each of which may lead to the release of GRP78 
and UPR activation. Other sensors of altered energy production including AMPK 
can also affect the activation of UPR and its control of autophagy and apoptosis. 
Key features of this integrated stress response may be affected by genes commonly 
mutated in ER+ breast cancers such as PI3K and AKT. However, unlike HER2 as a 
driver of HER2+ breast cancer biology, these mutations alone may not be particu-
larly powerful drivers of endocrine responsiveness in many ER+ breast tumors 
because of complex feedback control signaling that may dampen their signaling. 
Thus, this chapter describes components of an integrated network that can explain 
the role of known gene mutations but that does not require these to explain the role 
of the UPR as an integrator of endocrine responsiveness, and how UPR signaling 
may be affected by unique features of the ER+ cellular context.

While canonical signaling within the UPR has been well documented, as noted 
above cellular context can alter how the signals flow through the entire UPR net-
work. Adding to the complexity of UPR-related signaling, several of its key compo-
nents are regulated by activities that fall outside canonical representations. The 
insightful chapter by Cook [43] addresses these issues from the perspective of 
GRP78, the common regulator of each of the three canonical arms of the UPR. Here, 
the role of plasma membrane bound GRP78, a feature of many cancers [44], is 
explored in detail. Similarly, GRP78 location on the mitochondria and secreted 
GRP78 are discussed in the context of their respective contributions to cancer cell 
biology. These observations have clear implications for how protein subcellular 
localization may affect the ability to interpret data correctly. Our understanding of 
the role of immunity in response to cancer and its treatment has begun to advance 
rapidly in recent years. What is now evident in cancer immunology research is the 
relative importance of how the UPR may affect multiple aspects of innate and adap-
tive immunity with clear implications for tumor biology [45]. Hence, the final sec-
tions of this chapter begin to address an important feature of the UPR that is less 
fully covered in the preceding chapters, that is the role of the UPR in immunity.

Several of the earlier chapters in this book have emphasized the critical relation-
ship between the UPR and autophagy. While most chapters have addressed different 
aspects of the role of the UPR in cancer biology, the inappropriate accumulation of 
proteins is a notable feature of some neurodegenerative diseases [46, 47]. For exam-
ple, PERK activation is closely associated with the progression of several 
 neurodegenerative diseases, offering a potential target for therapeutic interventions 
[48]. The chapter by Moussa [49] provides readers with a perspective beyond can-
cer by addressing the role of the UPR in the biology of neurodegenerative diseases, 
with a primary focus on the consequences of its regulation of autophagy. The author 
carefully introduces the role of an inappropriate accumulation of proteins in neu-
rons. Targeting this accumulation could lead to potentially transformative treat-
ments for diseases that, for the moment, remain intractable therapeutically where 
the intent is to achieve a cure. Subsequent sections describe the process of autoph-
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agy in detail. These sections will be particularly useful to readers unfamiliar with 
the cellular process of autophagy, independent of the neurodegenerative disease 
setting in which it is presented here.

Clearly, the UPR plays a critical role in maintaining the balance between the 
energy needed to fold proteins and, particularly in secretory cells, the need to man-
age a high load of proteins without compromising cell function and survival. For 
cancers that arise in secretory tissues, such as breast, prostate, pancreas, salivary 
gland, and some immune cells, the ability to use the UPR in an attempt to manage 
the stresses applied from therapeutic interventions is already hard-wired as part of 
their respective biology [4]. Thus, targeting the UPR, perhaps specifically those 
features that are uniquely regulated in a cell context-specific manner, may offer the 
opportunity to develop more effective and more personalized treatments for some of 
the most common and most lethal cancers.

When taken together, the work presented in this book will provide readers with a 
detailed but accessible introduction to the UPR and its potential as a target for the 
development of new anticancer strategies. The section below provides some insight 
into some future research directions in areas where current knowledge may be 
limited.

 Looking Forward

As is evident from each of the chapters in this book, signal flow through the UPR 
network is complex. Moreover, the extent to which a canonical representation is 
useful to understand this signaling, and particularly how this is affected by cell con-
text (including stress-specific responses), is not always clear. Crosstalk among the 
three UPR signaling arms may also be commonplace and cell context specific, both 
in nature (e.g., which nodes use which connections) and in time (e.g., when are 
specific interactions or signaling paths used and when not). As a general guide and 
as a place to start, static canonical models clearly have their place [16]. However, in 
dynamic signaling networks with complex feedback and feedforward control and 
crosstalk among signaling pathways, signaling is often difficult (or impossible) to 
interpret or predict heuristically. For example, the effects of some signals can be 
non-linear, where small changes in one component produce a much larger change in 
another [50]. Mathematical models can be very useful in this setting, particularly 
where it is important to predict the likely consequences of a measured change in the 
expression or activation state of key genes. Given the known complexity of signal-
ing and the often sparsity of data, there are relatively few such models of the UPR 
and these tend to be relatively high level [16, 51]. Moreover, the extent to which 
canonical signaling is modified by cellular context is often unclear, as is the degree 
and nature of coordination and integration of signaling crosstalk among the three 
UPR arms. For complex disease states, including those evident in heterogeneous 
tumor cell microenvironments, there is likely much yet to be discovered about how 
the UPR is differentially regulated. Predicting the consequences of UPR activation 
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for the survival and proliferation of cancer cells, and their adaptive responses to 
systemic treatment interventions, is an area that likely also requires considerable 
additional research. This line of research may be greatly facilitated by appropriate 
computational and mathematical modeling [50].

While activation of the UPR can modify rates of transcription and translation, the 
proteins a cell needs to function normally, particularly in response to different 
stressors, likely varies significantly with time and with exposure to cell intrinsic and 
extrinsic stress. How the UPR is directed to ensure that adequate amounts of the 
most critical proteins are made in a cell context-specific manner, is another area 
where there are likely gaps in current knowledge. Indeed, it remains to be seen what 
level of specificity is required and achieved in this regard beyond those events regu-
lated specifically within the UPR network, at least as this network is understood 
canonically. Some of these decisions may be made outside the canonical UPR (or 
the cell) yet affect UPR network signaling. For example, the expression of some 
genes may be controlled by transcription factors that respond to signals from the 
cell’s microenvironment. In cancer cells, intrinsic events may alter signal flow 
through the UPR network. Signal flow through a locality of the network may be 
altered when a driver mutation is acquired during neoplastic transformation or 
tumor progression. Even if the UPR network connections retain features present in 
current canonical signaling representations, the weight or importance of each con-
nection may then differ. Changes in the use of different individual nodes is often 
seen in complex signaling networks that can exhibit small world properties where 
each node (e.g., mRNA, protein, metabolite) can be reached by connecting through 
only a small number of other nodes [52]. Thus, there may be cell context-specific 
preferred signaling routes for UPR activation and execution. Here again, mathemat-
ical models may be useful in understanding critical nuances in UPR network signal 
flow. These issues become more important when looking for drug combinations to 
block prosurvival signaling through the UPR, as would usually be the case in devel-
oping new cancer treatment modalities. Several chapters in this book discuss poten-
tial drugs that may be useful in developing new intervention strategies for cancer 
patients. Developing appropriate drug combinations and schedules may require a 
greater understanding of UPR signaling, including the dynamical features of signal 
flow (most signaling is inherently directed and dynamic), and features of redun-
dancy and degeneracy that may confer apparently emergent properties on UPR sig-
naling as are often evident in other signaling networks [50].

Timing of UPR induction is clearly critical if a cell is to be proactive rather than 
only reactive. Since it is evident that the UPR is not merely a stress response 
 network, it is not surprising that some signals may induce the UPR in advance of the 
build-up of proteins for folding in the EnR.  For example, in secretory cells that 
receive an external signal to initiate the production of proteins for secretion, waiting 
for the cell to become stressed from an increased protein load before activating 
homeostatic regulatory functions could put the cell’s ability to survive at risk. 
Prewiring of the UPR is evident in response to heat shock [19] and is generally 
called an anticipatory UPR response [53]. Thus, the UPR is activated in advance of 
increased protein translation [54]. The anticipatory prewiring of key UPR stress 
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response features is a relatively new and exciting area of research [18]. Moreover, 
the anticipatory aspects of the UPR are likely to have broad implications beyond the 
cell models in which they were first reported.

While much of the research described in this book tends to treat the UPR in the 
context of its action within the EnR, it is evident that the UPR can also be activated 
in mitochondria [1]. As the primary energy source for a cell, preservation of mito-
chondrial function is critical for cell survival. Hence, mitochondrial UPR (UPRmt) 
is induced in response to the accumulation of unfolded or damaged proteins within 
mitochondria. To maintain integrity and functionality of the mitochondrial pro-
teome, UPRmt activates retrograde signaling that coordinates actions within both 
the mitochondrial and nuclear genomes [1]. Importantly, the UPRmt ensures contin-
ued oxidative phosphorylation through signaling that involves accumulation of 
ATFS-1 [55]. Perhaps reflecting its role in several aspects of the immune response, 
UPRmt can initiate a protective innate immune response to eliminate pathogens that 
attack mitochondrial function [56]. A greater research focus on the UPRmt is antici-
pated in the near future.

The UPR is a highly coordinated network that controls and/or integrates multiple 
cellular functions that can support cell development and restore key cellular func-
tions to homeostasis during stress. Whether initiated and executed within the EnR 
or mitochondria of cancer cells, key components of its signaling offer targets for 
novel therapeutic intervention. Research into the UPR and its role in cancer biology 
continues to receive increasing attention. Thus, it is hoped that this volume will 
provide a useful introduction and reference for its readers.
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Chapter 2
Endoplasmic Reticulum Stress Signalling 
During Development

Caia S. Dominicus, Vruti Patel, Joseph E. Chambers, Elke Malzer, 
and Stefan J. Marciniak

Abstract The unfolded protein response (UPR) is a complex homeostatic pro-
gramme that balances the load of secretory protein synthesis with the folding capac-
ity of the endoplasmic reticulum (ER). Although originally believed to function 
predominantly as a stress response pathway, growing evidence supports a role for 
the UPR in the regulation of development. The study of human diseases alongside 
work with transgenic mouse models has implicated the UPR in a wide range of 
developmental processes. This chapter examines the three distinct branches of the 
UPR and their importance during development.
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 Introduction

The Unfolded Protein Response

In eukaryotic cells, proteins destined for secretion or cell-surface exposure undergo 
post-translational modifications, such as oxidative folding and N-glycosylation, to 
ensure their stability in extracellular conditions [1]. This maturation process is 
incompatible with the cytosolic environment and so eukaryotes evolved an 
extracellular- like compartment called the endoplasmic reticulum (ER) in which 
such folding can occur [2]. Newly synthesized polypeptides are translocated into 
the lumen of the ER via a proteinaceous pore, the Sec61 complex, and subsequently 
undergo chaperone-assisted folding and post-translational modifications. The ER 
maintains a stringent quality control system that ensures only properly folded pro-
teins progress down the secretory pathway, while unfolded and misfolded proteins 
are retained and ultimately returned to the cytoplasm for ER-associated degradation 
(ERAD) [3] (Fig. 2.1). Aberrant protein folding can lead to the formation of insolu-
ble aggregates through non-native protein–protein interactions, and this has been 
linked to many clinical disorders including cancer [4–8]. In light of the deleterious 
consequences of protein misfolding, it is crucial that cells adapt to an imbalance 
between the ER’s folding capacity and the appearance of unfolded client proteins 
(so-called ER stress). The response elicited by the accumulation of unfolded or 
misfolded proteins is known as the unfolded protein response (UPR; Fig. 2.1).

The UPR constitutes a three-pronged signalling pathway that (1) attenuates the 
rate of mRNA translation thus lowering the levels of new ER client proteins [9]; (2) 
induces the transcription of target genes that increase the folding capacity of the ER 
or enhance degradation of aberrant proteins [10]; and (3) triggers cell death if the 
levels of ER stress prove to be insurmountable [11, 12]. The entire response is medi-
ated by three ER stress transducers: inositol-requiring protein-1 (IRE1), activating 
transcription factor-6 (ATF6), and protein kinase RNA (PKR)-like ER kinase 
(PERK), which will be considered in turn.

IRE-1

IRE1 is found in all eukaryotes and, accordingly, regulates the most evolutionary 
conserved arm of the UPR. Mammals possess two IRE1 paralogues, IRE1α and 
IRE1β [13–15], of which IRE1α is expressed ubiquitously, while IRE1β is restricted 
to the intestinal and pulmonary epithelia [14]. In most tissues, IRE1 signalling is 
mediated primarily by the IRE1α isoform, while IRE1β expression is more 
restricted, being required for intestinal and airway epithelial mucin production [16, 
17]. One model suggests that IRE1 activation is regulated by the binding of the 
HSP70-class chaperone Binding immunoglobulin Protein (BiP) to its ER luminal 
domain [17]. During ER stress, BiP binds to misfolded proteins, releasing IRE1 for 
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Fig. 2.1 Proteostasis in the endoplasmic reticulum (ER). Polypeptide chains enter the ER cotrans-
lationally and associate with ER chaperones including BiP and PDI. Correctly folded proteins exit 
the ER while misfiled proteins are retained and may eventually be targeted for ER-associated 
degradation (ERAD). Accumulation of unfolded proteins triggers the unfolded protein response 
(UPR) via IRE1, ATF6, and PERK. During ER stress, IRE1 initiates unconventional splicing of 
XBP1 mRNA, while ATF6 traffics to the Golgi where proteolysis liberates its transcription factor 
domain. Both XBP1 and cleaved ATF6 up-regulate components of the ER folding and degradation 
machineries. PERK phosphorylates eIF2α to reduce global protein synthesis while inducing the 
transcription factor ATF4. ATF4 promotes oxidative protein folding, amino acid synthesis, and 
eventual recovery of normal rates of translation. IRE1 can also reduce translation by degrading 
ER-localized mRNAs via regulated IRE1-dependent decay (RIDD). Adapted from [1]
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oligomerization and activation. However, structural studies have suggested that the 
luminal domain of yeast IRE1 may adopt a conformation similar to the peptide-
binding cleft of major histocompatibility complex (MHC) [18]. This raises the 
intriguing possibility that IRE1 might bind directly to misfolded protein polypep-
tides. These two competing models are not mutually exclusive.

Upon activation, IRE1 oligomerizes and trans-autophosphorylates its cytosolic 
kinase domain [19]. The resulting conformational change leads to activation of the 
endoribonuclease domain of IRE1 resulting in specific cleavage of a single mRNA 
substrate, X-box binding protein-1 (XBP1) [20]. IRE1 catalyses the excision of an 
inhibitory intron from this mRNA, which is then religated by RtcB [20–22]. The 
resulting frame shift changes the sequence of the C-terminal portion of XBP1 to 
generate a functionally active transcription factor (XBP1s). Transcriptional targets 
of XBP1s mediate increased ER folding capacity, membrane biogenesis, and 
autophagy [23, 24].

Recently, the endoribonuclease activity of IRE1 has been implicated in an addi-
tional process termed ‘regulated IRE1 dependent decay’ (RIDD) [25]. In response 
to prolonged stress, IRE1 cleaves a subset of mRNAs encoding predominantly 
membrane and secreted proteins, thus alleviating ER client load. Substrate specific-
ity for this more promiscuous cleavage mechanism appears to be directed by both 
ER localization and some degree of transcript sequence specificity [26, 27]. 
Surprisingly, in vitro experiments have suggested that XBP1 mRNA splicing and 
RIDD may occur independently of one another. Drug-mediated activation of an 
engineered IRE1 has been shown to activate XBP1-directed nuclease activity with-
out triggering RIDD [25, 28]. It remains to be determined how IRE1 selects between 
these two activities. As both dimers and higher order IRE1 oligomers have been 
detected during ER stress [28, 29], it is plausible that the state of IRE1 oligomeriza-
tion may play a role in regulating its endoribonuclease substrate selection.

PERK

PERK regulates the second, and evolutionarily younger, arm of the mammalian 
UPR.  Its luminal domain shares 20% identity with IRE1, while its cytoplasmic 
kinase domain shares 40% identity to RNA-dependent protein kinase (PKR), a 
known eukaryotic initiation factor 2α (eIF2α) kinase [9]. This led to the discovery 
that while PERK is activated in a manner similar to that of IRE1, following its acti-
vation PERK phosphorylates eIF2α on serine 51 [9]. Interestingly, while dispens-
able for its catalytic activity, phosphorylation of PERK’s insert loop domain is 
required for eIF2α recruitment [30]. During the initiation of mRNA translation, the 
eIF2 complex recruits aminoacylated initiation methionyl-transfer RNA (met- 
tRNAi

met) to the ribosome in a GTP-dependent manner [31]. This process involves 
hydrolysis of GTP, and subsequent initiation events depend on the exchange of GDP 
for GTP by the guanine nucleotide exchange factor eIF2B.  Phosphorylation of 
eIF2α inhibits eIF2B, preventing the GDP to GTP exchange from occurring, thus 
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causing the initiation complex to be held in an inactive conformation and global 
translation to be attenuated.

In addition to a downturn in global translation, phosphorylated eIF2α induces the 
preferential translation of a subset of transcripts by overcoming the inhibitory 
effects of small upstream open reading frames [32, 33]. A key effector that is up- 
regulated in this manner is the activating transcription factor 4 (ATF4) [32]. This 
contributes to the cell’s adaptation to stress, since ATF4 transactivates numerous 
genes encoding chaperones, amino acid transporters, and antioxidants [10]. ATF4 
also induces expression of another transcription factor, C/EBP homologous protein 
(CHOP), which is required for the up-regulation of various genes including the 
regulatory subunit of the protein phosphatase 1 (PP1), growth arrest and damage 
gene 34 (GADD34, also known as PPP1R15A) [12, 34]. GADD34 directs PP1 to 
dephosphorylate eIF2α, allowing for the resumption of normal rates of translation 
[35–37]. The ATF4-CHOP-GADD34 axis plays a role in the resolution of ER stress 
because it enables the recovery of global translation, facilitating the protein synthe-
sis necessary for translation of mRNAs up-regulated during the UPR.

ATF6

ATF6α is an ER type II transmembrane protein that triggers a third arm of the 
mammalian UPR. ATF6β is a distant homologue of ATF6α, and both are widely 
expressed in all tissues. Under ER stress conditions, BiP dissociates from the 
luminal domain of ATF6 to reveal a Golgi localization signal that allows it to exit 
the ER and traffic to the Golgi apparatus [38]. Furthermore, recent studies have 
demonstrated that disulphide bonds within ATF6 are reduced during ER stress, 
and that the degree of reduction correlates with activation [39]. While reduction 
of disulphide bonds does not appear to be directly responsible for activation, frac-
tionation studies have demonstrated that only reduced monomeric ATF6 reaches 
the Golgi where it is cleaved by Site-1 (S1P) and Site-2 proteases (S2P) to pro-
duce a soluble cytosolic fragment, ATF6(N) [38–40]. This truncated form migrates 
to the nucleus where it transactivates numerous ER-stress responsive genes, 
including BiP, CHOP, and XBP1 [41, 42].

UPR in Physiological Development

Although frequently considered to function exclusively as a stress response path-
way, much evidence supports a role for the UPR during physiological development. 
Various human diseases and mouse studies have implicated UPR mediators in 
developmental pathways and many appear to be essential for embryonic develop-
ment, as evidenced by embryonic knockout lethality (Table  2.1). Moreover, 
perturbation of these pathways disrupts tissue development in animal models [63]. 
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Table 2.1 Genetic models linking the unfolded protein response with development

UPR 
component Genetic model Phenotype Reference(s)

IRE1α Ire1α−/− Lethal between embryonic days (E) 
12.5 and 13
Marked vascularization defects in the 
placenta

[43]
[44]

Ire1α/Rag2−/− Defects in early and late stages of 
plasma-cell differentiation

[43]

XBP1 Xbp1−/− Embryonic lethal at E14.5 with severe 
liver hypoplasia and reduced 
haematopoiesis causing severe anaemia

[45]

Liver-specific expression 
of Xbp1 (Xbp1−/−;LivXbp1)

Impaired exocrine pancreatic function [46]

Xbp1/Rag2−/− Defective late-stage plasma-cell 
differentiation
Defective dendritic cell differentiation

[47]
[48]

PERK Perk−/− Hyperglycaemia in 4-week old mice 
due to degeneration of insulin secreting 
ß-cells
Severe osteopenia

[49]
[50]

eIF2α Homozygous 
nonphosphorylatable 
knock-in (eIF2αS51A/S51A)

Severe hypoglycaemia during the first 
post-natal day and die within 18 h

[51]

Heterozygous 
nonphosphorylatable 
knock-in (eIF2αS51A/+)

Increased obesity and adipocyte 
number, glucose intolerance, and 
impaired insulin secretion when placed 
on a high-fat diet. β-cell failure

[52]
[53]

ATF4 Atf4−/− Severe osteopenia
Severe cartilage defects

[54]
[55]

CHOP Chop−/− Decreased bone formation
Note: it appears that CHOP has a 
complex role in osteoblast function, 
both inhibiting differentiation in some 
settings, but able to promote BMP 
signalling in a cell-type specific manner

[56]
[57]
[58]

Increased body fat mass relative to 
control when placed on high fat diet

[53]

ATF6 Atf6α/Β−/− Embryonic lethal [59]
Atf6α−/− Older mice develop marked 

degeneration of photoreceptors
[60]

OASIS Oasis−/− Severe osteopenia [61]
Cerebral cortex-specific Oasis−/− Cerebral cortices contain fewer 

astrocytes and more neural precursor 
cells

[62]
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In this chapter, we will examine each branch of the UPR and their roles in 
development.

 IRE1-XBP1 Axis in Development

Embryonic Liver and Placenta

Knockout mouse models have demonstrated a key role for IRE1α in embryonic 
development [43, 64]. Ire1α-deficient mice die between embryonic days (E) 12.5 
and 13, at which point they show marked growth retardation, liver hypoplasia, and 
anaemia [43]. This outcome likely reflects impaired processing of Xbp1 mRNA 
since whole-animal Xbp1 deletion is also embryonic lethal at E14.5 with severe 
liver hypoplasia and reduced haematopoiesis [45]. This embryonic lethality can be 
rescued if XBP1 is re-expressed specifically within the liver [46]. The effects on 
haematopoiesis appear to reflect a requirement of the developing liver for XBP1 in 
order to provide an appropriate environment for the establishment of red cell pre-
cursors, rather than a direct effect on these precursors themselves. For example, in 
normal mice, high levels of Xbp1 mRNA are detected in the liver bud at E10.5, 
before significant population of the liver by haematopoietic stem cells [45]. 
Moreover, XBP1-deficient haematopoietic progenitor cells derived from fetal aorto- 
gonad- mesonephros, yolk sac, or liver all show normal proliferation and differentia-
tion in vitro [45]. The mechanism of this effect remains to be fully elucidated, 
although microarray experiments have suggested a number of hepatocyte-specific 
target genes of XBP1 including α-fetoprotein, a putative regulator of hepatocyte 
growth, and three acute phase protein family members, α1-antitrypsin, transthyre-
tin, and apolipoprotein A1, which were each found at significantly reduced levels in 
XBP1-deficient cells [45].

The importance of IRE1α during development is not restricted to the liver. 
Bioluminescence imaging of an XBP1-luciferase reporter identified intense IRE1 
activity at embryonic day 13, primarily in the placenta [44]. Accordingly, high lev-
els of Ire1α and spliced Xbp1 (Xbp1s) mRNA were detected in the placenta from 
E8.5 to E15.5 [44]. At E13.5, the placenta is formed of three readily discernible 
layers: the labyrinth, spongiotrophoblast, and decidua; but in Ire1α−/− mice, only the 
labyrinth is abnormal, showing marked vascularization defects [44]. This layer of 
the placenta, which is the site of oxygen and nutrient exchange between mother and 
fetus, also showed decreased expression of vascular endothelial growth factor A 
(VEGF-A), a key factor required for placental vascularization [44, 65]. Remarkably, 
XBP1-deficient mice showed no such alteration in VEGF-A expression suggesting 
the existence of other IRE1 targets [44]. The importance of placental IRE1α is strik-
ing since deletion of Ire1α in all tissues apart from trophoblasts of the labyrinth 
generates mice with normal VEGF-A and proper placental development [44]. 
Curiously, not only do these animals survive gestation, but they also show rescue of 
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the liver hypoplasia seen previously in Ire1α−/− animals. It remains unclear whether 
expression of IRE1α within the placenta rescues liver hypoplasia by compensating 
for nutrient deprivation of the whole fetus, or whether the IRE1α-deficient liver can 
compensate for deficient IRE1-XBP1 signalling if provided with sufficient 
nutrition.

Nevertheless, the requirement for IRE1α signalling during embryogenesis sug-
gests a critical role for the UPR in placental angiogenesis, while the 
 XBP1- independent effects of IRE1α on VEGF-A expression suggest the existence 
of further important IRE1 targets although their identities remain obscure. 
Transcriptional profiling has identified carcinoembryonic antigen (CEA) family 
genes Ceacan and Psg to be dysregulated in Ire1α−/− placentas [66]. While these 
are plausibly involved in regulating VEGF-A expression and/or immunomodula-
tion within the placenta [66, 67], they appear to be XBP1 dependent and so other 
important targets probably exist.

Pancreas and Stomach

Although liver-specific expression of Xbp1 (Xbp1−/−;LivXbp1) rescued the embryonic 
lethality of Xbp1−/− mice, these animals went on to die in the perinatal period with 
signs of growth retardation, nutritional failure, and hypoglycaemia [46]. The mutant 
pups showed distended loops of bowel filled with undigested milk suggesting 
impaired exocrine pancreatic function [46] consistent with previous observations 
that XBP1 and IRE1 are highly expressed in the pancreas [13, 68]. Indeed, the pan-
creata of Xbp1−/−;LivXbp1 mice were much smaller than those of wild-type controls, 
with sparsely distributed acini in a loose mesenchymal background [46]. As one 
might expect from the known requirement of XBP1 for ER expansion, the acinar 
cells of mutant animals had a poorly developed ER and a marked reduction in the 
number and size of zymogen secretory granules [46]. In keeping with this, the 
mutant pancreata contained little trypsinogen and the expression of amylase and 
elastase was reduced [46]. There is an ongoing requirement for IRE1-XBP1 signal-
ling for pancreatic health since conditional disruption of XBP1 in adult pancreatic 
acinar cells results in an identical phenotype [69]. Interestingly, loss of XBP1 did 
not affect embryonic pancreatic islet cell development, suggesting that XBP1 is 
required primarily by the exocrine pancreas [46]. The expression of a number of 
important ER proteins is reduced in the Xbp1−/−;LivXbp1 pancreas, including Sec61α, 
EDEM, PDI, and the exocrine pancreas-specific isoform PDIp [46, 70, 71]. Sec61α 
plays a role in protein translocation across the ER membrane [72], while EDEM is 
involved in the degradation of misfolded ER proteins [73]. The PDI proteins both 
catalyse disulphide bond formation and the isomerization of newly synthesized pro-
teins [74].

XBP1 has also been shown to regulate directly the expression of Mist1, a key 
gene in the development of the exocrine pancreas and the regulation of secretory 
vesicle maturation [75, 76]. XBP1 was found to bind the Mist1 promoter in various 
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cell lines, and XBP1 over-expression induced expression of Mist1 [77]. While these 
studies were not performed in acinar cells, it is plausible that XBP1 regulates Mist1 
expression in the pancreas and that a defect in this regulation accounts for some of 
the exocrine pancreatic defects seen in Xbp1−/−;LivXbp1 mice.

Through effects on Mist1, XBP1 also regulates differentiation of gastric zymo-
genic cells from mucous neck-cells [78]. Conditional deletion of Xbp1 in adult 
stomachs using a tamoxifen-sensitive cre-lox system led to zymogenic cell-specific 
deficits of the ER and granulogenesis that closely resembled MIST1 loss of function 
in the exocrine pancreas [78–80]. Again, XBP1 was confirmed to bind directly to 
the promoter of Mist1 [78]. Interestingly, loss of XBP1 appeared to impair the loss 
of progenitor neck-cell genes by zymogenic cells [78]. Xbp1 null zymogenic cells 
remained stuck in a state of transition, unable to differentiate terminally. This 
increase in the expression of neck-cell markers is reminiscent of the transitional 
morphology of zymogenic lineages seen in spasmolytic polypeptide-expressing 
metaplasia (SPEM) [79]. In this gastric precancerous lesion, the loss of MIST1 
expression is one of the first markers of defective neck-cell to zymogenic cell dif-
ferentiation [81].

B Cells and Plasma Cells

The importance of the UPR in plasma cell differentiation was first highlighted in 
studies focused on B cell lymphopoiesis and observations that XBP1 is up-regulated 
in myeloma cell lines [82]. XBP1s and ATF6c are both generated during B cell dif-
ferentiation, while the PERK axis appears to remain quiescent [83]. Loss of XBP1 
is embryonically lethal, but use of a RAG2 complementation system enabled the 
generation of mice with selective loss of XBP1 from lymphocytes [84]. Xbp1- 
Rag- 2−/− lymphoid chimeric mice developed normally, generated normal numbers 
of B and T cells, secreted cytokines and formed normal germinal centres [84]. 
However, XBP1-deficient animals had significantly lower baseline levels of all 
serum immunoglobulin isotypes. When challenged with T cell-independent or 
dependent antigens, those mice failed to mount an effective antibody response [84]. 
Similarly, animals deficient in XBP1 in lymphoid cells were markedly impaired in 
their ability to control infection with polyoma virus, which is usually cleared 
through B cell-mediated immunity [84]. Stimulation of B cells with lipopolysac-
charide (LPS) or interleukin-4 has been shown to induce expression of Xbp1 mRNA 
and its IRE1-dependent splicing [85]. Moreover, the expression of UPR targets such 
as BiP and GRP94 was increased in LPS-stimulated B cells prior to the translation 
of immunoglobin chains [83, 85]. Indeed, B cell receptor signalling is sufficient to 
induce a short-lived UPR [86].

The precise role of XBP1 activation in B cell development has been subject to 
some debate. Early studies using chimeric Xbp1-Rag-2−/− mice found that expres-
sion of CD138 (syndecan-1), a marker of plasma cell differentiation, could not be 
detected on the surface of XBP1-deficient B cells after stimulation [84]. This led to 

2 Endoplasmic Reticulum Stress Signalling During Development



26

the conclusion that XBP1 is required, not only for the proper secretory function of 
plasma cells, but also for their differentiation. More recent studies using a B cell- 
specific Xbp1 knockout mutant mouse confirmed that XBP1 is required for secre-
tion of immunoglobins. However, those mice exhibited only minor effects on plasma 
cell differentiation that were restricted to later stages of plasma cell development 
[47, 87, 88]. This incongruity with previous findings may be accounted for by the 
fact that XBP1 has also been shown to play a role in the development and function 
of dendritic cells [48]. It is therefore conceivable that XBP1 function in a non-B cell 
population has an impact on the numbers of CD138+ cells in Xbp1-Rag-2−/− mice 
[87].

It is now clear that XBP1 works within a larger transcriptional circuit that gov-
erns B cell proliferation and plasma cell differentiation [89]. BCL-6 and Pax5 are 
factors that promote proliferation of B cells, while blocking differentiation to 
plasma cells (Fig. 2.2). Pax5 blocks expression of XBP1 [90], while BCL-6 blocks 
BLIMP1, a master regulator of plasma cell differentiation [91]. BLIMP1, in turn, 
suppresses expression of both BCL-6 and Pax5, thus blocking further proliferation 
and de-repressing of XBP1 expression [92, 93]. Independent of BLIMP1, IRF4 also 
promotes plasma cell differentiation and permits XBP1 expression [94]. In Xbp1−/− 
cells, both BLIMP1 and IRF4 levels have been reported to increase, suggesting that 
XBP1 or its targets feedback to these factors (Fig. 2.2) [47, 87]. The loss of XBP1 
from B cells appears to impair B cell receptor signalling leading to aberrant IRF4 
and BLIMP1 induction [47]. Although these XBP1-deficient B cells form antibody- 
secreting plasmablasts following immunization, they fail to undergo CXCL12- 
induced chemotaxis to the bone marrow, and are unable to sustain antibody secretion 
[47]. It is worth noting that one report has described only modest effects on anti-
body secretion by Xbp1−/− cells and normal expression of BLIMP1 and IRF4 [88]. 
The reason for this disparity is not yet clear and so additional studies are needed.

Interestingly, IRE1 deficiency also leads to B lymphopoietic defects, but at an 
earlier developmental stage than observed for XBP1-deficient cells. Ire1α−/− haema-
topoietic stem cells can commit to the lymphoid lineage, but do not progress beyond 
the pro-B cell stage of development [43]. These cells are severely defective in VDJ 
recombination of immunoglobulin genes and so fail to express B cell receptors [43]. 
This defect has been attributed to a role for IRE1 in regulating the expression of the 
recombination-activating genes rag1, rag2, and the gene encoding terminal deoxy-
nucleotidyl transferase (TdT) in pro-B cells, rather than an effect on XBP1 per se. 
The kinase or endoribonuclease activities of IRE1 are not necessary for this effect, 
which is difficult to reconcile with current models of IRE1 function [43, 84]. Recent 
advances in techniques with which to study the IRE1-XBP1 axis warrant renewed 
investigation of this hypothesis.

In keeping with their importance in normal plasma cell development, expression 
levels of IRE1 and XBP1s are markedly increased in multiple myeloma, and XBP1s 
has been identified as an independent prognostic marker and predictor of thalido-
mide response in this disease [95]. Moreover, inhibition of the IRE1 endoribonucle-
ase domain by the small molecule MKC-3946 was found to trigger a modest growth 
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Fig. 2.2 B cell differentiation. Transcription factors PAX5, BCL-6, BLIMP1, IRF4, and XBP1 
form a circuit regulating B cell proliferation and plasma cell differentiation. BCL-6 blocks expres-
sion of BLIMP1, the master regulator of plasma cell differentiation, and promotes B cell prolifera-
tion. Signalling through the B cell receptor (BCR) leads to degradation of BCL-6, de-repressing of 
BLIMP1. BLIMP1 suppresses expression of PAX5 to de-repress XBP1, which promotes expan-
sion of the ER and enables increased secretion of immunoglobulin by plasma cells. Activation of 
the CD40 receptor leads to NF-κβ-mediated induction of IRF4, which suppresses BCL-6 expres-
sion, promotes plasma cell differentiation, and permits XBP1 expression. XBP1 might acts as a 
negative feedback regulator of both BLIMP1 and IRF4
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inhibition in several myeloma cell lines, without affecting normal mononuclear 
cells [96].

Dendritic Cells

The IRE1α-XBP1 pathway is also important for the development of dendritic cells, 
another key component of the immune system [48]. These are critical in orchestrat-
ing the innate and adaptive immune responses by presenting antigens to T and B 
cells in the secondary lymphoid tissues. Their survival is tightly controlled by vari-
ous stimuli, including pathogen-mediated Toll-like receptor (TLR) stimulation. 
Xbp1-Rag-2−/− chimeric mice show a marked reduction in the numbers of conven-
tional dendritic cells and, particularly, plasmacytoid dendritic cells, a subset charac-
terized by an expanded ER and high interferon type 1 (IFN-α) secretion [48, 97]. 
Both conventional and plasmacytoid dendritic cells from XBP1-deficient mice 
show reduced survival upon TLR engagement, while the plasmacytoid dendritic 
cells fail to expand their ER and are impaired in IFN-α production [48]. All freshly 
isolated dendritic cell subsets show elevated XBP1 splicing relative to unactivated T 
and B lymphocytes, with especially high levels of total XBP1 mRNA seen in plas-
macytoid dendritic cells [48]. Even in the absence of additional ER stress, IRE1α 
activation and XBP1 splicing can be detected [98]. Subsequent TLR stimulation 
does not significantly affect Xbp1 mRNA expression or splicing, suggesting that 
XBP1 governs an earlier stage of dendritic cell development distinct from the TLR- 
induced nuclear factor-κB (NF-κB)-dependent pathway [48]. Dendritic cells dif-
ferentiate from Fms-like tyrosine kinase 3 (Flt3)-expressing cells, but the numbers 
of Flt3+ cells are not reduced in Xbp1−/− haematopoietic progenitors [48, 99]. Forced 
expression of XBP1s in Flt3+ but not Flt3− progenitors rescues both dendritic cell 
subsets [48]. Indeed, high levels of XBP1s expression can render Xbp1−/− cells more 
efficient at dendritic cell differentiation relative to wild-type controls. This observa-
tion suggests that XBP1-mediated effects on differentiation must occur after the 
Flt3+ progenitor stage. Loss of Xbp1−/− has complex effects on dendritic cell biol-
ogy, not only through loss of target gene expression, but also through loss of feed-
back inhibition of IRE1α. In dendritic cells lacking functional XBP1, high levels of 
RIDD altered their phenotype by enhancing the degradation of mRNAs encoding 
components of the MHC class I machinery and CD18 integrins [98].

Osteogenesis

XBP1 may also play a role in bone development. Mouse embryonic fibroblasts 
treated with bone morphogenic protein (BMP)-2 show marked increases in expres-
sion and splicing of XBP1. In the absence of IRE1, treatment with BMP2 failed to 
cause the expected increase of alkaline phosphatase activity or expression of the 
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osteoblast markers osterix and osteocalcin [100]. The transcription factor osterix 
appears to be a direct target of XBP1 (Fig. 2.3), and its expression in IRE1-deficient 
mouse embryonic fibroblasts partially rescues BMP2-induced alkaline phosphate 
expression. These findings implicate XBP1  in the late stage of osteoblast 
differentiation.

In view of this role in osteoblast development, it was surprising that deletion of 
IRE1 in bone marrow cells led to an increase in bone mass [101]. This occurred 
because IRE1 and XBP1 also regulate expression of nuclear factor of activated T 
cells cytoplasmic 1 (NFATc1), a key factor in the development of bone-resorbing 
osteoclasts (Fig. 2.3) [101]. As a result, loss of IRE1α is associated with impaired 
osteoclast differentiation. IRE1α becomes activated transiently during osteoclasto-
genesis, possibly through calcium loss from the ER via the inositol 1,4,5- trisphosphate 
receptors 2 and 3 since their blockade prevents activation of IRE1α. Furthermore, 
XBP1 has been shown to regulate osteoclastogenesis by regulating the transcription 

Fig. 2.3 The UPR in osteogenesis. BMP2 signalling induces IRE1-dependent XBP1 splicing. 
XBP1 is required for expression of Osterix (OSX), a transcription factor driving osteoblast dif-
ferentiation. IRE1-XBP1 also regulates the transcription of PTH1R in osteoblasts. PTH signalling 
induces expression of RANKL, an osteoclastogenic cytokine secreted by osteoblasts. RANKL- 
mediated signalling in osteoclasts further activates IRE1-mediated XBP1 splicing, thus inducing 
expression of NFATc1 to promote osteoclast differentiation. BMP2 triggers PERK-dependent 
expression of ATF4, and RSK2-mediated activation of ATF4 facilitates the expression of the hor-
mone osteocalcin (OCN) by osteoblasts. Sympathetic signalling via ß2-adrenergic receptors 
(Adrβ2) on osteoblasts activates protein kinase A-mediated activation of ATF4. BMP2-mediated 
signalling also induces ATF6 expression in a Runx2-dependent manner. In cooperation with Runx2 
and ATF4, ATF6 regulates OCN expression
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of parathyroid hormone (PTH)/PTH-related peptide receptor (PTH1R) in osteo-
blasts (Fig.  2.3). PTH signalling has been shown to induce expression of the 
Receptor activator of NF-κB ligand (Rankl) gene, which encodes an osteoclasto-
genic cytokine secreted by osteoblasts [102, 103]. Gene silencing of Ire1α and Xbp1 
was shown to block the BMP2-mediated increase in Pth1r transcription in mouse 
embryonic fibroblasts, and XBP1 was later shown to regulate Pth1r transcription 
directly [104]. In addition, gene silencing of Xbp1 suppressed PTH-induced Rankl 
expression in primary osteoblasts and thereby abolished osteoclast formation in an 
in vitro model of osteoclastogenesis [104].

XBP1 also has a more subtle role in the development of cartilage. Although a 
report suggesting that XBP1s associates with Runt-related transcription factor 2 
(RUNX2) to regulate chondrocyte growth was retracted [105], a later paper identi-
fied phenotypes in mice with cartilage-specific XBP1 inactivation (Xbp1CartΔEx2) 
[106]. Ablation of XBP1 did not prevent chondrocyte hypertrophy in vivo, but 
instead led to chondrodysplasia with shortening of endochondral bones and delayed 
endochondral ossification during development. However, this phenotype had 
resolved by the time of skeletal maturity suggesting that, unlike in bone, loss of 
XBP1 in cartilage can be compensated.

Epithelial-to-Mesenchymal Transition

Epithelial-to-mesenchymal transition (EMT) is a frequent and important process 
during embryonic development because of the requirement to reorganize germ lay-
ers and tissues. EMT is de-differentiative process during which epithelial cells lose 
their polarity and adhesive properties and revert to mesenchymal cells with invasive 
and migratory properties. Its importance is not restricted to early embryonic mor-
phogenesis since it also fulfils an important patterning function by generating novel 
tissue juxtapositions that will facilitate further patterning events. In pathology, EMT 
also plays an important role in many human diseases. In response to a variety of 
stressful stimuli, secondary epithelium in adult tissues can undergo EMT resulting 
in fibroblast production and fibrogenesis, while epithelial tumours undergo EMT 
prior to metastasis [107–110].

Emerging evidence suggests that ER stress promotes EMT and fibrosis [111–
114]. Treatment of alveolar cells with tunicamycin (a drug that causes ER stress 
throught selective inhibition of N-glycosylation) or the chronic expression of mutant 
surfactant protein C have both been shown to induce EMT [114]. Similarly, thyroid 
epithelial cells exposed to ER stress-inducing drugs exhibited EMT [111]. This de- 
differentiation process seems to be mediated through Smad2/3 and Src kinase sig-
nalling, as specific inhibition of these pathways blocked EMT and so maintained the 
epithelial phenotype [111, 114]. While the precise mechanism linking the UPR to 
Smad and Src activation remains unclear, siRNA targeting of IRE1, but not PERK 
or ATF6, was found to attenuate tunicamycin-induced Smad2 and Src phosphoryla-
tion [114]. Although these studies did not examine the physiological relevance of 
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the UPR in EMT, it is plausible that the IRE1-XBP1 axis may also contribute to 
EMT during embryonic development.

PERK-eIF2α-ATF4 Axis in Development

Pancreas

The importance of PERK signalling during pancreatic development was first high-
lighted by a genetic disease causing early-onset diabetes. PERK deficiency leads to 
Wolcott-Rallison syndrome, an autosomal recessive disorder, characterized by 
early-onset non-autoimmune diabetes associated with exocrine pancreas atrophy, 
skeletal dysplasia, and growth retardation [115, 116]. Classical genetic analysis 
mapped the causative mutations of this condition to the EIF2AK3 gene, which 
encodes PERK [117]. Studies using Perk−/− mice showed that loss of PERK led to 
severe hyperglycaemia in 4-week-old animals due to selective degeneration of insu-
lin secreting β-cells [49]. A subsequent reduction of islet size was also detected, 
followed by a dramatic loss of islet numbers by 6 weeks of age [49, 118]. Perk−/− 
mice showed aberrant proinsulin accumulation and increased insulin biosynthesis 
owing to an inability to limit secretory protein synthesis, which is necessary to 
protect the cell from developing ER stress [49, 118]. Accumulation of proinsulin in 
the ER of Perk−/− β-cells was initially thought to be due to derepression of protein 
synthesis and protein overload. Increasing evidence, however, suggests that ablation 
of PERK in beta cells results in proinsulin aggregation, induction of chaperone 
expression, and defects in ERAD and trafficking in the absence of ER stress 
responses [119, 120]. More recently, selective antagonism of PERK using a small 
molecule inhibitor was shown to reduce proinsulin synthesis, while promoting pro-
insulin aggregation through perturbation of ER calcium dynamics and chaperone 
activity [121]. These findings suggest that altered ER chaperone activity and expres-
sion, rather than derepression of proinsulin synthesis, may link loss of PERK func-
tion to β-cell dysfunction and the development of neonatal diabetes.

Mice homozygous for the eIF2αS51A allele, which cannot be phosphorylated by 
PERK, develop severe hypoglycaemia and die within 18 h of birth [51]. Neonatal 
mice normally develop a transient hypoglycaemia that is compensated for by mobi-
lizing glycogen stores that sustain the pup until it can begin to feed [122]. However, 
homozygous eIF2αS51A neonates lack glycogen stores at birth owing to embryonic 
insulin insufficiency [51]. As Perk−/− mice die of hyperglycaemia after several 
weeks [49], while homozygous eIF2αS51A pups die rapidly of hypoglycaemia [51], 
this difference in phenotype suggests the involvement of addition eIF2α kinases 
during development and the regulation of glucose homeostatus early in life.

Tissue-specific knockout studies have shown that β-cells require expression of 
PERK in order to develop during the fetal and early post-natal periods [123]. β-cells 
are generated in the mouse by differentiation of endocrine precursor cells between 
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E13.5 and E16.5, while β-cell expansion occurs during the late fetal and neonatal 
periods. Careful analysis of tissue-specific Perk−/− mice revealed lower β-cell mass 
at birth that could be attributed to reduced β-cell proliferation rather than increased 
apoptosis. Furthermore, transcriptional profiling identified many genes involved in 
cell cycle progression and proliferation, including cyclin A and CDK1, to be reduced 
in Perk−/− islets [123]. Acute ablation of Perk in a rat β-cell line also resulted in 
reduced expression of β-cells markers, reduced insulin secretion, and an overall 
reduction in β-cell proliferation [124]

The mechanism by which eIF2α phosphorylation affects β-cell development 
remains to be fully understood, but may involve regulation of signalling by insulin- 
like growth factor-1 (IGF-1). IGF-1 is known to be trophic during β-cell develop-
ment via effects mediated by insulin receptor substrate-2 (IRS-2). Consequently, 
both IGF-1 receptor-deficient and IRS-2-deficient mice show reduced β-cell mass at 
birth with increased expression of proapoptotic proteins [125]. Perk−/− mice have 
reduced pancreatic expression of Igf1 mRNA and low circulating IGF-1 levels dur-
ing the neonatal period suggesting that eIF2α may be necessary to promote IGF-1 
synthesis [126].

Osteogenesis

An early clue that ATF4 is important in bone development came from Coffin-Lowry 
syndrome, an X-linked disorder causing mental retardation and progressive skeletal 
abnormalities [54]. The disease is caused by mutations of ribosomal S6 protein 
kinase 2 (RSK2), a growth factor-regulated serine/threonine protein kinase [127]. In 
vitro, RSK2 phosphorylates the cyclic AMP response element binding protein 
(CREB) and is necessary for growth factor-stimulated transcription of the 
immediate- early gene c-Fos [128, 129]. However, while Rsk2-deficient mice reca-
pitulate the delayed mineralization and decreased bone mass seen in Coffin-Lowry 
syndrome individuals [54], they fail to show any alterations in CREB phosphoryla-
tion or c-Fos expression [130]. In vitro kinase assays with various leucine-zipper 
proteins identified ATF4 as a more efficient RSK2 substrate, and ATF4 phosphory-
lation was found to be decreased in osteoblasts derived from Rsk2-deficient mice 
[54]. Subsequent analysis revealed that Atf4-deficient mice displayed a substantial 
reduction of bone mineralization throughout life [54]. Molecular analysis demon-
strated that Atf4-deficient animals had normal levels of RUNX2 and osterix, which 
are required for the initiation of osteoblast differentiation from mesenchymal stem 
cells [54]. However, expression of bone sialoprotein and osteocalcin, markers for 
terminal osteoblast differentiation, were markedly reduced [54]. Expression of a 
constitutively active form of RSK2 (RSK2-T707A) activated an Osteocalcin pro-
moter luciferase reporter containing both osteoblast-specific element (OSE)-1 and 
OSE2 [131]. This effect required an intact OSE1 element and was abolished in the 
presence of an ATF4 mutant that could not be phosphorylated by RSK2 [54]. 
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Osteocalcin was found to be a direct target of ATF4 via binding to the OSE1 close 
to the Runx2 cis-acting element, OSE2 [54, 132, 133]. ATF4 interacts synergisti-
cally with Runx2 through the nuclear matrix protein Satb2 to induce osteocalcin 
expression [134]. These findings suggest that phosphorylation of ATF4 by RSK2 
enhances its transactivation of target genes including Osteocalcin (Fig. 2.3).

ATF4 is also necessary for the regulation of type 1 collagen (Col1A1) synthesis 
by osteoblasts, but not necessarily at the transcriptional level [54]. Col1A1 gene 
expression remains unchanged in Atf4-deficient osteoblasts despite a marked reduc-
tion of collagen synthesis by Atf4−/− osteoblasts [54]. This can be rescued by the 
addition of nonessential amino acids to the primary culture medium indicating that 
osteoblasts, like many cells, require ATF4 for efficient amino acid import and tRNA 
acylation [10].

ATF4 has also been shown to regulate protein secretion via its target CHOP [12]. 
Chop−/− mice showed reduced mRNA levels for type I collagen and osteocalcin in 
bone and exhibited decreased bone formation rates compared to controls [56]. 
However, over-expression of CHOP reduced alkaline phosphatase activity in osteo-
blasts and led to reduced bone mineral density in mice, while Chop−/− osteoblasts 
differentiated more strongly than their wild-type controls in vitro [57, 58]. By con-
trast, endogenous CHOP-induced differentiation of calvarial osteoblasts upon BMP 
treatment [58]. Thus, it appears that CHOP has a complex role in osteoblast func-
tion, both inhibiting differentiation in some settings, but able to promote BMP sig-
nalling in a cell-type-specific manner.

In addition to its role in osteoblast function, ATF4 is also required for efficient 
osteoclast differentiation [103]. The sympathetic nervous system has been shown to 
play a key role in bone remodelling by regulating Rankl expression [103]. A subse-
quent study has demonstrated that ATF4 is directly responsible for regulating the 
transactivation of this osteogenic gene in response to sympathetic signalling via 
β2-adrenergic receptors present on osteoblasts (Fig. 2.3) [103]. Interestingly, sym-
pathetic regulation of ATF4-mediated Rankl expression occurs independently of 
RSK2, and relies instead on protein kinase A-mediated phosphorylation of ATF4 
[103].

ATF4 also plays a key role in the regulation of chondrocyte proliferation and dif-
ferentiation through Indian Hedgehog (Ihh) [55]. Atf4-deficient embryos displayed 
severe cartilage defects with a small and disorganized proliferative zone, reduced 
proliferation, accelerated hypertrophy, and decreased levels of Ihh expression and 
Hedgehog (Hh) signalling [55]. While Ihh expression in chondrocytes is directly 
regulated by ATF4, the reactivation of Hh signalling in mouse limb explants can 
bypass this and correct the cartilage abnormalities in Atf4−/− mice [55]. Interestingly, 
chondrocyte-specific expression of ATF4 is also required for efficient osteoblast 
differentiation. Conditioned media from ex vivo cultures of wild-type ATF4- 
expressing cartilage, but not Atf4−/− cartilage, could reverse osteoblast differentia-
tion defects of Atf4−/− mesenchymal stem cells [135]. These effects also appear to 
be Ihh mediated, as Ihh-blocking antibody abolishes this effect [135].

Although the role of ATF4  in skeletal development is well established, the 
involvement of PERK is less clear. PERK loss-of-function mutations in humans and 
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mice cause developmental defects including skeletal dysplasia [50, 117]. The bones 
of Perk-deficient mice are severely osteopenic due to a reduction in mature osteo-
blasts and diminished osteoblast differentiation, just as had been observed in Atf4−/− 
mice [50]. These findings, and the observation that ER stress occurs during normal 
osteoblast differentiation, implicated the PERK-eIF2α-ATF4 pathway in 
 osteogenesis [61]. The levels of eIF2α phosphorylation and ATF4 protein transla-
tion are markedly reduced in Perk−/− bone, and expression of the ATF4 targets, 
osteocalcin and Bsp, are both reduced [136]. Treatment of primary bone cultures 
with BMP2 triggers ER stress and induces ATF4 levels in a PERK-dependent man-
ner [136]. Accordingly, Perk-deficient osteoblasts demonstrated a delay in mineral-
ization, and exhibited decreased alkaline phosphatase activities relative to wild-type 
cultures [136]. These defects could be largely corrected by the introduction of ATF4 
into Perk−/− osteoblasts [136].

Recently, hints to the mechanisms linking BMP signalling and eIF2α-ATF4 
pathway have come from studies in fruitfly models. eIF2α hyperphosphorylation 
was found to play a key role in Drosophila wing tissue morphogenesis through the 
modulation of BMP signalling [137]. Genetic manipulations that either increased or 
reduced phosphorylation of eIF2α in the developing Drosophila wing, led to 
changes in the phosphorylation of MAD, the transcription factors downstream of 
BMP signalling in the fly (and homologous to the mammalin SMADs). In cultured 
S2 insect cells, phosphorylation eIF2α attenuated the normal phosphorylation of 
MAD caused by the addition of BMP receptor ligand Dpp (homologous to BMP4). 
These antagonistic effects on BMP signalling were mediated both via a direct effect 
on translation, but also indirectly through the increased expression of Cryptocephal 
(crc), the Drosophila homologue of ATF4 [137–139]. Indeed, over-expression of 
crc/ATF4  in S2 cells significantly reduced MAD phosphorylation in response to 
BMP receptor activation. This effect of crc/ATF4 was mediated, at least in part, by 
the induction of d4E-BP, a regulator of cap-dependent translation known to be a 
target of crc/ATF4 [137, 140]. While 4E-BP can both attenuate cap-dependent 
translation and bias translation towards specific mRNAs, the precise mechanism by 
which 4E-BP inhibits BMP signalling remains to be elucidated.

Intriguingly, in humans two rare subtypes of pulmonary arterial hypertension 
(PAH) called pulmonary veno occlusive disease (PVOD) and capillary haemangio-
matosis were found to be caused by mutations of EIF2AK4, which encodes the 
eIF2α kinase GCN2 [141, 142]. Although most cases of PAH cases are idiopathic, 
in 70% of familial cases and 20% of sporadic cases, heterozygous germline muta-
tions are identified in the type II BMP receptor (BMPR2). Interestingly, BMPR2 
mutations have also been associated with PVOD [143, 144], suggesting that both 
eIF2α phosphorylation and perturbed BMP signalling can cause this condition. 
Moreover, a comprehensive analysis of the genetic defects found in apparently spo-
radic cases of PAH revealed that mutations within the BMP and GCN2 signalling 
pathways predominate [145]. Precisely why impaired eIF2α phosphorylation should 
result in PAH is not yet clear, but the striking relationship between eIF2α phos-
phorylation and BMP signalling disovered in Drosophila may have provided an 
important clue.
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Adipogenesis

Adipocyte differentiation is coordinately regulated by a number of transcription fac-
tors; CCAAT/enhancer binding proteinβ (C/EBPβ) and C/EBPδ are active during 
the early stages of adipocyte differentiation and induce expression of the peroxi-
some proliferator-activated receptor gamma (PPARγ) and C/EBPα [146–149]. 
PPARγ is a master regulator of adipogenesis, mediating cell cycle exit and inducing 
the expression of many adipocyte genes [150, 151]. C/EBPα cooperates with PPARγ 
to induce expression of additional target genes and acts as a positive regulator of 
PPARγ [151].

CHOP, itself a C/EBP family protein, acts to oppose C/EBP activity during adi-
pogenesis [152]. While CHOP has strong sequence homology with the other C/EBP 
family members, two proline substitutions in the basic region of its DNA-binding 
domain prevent binding to the C/EBP cognate DNA enhancer element [152]. Given 
its ability to form heterodimers with C/EBP family members, CHOP was believed 
to act as a dominant-negative inhibitor of C/EBP activity [152]. Indeed, ectopic 
expression of CHOP was shown to attenuate adipocytic differentiation of 3T3-L1 
cells [153]. Furthermore, CHOP-expressing cells exposed to a differentiation cock-
tail were unable to induce C/EBPα expression, and C/EBPβ levels dropped relative 
to wild-type cells, while C/EBPδ expression remained unchanged [153]. Subsequent 
work showed endogenous CHOP to interact with C/EBPβ and delay PPARγ and C/
EBPα expression [154].

In keeping with its role as a suppressor of adipocyte differentiation, CHOP is 
expressed in preadipocytes, but is downregulated once the clonal expansions pre-
ceding adipogenesis begins [155]. CHOP remains suppressed for the first few days 
of differentiation, but returns during the end stages of the adipogenic programme 
[155]. Thus, CHOP appears to play a role in terminating the differentiation process 
once key events have been initiated. Indeed, Chop−/− mice gained more fat mass 
than wild-type mice when fed a high fat diet, and combined Chop−/− and leptin 
receptor-deficient (Leprdb/db) mice showed a significant increase in body fat mass 
without affecting adipocyte size [53].

More recent studies examining the role of ER stress in adipogenesis have dem-
onstrated that the pattern of eIF2α phosphorylation during adipocyte differentiation 
closely mirrors the induction of CHOP. During differentiation of 3T3-L1 into adi-
pocytes, phosphorylated and total eIF2α were both reduced at days 1–2 and 
increased again during days 3–7 [53, 156]. Moreover, treatment with tunicamycin 
to induce ER stress inhibited adipogenesis in the 3T3-L1 differentiation model [53]. 
Similarly, pre-emptive phosphorylation of eIF2α by drug-activatable Fv2E-PERK 
inhibited adipogenic differentiation of 3T3-L1 cells [53]. Conversely, homozygous 
knockin mouse embryonic fibroblasts, expressing only the non-phosphorylatable 
eIF2αS51A, showed significantly enhanced adipogenesis, while eIF2αS51A/+ heterozy-
gous mice developed increased obesity and adipocyte number on a high fat diet 
[53].
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ATF6 in Development

Mice deficient in either Atf6α or Atf6β develop normally, while Atf6α/β double 
knockout is embryonic lethal [59]. This suggests functional redundancy between 
the isoforms, and a key role for ATF6  in early development. In the model fish, 
Oryzias latipes, Atf6α/β double knockout is also embryonic lethal but unlike the 
mouse, this animal is amenable to study during gestation [157]. The level of ER 
stress was monitored during early embryonic development using a BiP reporter, and 
ATF6α- and ATF6β-mediated induction of BiP was detected primarily in the brain, 
otic vesicles, and notochord. Microscopic analysis demonstrated a severely degen-
erated notochord in ATF6α/β double knockout embryos [157]. This phenotype 
could be partially rescued by the over-expression of BiP, implicating failure of ER 
proteostasis [157]. Moreover, knockdown of the α1 chain of type VIII collagen, one 
of the extracellular matrix proteins secreted in large amounts upon notochord for-
mation, reduced this ER stress [157]. Collectively, these findings suggest that the 
role for ATF6 in the physiological development of fish relates, at least partially, to 
its ability to increase chaperone levels in response to increased ER load.

Myoblasts

During normal development, a large percentage of differentiating myoblasts 
undergo apoptosis [158]. Indeed, myogenic differentiation has been shown to 
depend on the activity of the key apoptotic protease, caspase-3 [159]. The putative 
ER-stress selective caspase-12 is also activated in differentiating myoblasts in vivo 
and in vitro [160]. It must be noted, however, that the relevance of caspase-12 to 
ER-induced apoptosis is questionable as it has acquired deleterious mutations in 
most humans, and so most people are effectively caspase-12 null [161].

ATF6, but none of the other ER stress sensors, is activated in apoptotic myo-
blasts, and inhibition of a protease involved in ATF6 activation blocked apoptosis 
and myotube formation in myogenic culture models [160, 162]. While treatment of 
a myoblast cell line (C2C12) with drugs that cause ER stress-induced apoptosis of 
some cells, the surviving cells showed enhanced cell fusion and eventually differen-
tiated into contracting myofibers five- to tenfold larger than untreated control cells 
[163]. Although an in vitro model, these findings echo the action of ATF6-driven 
signals in vivo. Interestingly, loss of ATF6 compromises muscle recovery after acute 
exercise, and increased intolerance to exercise in an in vivo model of adaptation to 
exercise [164].
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Osteogenesis

Recently, a possible role for ATF6  in osteoblast differentiation was identified. 
Treatment of the osteoblastic cell line MC3T3-E1 with BMP2 was shown to induce 
expression and activation of ATF6 [165]. By contrast, BMP2 treatment failed to 
induce ATF6 expression in Runx2-deficient primary osteoblasts, but Runx2 over- 
expression was able to rescue BMP2-induced ATF6 expression [165]. BMP2 
increased ATF6 transcription by promoting Runx2 binding to an OSE2-like element 
in the ATF6 promoter. Moreover, ATF6 was shown to bind directly to the osteocal-
cin promoter and regulate its expression (Fig. 2.3) [165]. Interestingly, Runx2 and 
ATF4-mediated osteocalcin expression were enhanced upon ATF6 co-expression, 
suggesting a possible cooperative role for ATF6  in osteocalcin expression [165]. 
Although Atf6−/− mouse studies have been hampered by embryonic lethality of the 
double mutant, matrix mineralization assays in vitro suggest that BMP2-induced 
mineralization is, in part, dependent upon ATF6 expression [165]. ATF6 has also 
been implicated in odontoblastic differentiation [166]. It was suggested that ATF6 
induces dentin sialophosphoprotein and dentin matrix protein 1. Additionally, as in 
the bone studies, inhibition of ATF6 decreased alkaline phosphatase activity and 
mineralization.

Photoreceptors

ATF6 has been implicated in foveal development and cone function. Achromatopsia 
is an autosomal recessive disorder of colour blindness, photophobia, nystagmus, 
and severely reduced visual acuity. Homozygosity mapping, combined with whole- 
exome and candidate gene sequencing, identified mutations in the ATF6α gene in 
several families with this condition [60]. Affected patients exhibited foveal hypo-
plasia and degeneration of the cone photoreceptor layer. A similar phenotype had 
not been noted previously in Atf6α−/− mice because the retina of young animals 
appeared normal. However, following this clinical observation in humans, older 
mice were studied and observed to develop marked degeneration of photoreceptors 
[60]. A subsequent study examining a patient diagnosed with early-onset photore-
ceptor degeneration also identified biallelic loss-of-function mutations in the ATF6 
gene [167]. A recent study has shown the ATF6 can function to suppress the pluri-
potency of stem cells, and this ability is deficient in mutants of ATF6 associated 
with devopmental defects of vision [168]. While explaining the failure of neuroret-
ina development, these insights offer a potential new avenue to generate mesoderm 
from stem cells for experimental and potentially therapeutic use.
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ATF6 Paralogues in Development

Other members of the ATF6 family have also been implicated in development. 
The ER membrane-bound bZIP transcription factor OASIS (old astrocyte specifi-
cally induced substance) shares significant structural similarities with ATF6 and 
has been described as an ER-stress transducer [169–171]. OASIS-deficient mice 
display severe osteopenia characterized by a marked decrease in bone density and 
spontaneous fractures [61]. Subsequent genetic analyses have demonstrated that 
collagen 1a1, a major component in bone tissue, is a direct transcriptional target 
of OASIS.

OASIS is also preferentially expressed in astrocytes in the central nervous sys-
tem [170] and has been shown to regulate the differentiation of neural precursor 
cells into astrocytes [62]. It directly regulates expression of the transcription factor 
GCM1 (glial cells missing 1), which is necessary in Drosophila for astrocyte dif-
ferentiation [62, 172]. Over-expression of GCM1 in OASIS-deficient neural precur-
sor cells improved their differentiation into astrocytes by accelerating the promoter 
demethylation of a key astrocyte marker, glial fibrillary acidic protein (GFAP) [62].

Conclusion

Although once thought to serve primarily as a stress response, there is now much 
evidence highlighting the involvement of the UPR in normal development and dif-
ferentiation both of secretory and non-secretory lineages. In this context, the UPR 
serves to anticipate the increased demand for ER protein folding as tissues differen-
tiate, while also participating directly in developmental signalling. These processes 
appear to be subverted by some cancers to aid adaption to highly secretory pheno-
types, most notably in myeloma, but might also drive progression of disease, for 
example, during epithelial to mesenchyme transition.
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Abstract The unfolded protein response (UPR) of the endoplasmic reticulum (ER) 
is a highly conserved system by which cells regulate multiple pathways during mis-
folded protein accumulation. Acute UPR signaling inhibits translation, induces 
chaperone expression, and activates proteolysis, whereas chronic UPR signaling 
can lead to apoptosis. Each of the canonical functions of UPR serves as a mecha-
nism that can limit or facilitate tumorigenesis. Tumor cells are able to coopt UPR 
signaling to facilitate proliferation, transformation, and epithelial-to-mesenchymal 
transition (EMT) under hypoxia and glucose starvation, potentially causing metas-
tasis. UPR signaling is typically initiated by Glucose-Regulated Protein 78 (GRP78/
BiP) binding to unfolded proteins, causing GRP-78 to dissociate from each of the 
three primary UPR sensors on the ER membrane: protein kinase R-like ER kinase 
(PERK), activating transcription factor 6 (ATF6), and inositol-requiring protein 1α 
(IRE1α). Recent studies highlight the complexity of the signaling interactions 
involved, but also potential clinical opportunities to target unique molecular inter-
faces. This review discusses the current understanding of UPR pathways, ongoing 
clinical approaches to manipulate UPR signaling, and future avenues by which can-
cer therapy may be advanced by utilizing approaches that target the molecules 
involved in UPR signaling.

Keywords UPR · ER stress · PERK · ATF6α · IRE1α · BiP · GRP78 ·  
Proteostasis · Redox

J. Morreall · F. Hong · Z. Li (*) 
Department of Microbiology and Immunology, Hollings Cancer Center,  
Medical University of South Carolina, Charleston, SC, USA
e-mail: morreall@musc.edu; hongf@musc.edu; zihai@musc.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05067-2_3&domain=pdf
mailto:morreall@musc.edu
mailto:hongf@musc.edu
mailto:zihai@musc.edu


50

 The Roles of the Unfolded Protein Response

The endoplasmic reticulum (ER) is the organelle primarily responsible for protein 
processing, folding, and transport. In order to carry out protein folding, the ER must 
maintain an internal environment in which disulfide bonds can form. To do so, ER 
function relies upon a high calcium concentration, oxidizing conditions, and a vari-
ety of chaperone proteins and protein folding enzymes [1, 2]. A variety of extrinsic 
and intrinsic conditions can inhibit ER function, and thus cause ER stress. ER stress, 
due to the accumulation of misfolded proteins in the ER, activates a network of 
pathways termed the unfolded protein response (UPR). Acute UPR activation facili-
tates the alleviation of the causative ER stress through upregulation of molecular 
chaperones, downregulation of translation machinery, and induction of the 
ER-associated degradation (ERAD) system by which misfolded proteins are 
removed from the ER. However, continued accumulation of unfolded proteins can 
lead to apoptosis via chronic UPR activation [3].

The first evidence of a coordinated UPR arose from studies illustrating transcrip-
tional upregulation in response to glucose starvation [4]. More evidence came from 
the discovery that one such glucose-regulated protein was identical to Binding 
Immunoglobulin Protein (BiP/GRP78/HSPA5), known to bind unfolded proteins 
[5]. The UPR was first experimentally validated by the demonstration that mis-
folded hemagglutinin alone could induce the expression of the known ER stress 
response proteins BiP and 94-kDa Glucose-Regulated Protein (GRP94) [6]. BiP 
was identified as a protein bound to unsecreted immunoglobulin heavy chains [7], 
suggestive of its role later identified as a molecular chaperone [8]. Under non-stress 
conditions, BiP is bound to three ER membrane proteins: PRKR-like ER kinase 
(PERK), activating transcription factor 6 (ATF6), and inositol-requiring protein 1α 
(IRE1α). Unfolded proteins in the ER bind free BiP and decrease the steady-state 
levels of this chaperone, causing it to be released from these sensors, after which 
they undergo activation and initiation of further signaling cascades [9].

Interestingly, UPR signaling can be initiated by signals independent of ER stress, 
including Vascular Endothelial Growth Factor (VEGF) stimulation [10]. Likewise, 
although often the target of PERK, the downstream UPR signaling molecule eukary-
otic translation initiation factor 2α (eIF2α) can be phosphorylated by other kinases 
such as protein kinase R (PKR), activated by binding dsRNA [11]; general control 
nonderepressible 2 (GCN2) kinase, activated by amino acid depletion [12]; and 
heme-regulated eIF2α (HRI) kinase, activated by diminished heme levels, typically 
leading to apoptosis [13]. UPR signaling can also be induced by estrogen signaling 
through estrogen receptor α (ERα), causing the transient anti-apoptotic opening of 
ER calcium channels and the upregulation of GRP78/BiP [14]. Nonetheless, UPR 
signaling is primarily mediated by PERK, Activating Transcription Factor 4 (ATF4), 
and IRE1α, through which this chapter will describe the functions of the UPR in 
cancer cells and ways in which its components can be targeted.
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 Regulation of the Unfolded Protein Response in Cancer Cells

UPR signaling provides several avenues through which cells are able to avoid 
tumorigenesis. Tumor cells are characterized by a high metabolic rate than can 
impose ER stress via the rampant production of proteins. However, acute UPR sig-
naling can ameliorate such ER stress, while chronic UPR signaling typically leads 
to apoptosis, or possibly even H-ras-induced senescence [15]. Nevertheless, some 
cells undergo oncogenic transformation in a manner that is facilitated by UPR. For 
example, Myc can stimulate PERK signaling that causes increased protective 
autophagy and thus cell survival and tumor formation [16].

Tumor cells, particularly those within solid tumors, often proliferate faster than 
the vascular systems that would provide them with normal cellular oxygenation and 
glucose supply. Glucose starvation or hypoxia each contributes to a diminished 
redox potential that limits the formation of disulfide bonds, contributing to an inher-
ent ER stress on hypoxic cells that causes UPR activation [17, 18]. Excess glucose 
or dietary lipids can also cause an increase in ER stress [19]. The combination of ER 
stress and glucose starvation induces autophagy, in which cellular components are 
engulfed and digested, potentially facilitating either cell death or survival [20]. 
Autophagy is mediated by eIF2α phosphorylation [21].

The high metabolic demands of tumor cell proliferation necessitate increased 
angiogenesis, which can be mediated through UPR signaling. In addition to hypoxia- 
stimulated HIF-1, angiogenesis has also been shown to depend on PERK phos-
phorylation of eIF2α [17]. Moreover, PERK contributes to transcriptional regulation 
that stimulates angiogenesis within the tumor microenvironment, upregulating tran-
scripts for cellular adhesion protein VCIP, integrins, and factors promoting capillary 
remodeling [22]. PERK and ATF4 also stimulate the angiogenic factors VEGF, 
Fibroblast Growth Factor 2 (FGF-2), and Interleukin 6 (IL-6), while inhibiting anti- 
angiogenic factors such as Thrombospondin 1 (THBS1), Chemokine Ligand 14 
(CXCL14), and Chemokine Ligand 10 (CXCL10), as studied under glucose 
starvation- induced ER stress [23]. Additionally, hypoxia and glucose starvation can 
stimulate VEGF-A upregulation through IRE1, which substantially affects tumor 
angiogenesis and proliferation [24]. Blocking IRE1α signaling not only attenuates 
VEGF-A signaling but also the proangiogenic factors Interleukin 1β (IL-1β), IL-6, 
and Interleukin 8 (IL-8) [25]. Moreover, IRE1α signaling is involved in the expres-
sion of anti-angiogenic molecules such as SPARC, thrombospondin 1, and decorin. 
All of these molecules are expressed in the matrix and promote mesenchymal dif-
ferentiation and, paradoxically, the invasiveness of gliomas [25].

IRE1α can play a major role in regulating migration of glioma cells by downregu-
lating stress fibers and RhoA activity, ultimately governing the secretome of cancer 
cells [26]. Other models of ischemia have illustrated a role for IRE1α inhibiting 
angiogenesis due to degradation of the transcript for the angiogenic signal netrin-1 via 
regulated IRE1-dependent decay (RIDD) [27]. PERK and IRE1α, in particular, medi-
ate ER stress signaling that regulates the tumor microenvironment via angiogenesis.

3 The Regulation of the Unfolded Protein Response and Its Roles in Tumorigenesis…
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Moreover, breast and lung cancer carcinomas can undergo higher levels of 
GRP78/BiP expression, poorer differentiation, and a more mesenchymal phenotype. 
Interestingly, such cells with a more mesenchymal phenotype have a proliferative 
advantage under complete glucose starvation [28]. Such evidence suggests that the 
UPR may facilitate the epithelial-mesenchymal transition (EMT) in cancer cells; the 
EMT is a driver of a metastatic phenotype that is a mechanism of metastasis [29]. 
Moreover, the ER stress endemic in many tumor cells is not necessarily restricted to 
the tumor itself. Tumor cells under ER stress may secrete soluble factors that induce 
ER stress in macrophages, thus potentially stimulating a proinflammatory cellular 
response within the tumor microenvironment [30]. Furthermore, UPR signaling 
from tumor cells causes myeloid cells in the tumor microenvironment to become 
polarized, which limits T cell activation and expansion [31] (Fig. 3.1).

Fig. 3.1 UPR signaling regulates survival and apoptosis. Misfolded proteins are bound by the 
chaperone GRP78/BiP, which causes its dissociation from PERK, ATF6α, and IRE1α. PERK is 
then able to undergo dimerization and autophosphorylation, which allows it to phosphorylate 
eIF2α. Phospho-eIF2α is then able to promote ATF4 signaling via transcriptional regulation with 
CHOP that facilitates autophagy. Meanwhile, activated ATF6α translocates to the Golgi apparatus, 
where the S1P and S2P proteases cleave the protein into the active form ATF6f. ATF6f then acts as 
a transcription factor in the nucleus, where it enhances expression of chaperones and proteins 
involved in Endoplasmic Reticulum-Associated Degradation (ERAD). IRE1α is also able to 
undergo dimerization and phosphorylation, allowing it to promote the transcriptional processing of 
XBP1 transcripts (XBP1u) into the active form XBP1s, which after translation acts as a transcrip-
tion factor for chaperones and ERAD proteins. ERAD serves as a pro-survival mechanism, while 
the RIDD and JNK pathways stimulated by IRE1α facilitate apoptotic signaling
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 PERK Signaling

PERK is a transmembrane protein that contains a serine/threonine kinase domain on 
its cytosolic face. The cytosolic portion of PERK is bound by heat shock protein 90 
(HSP90) in the absence of ER stress, while the portion within the ER lumen is 
bound by GRP78/BiP. Under ER stress, GRP78/BiP binds unfolded proteins, dis-
sociating from PERK and leaving it free to undergo activation via homodimeriza-
tion and autophosphorylation [32]. One recent study shows that CNPY2, a ER 
protein, is dissociated from GRP78/BiP under ER stress, and then binds and acti-
vates PERK. [33]. PERK is then able to phosphorylate eIF2α S51, which limits the 
availability of eukaryotic initiation factor 2 (EIF2)-guanosine triphosphate (GTP)-
tRNAmet and thus the initiation of translation [11]. This phosphorylation allows tight 
binding of eIF2α to guanosine diphosphate (GDP), which prevents eIF2B from 
undergoing GTP binding and exchange and further blocking protein synthesis [34]. 
The activation of PERK occurs after that of ATF6α and IRE1α [35, 36].

Another consequence of PERK-eIF2α activation is the induction of translation of 
certain mRNAs, such as ATF4 and proteins that transport amino acids [37]. ATF4 is 
then able to serve as a transcription factor by upregulating genes important in anti-
oxidant defenses as well as amino acid production [38]. Other targets of ATF4 
include growth arrest and DNA damage inducible protein 34 (GADD34), leading to 
eIF2α dephosphorylation, and CCAAT/enhancer binding protein homologous pro-
tein (CHOP) [39, 40]. Induction of CHOP is a major mechanism by which ER stress 
induces apoptosis [41]. Shortly after the induction of ER stress, PERK also induces 
microRNA 211 (miR-211), which causes histone methylation that limits CHOP 
expression, a mechanism by which acute ER stress does not cause the apoptosis 
seen under chronic ER stress [42].

On the other hand, chronic PERK-eIF2α phosphorylation can lead to apoptosis 
via CHOP signaling during the diminution of IRE1α and ATF6α signaling, causing 
decreased tumorgenic potential [11, 35]. CHOP can cause apoptosis by inducing B 
cell lymphoma 2-interacting mediator of cell death (BIM) while facilitating B cell 
lymphoma-2 associated X protein (BAX) shuttling to the mitochondria [43, 44]. 
However, during glucose starvation or hypoxia, diminished PERK levels can lead to 
decreased tumor cell survival and diminished metabolic ATP production, partly due 
to limited activation of AKT [45]. Likewise, PERK appears to be an important 
mediator of EMT by signaling through its downstream effector LAMP3, expression 
of both of which is critical for metastasis under hypoxia [40]. Interestingly, PERK 
is also necessary for the regulatory ubiquitination of 40S ribosomal subunits, with-
out which cell survival is diminished during chronic UPR signaling [46].

PERK seems to play an important role in Neu-dependent mammary tumor forma-
tion and metastasis. However, inactivating PERK increases the frequency of genomic 
abnormalities, underpinning an increase in spontaneous mammary tumor formation 
[47]. Activation of PERK increases the frequency of oncogenic transformation 
induced by MYC via autophagy [16]. Regulation of CHOP by PERK is a critical 
mechanism of stemming tumorigenesis, as demonstrated in mouse models of lung 
cancer and hepatocellular carcinoma [48, 49].

3 The Regulation of the Unfolded Protein Response and Its Roles in Tumorigenesis…
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 ATF6 Signaling

GRP78/BiP binding to unfolded proteins also causes its dissociation from ATF6, 
allowing the transmembrane protein to shuttle from the ER to the Golgi apparatus. 
In the Golgi, ATF6 is cleaved into the active transcription factor ATF6f by the pro-
teases site-1 protease (S1P) and site-2 protease (S2P) [50]. Active ATF6f is then 
able to migrate to the nucleus, where it stimulates the expression of chaperones, 
X-box binding protein 1 (Xbp1), and proteins important in ERAD. An alternative 
isoform, ATF6β, represses the transcription factor activity of ATF6α [51].

As a transcription factor, ATF6f serves as an important regulator of GRP78/BiP. ER 
stress causes ATF6f to quickly induce expression of GRP78/BiP, allowing the chaper-
one to accumulate and dampen UPR signaling while binding unfolded proteins. 
However, GRP78/BiP is overexpressed in a variety of cancers, and even can be found 
on the cell surface, causing aberrant signaling [52]. The role of ATF6f regulating 
GRP78/BiP expression may contribute to its role in promoting hepatocarcinogenesis 
[53]. Susceptibility to hepatocellular carcinoma is increased in patients carrying a 
point mutation in ATF6 that increases ATF6 expression and transcription factor activ-
ity [54]. The degree of GRP78/BiP overexpression is correlated with the invasiveness 
of cancer cells, though also with their responsiveness to therapeutic intervention [55]. 
Presumably, overexpression of GRP78/BiP allows some cancer cells to maintain high 
levels of ER stress without the growth-limiting effects of UPR signaling.

 IRE1α Signaling

IRE1α is a transmembrane protein that contains a cytosolic serine/threonine kinase 
domain. Without ER stress, HSP90 (as well as HSP72) binds the cytosolic face of 
IRE1α, while GRP78/BiP binds to its luminal side [56, 57]. When released from 
GRP78/BiP, IRE1α undergoes oligomerization and activation of both its endoribo-
nuclease and kinase activities, allowing IRE1α to undergo autophosphorylation [32]. 
IRE1α is then able to cleave unspliced Xbp1u mRNA, removing an intronic sequence 
that creates a transcript with a frameshift called Xbp1s [58, 59]. Xbp1s can then be 
translated into a protein that regulates a number of chaperone and ERAD genes. 
Interestingly, overexpression of XBP1s inhibits CHOP and thus provides a pro-sur-
vival signal [60]. One upstream regulator of XBP1 has been identified in C. elegans, 
a conserved ATPase called RUVB-2, that represses ER stress response via XBP1, 
and must undergo degradation by the ATPase cell division protein 47 (CDC- 48) in 
order to allow UPR [61].

Although IRE1α signaling facilitates cell survival during acute ER stress, chronic 
UPR signaling causes diminished IRE1α activation that may lead to apoptosis [62]. 
One mechanism for the loss of IRE1α activity may be the binding of Xbp1u to 
XBP1s and ATF6α that facilitates their degradation [63]. Nevertheless, apoptosis 
can arise from chronic IRE1α stimulation as well. IRE1α represses translation by 
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cleaving transcripts via RIDD, including Ire1α mRNA and Xbp1 mRNA [64, 65]. 
RIDD also targets microRNAs (miRNAs) such as miR-17, miR34a, miR-96, and 
miR-125b, and thereby derepresses caspase 2 [66]. Another avenue through which 
IRE1α could induce apoptosis is through binding tumor necrosis factor receptor- 
associated factor 2 (TRAF2), recruiting apoptosis signal-regulating kinase 1 (ASK1) 
and JUN N-terminal kinase (JNK), which activates BIM while inactivating B cell 
lymphoma 2 (BCL-2) [67].

IRE1α plays a critical role through XBP1 signaling in stimulating the differentia-
tion of mature B cells into plasma cells, as well as the maintenance of B cell immu-
nity [68, 69]. High XBP1s expression is associated with the development of multiple 
myeloma [70]. In human multiple myeloma cell lines, loss-of-function mutations in 
IRE1α or XBP1s increase resistance to proteasome inhibitors, a standard treatment 
[71]. IRE1A loss-of-function mutations have also been found in a variety of other 
cancers, while XBP1 is known to suppress gut tumorigenesis in mice [72, 73]. 
Conversely, high expression of XBP1 is implicated in triple-negative breast cancer, 
suggesting that XBP1 may play a role in promoting stem-like phenotypes [74]. 
Furthermore, diminished levels of XBP1 have been observed to prevent the differ-
entiation of myeloma cells, characteristic of tumor cells, whereas the activation of 
the intact UPR stimulates myeloma cell differentiation [75].

 Coordination of Signaling from PERK, ATF6, and IRE1α

The central coordination of UPR signaling lies in the upstream regulator GRP78/
BiP.  Cancer cells are able to diminish apoptotic signaling that arises from UPR 
activation through overexpression of GRP78/BiP [76]. However, recent studies 
have identified other shared UPR regulators. cAMP response element binding pro-
tein (CREB) regulates PERK and IRE1α by binding their promoters and controlling 
their expression. CREB has been identified as an important contributor to both 
UPR-mediated lung metastasis and ER stress-induced cell death [77]. Similarly, 
transmembrane protein 33 (TMEM33) is upregulated in response to ER stress, 
binds to PERK, increases pro-apoptotic caspase signaling, and activates IRE1α and 
eIF2α [78].

Chronic UPR in normal cells causes dwindling signals from IRE1α and ATF4, 
allowing CHOP induction from PERK signaling to cause apoptosis [35]. Some can-
cer cells evade apoptosis through constitutively active IRE1α signaling [79]. The 
upregulation of CHOP induces the AKT antagonist TRIB3 and thereby blocks 
 proliferative mTOR signaling to cause autophagy [80]. The translation inhibition 
caused by eIF2α phosphorylation limits cyclin D1 availability, causing G1 arrest [81]. 
In this way, UPR activation in cancer cells may promote a quiescent phenotype allow-
ing survival under stress conditions. On the other hand, some cancer patients have 
been identified in whom RIDD deficiency permitted tumor cell survival by escaping 
apoptosis [82].
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The activation of some branches of the UPR can also stimulate its other branches. 
For example, the activation of PERK and eIF2α leads to increased levels and traf-
ficking of ATF6α [83]. Androgen signaling can also simultaneously affect several 
branches of UPR signaling. One study identified androgen receptor signaling as 
activating IRE1α in a pro-growth manner while inhibiting PERK in prostate cancer 
cells, as well as a correlation between androgen receptor and UPR gene expression 
[84]. The modulation of multiple UPR branches can also occur from signaling by 
cell cycle regulators such as cyclin D1, which promotes ER stress-induced apoptosis 
[85]. ER stress-induced apoptosis involves decreasing levels of apoptosis- inducing 
E2F1, mediated by ATF6 and IRE1, during the later stages of ER stress response. 
The knockdown of E2F1 causes increased ER stress-induced apoptosis [86].

 Pharmacological Interventions in UPR Biology

The UPR involves complex signaling that has been implicated in a variety of pathol-
ogies. However, since the activation of the UPR can have both pro-survival and 
pro-apoptotic effects, there is considerable complexity in the pharmacological inter-
vention in cancer UPR signaling. ER stress is found at higher levels within many 
tumor cells, especially in cells with a secretory phenotype such as multiple myeloma. 
Such cells rely on a continuous induction of cellular proliferation and signaling that 
causes ER stress. Many tumor cells can therefore be targeted by imposing ER stress, 
which can cause cells already under ER stress to undergo apoptosis. For example, 
bortezomib is a 26S proteasome inhibitor that is used widely to treat multiple 
myeloma and mantle cell lymphoma. Bortezomib induces the expression of CHOP, 
PERK, and ATF4 in multiple myeloma cells [87]. IRE1α and XBP1 are both neces-
sary in order for cells to be sensitive to such proteasome inhibitors since tumor pre- 
plasmablasts rely on these proteins in order to undergo maturation into 
immunoglobulin-secreting B cells [71]. On the other hand, the reliance of tumor 
cells on ER function can leave them vulnerable to inhibition of ER components 
(Table 3.1).

 PERK Signaling

PERK signaling can be stimulated by a range of insults, exemplified by clinical 
techniques to upregulate PERK that now can involve non-pharmacological means. 
For instance, while conventional radiation has considerable systemic dose-limiting 
toxicity, heavy ion radiation is able to induce localized cytotoxic autophagy with 
great efficiency, an effect which is partly mediated by stimulating the UPR via the 
PERK axis while inhibiting Akt-mTOR [127]. This technique is limited by the 
availability of heavy ion radiation, although it has shown greater efficacy than tradi-
tional radiotherapy. Another therapeutic agent that can induce apoptosis by 
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Table 3.1 Pharmacological interventions in UPR signaling

Target Drugs Secondary targets and references Cancer clinical trials

UPR induction Sorafenib Induces cytotoxic VCP 
phosphorylation [88]

FDA approved for 
renal carcinoma and 
hepatocellular 
carcinoma

GRP78/BiP 
expression

Versipelostatin Inhibits induction of GRP78/BiP 
and UPR signaling in glucose-
starved cells [89]

Preclinical

PAT-SM6 Binds to BiP on cancer cell 
surface [90]

Phase 1/2 in multiple 
myeloma

DHA  •  Blocks surface GRP78 
expression

 • Inhibits PERK [91]

Phase 2/3 in solid 
tumors

Arctigenin  •  Blocks the induction of BiP 
and GRP94 during glucose 
starvation

 •  Prevents AKT activation 
during glucose starvation [92]

Preclinical

EGCG 
(epigallocatechin 
gallate)

Targets GRP78/BiP ATP-binding 
domain [93]

Phase 1/2

Nelfinavir  • Inhibits HSP90
 •  Inhibits S2P and thereby 

induces ATF6
 •  Activates caspases 3, 7,  

and 8
 •  Inhibits AKT, causing 

diminished VEGFA and 
HIF1α [94]

Phase 1/2 in solid 
tumors and multiple 
myeloma

Proteasome Carfilzomib  • Promotes NF-κB activation
 •  Induces pro-apoptotic 

BCL2-Interacting Killer (BIK) 
and anti-apoptotic Myeloid 
Cell Leukemia 1 (MCL1) [95]

FDA approved for 
multiple myeloma; 
Phase 1/2 in 
hematopoietic 
malignancies and lung 
cancer

MLN9708  •  Activates caspases 3, 8,  
and 9

 •  Upregulates p53, p21, NOXA, 
p53-Upregulated Modulator of 
Apoptosis (PUMA), and E2F

 • Inhibits NF-κB [96]

Phase 1 in solid 
tumors; Phase 1/2 in 
hematopoietic 
malignancies; Phase 
3 in multiple myeloma

Marizomib Upregulates caspase 8 and 
ROS-mediated apoptosis [97]

Phase 1 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
1/2 in multiple 
myeloma

Falcarindiol Inhibits proteasome [98] Preclinical

(continued)

3 The Regulation of the Unfolded Protein Response and Its Roles in Tumorigenesis…



58

Table 3.1 (continued)

Target Drugs Secondary targets and references Cancer clinical trials

NPI-0052 Blocks NF-κB activity [99] Phase 1 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
1/2 in multiple 
myeloma

Bortezomib  •  Inhibits IRE1α–XBP1 and 
NF-κB pathways

 • Induces expression of NOXA
 •  Triggers immunogenic cell 

death [100]

FDA approved for 
multiple myeloma and 
mantle cell 
lymphoma; Phase 
1/2 in solid tumors

MG-132 Cytotoxic activation of UPR [101] Preclinical
PERK and eIF2α 
phosphorylation

GSK2606414 Inhibits active site of PERK [102] Preclinical

6-shogaol  •  Promotes light chain 3 (LC3) 
cleavage

 •  Induces cell death through 
autophagy [103]

Preclinical

GSK2656157  •  Binds PERK ATP- binding site 
[104]

Preclinical

HSP90 AT13387  • Promotes senescence
 •  Represses epidermal growth 

factor receptor (EGFR), AKT, 
and Cyclin-Dependent Kinase 
4 (CDK4)

 • Induces p27 [105]

Phase 1/2 in solid 
tumors

17-AAG Apoptotic UPR activation [106] Phase 2/3
Tanespimycin  •  Blocks 20S proteasome 

chymotrypsis
 •  Limits cell proliferation via 

BRAF expression
 •  Interferes with VEGFA and 

causes apoptosis [107]

Phase 1/2 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
3 in multiple myeloma

SNX-5422 NA [108] Phase 1 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
2 in TP53-null tumors

Ganetespib  • Inhibits AKT
 • Represses HIF1α and signal 
transducer and activator of 
transcription 3 (STAT3) [109]

Phase 1/2 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
3 in non-small-cell 
lung cancer, Acute 
Myeloid Leukemia, 
andMyelodysplastic 
Syndrome

(continued)
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Table 3.1 (continued)

Target Drugs Secondary targets and references Cancer clinical trials

AUY922  •  Suppresses AKT and ERK 
only in Phosphatase and 
Tensin homolog (PTEN)-null 
esophageal squamous cancer 
cells

 • Inhibits NF-κB
 •  Promotes apoptosis by 

repressing Rapidly Accelerated 
Fibrosarcoma 1 (RAF1) [110]

Phase 1/2 in solid 
tumors and 
hematopoietic 
malignancies

PU-H71  •  Represses AKT, ERK, RAF1, 
MYC, KIT, Insulin-Like 
Growth Factor 1 Receptor 
(IGF1R), Telomerase Reverse 
Transcriptase (TERT) and 
Ewing sarcoma-Friend 
Leukemia Integration 1 
(EWS–FLI1) in Ewing 
sarcoma cells

 •  Facilitates degradation of 
Inhibitor of nuclear factor 
Kappa-β Kinase subunit β 
(IKKβ) and activated AKT and 
B Cell Lymphoma Extra large 
(BCL-X) [111]

Phase 1 in solid 
tumors and 
hematopoietic 
malignancies

Debio 0932 NA [112] Phase 1 in solid 
tumors and 
hematopoietic 
malignancies

XL888  •  Facilitates degradation of 
CDK4 and WEE1

 • Inhibits AKT signaling
 •  Increases BIM expression and 

decreases MCL1 expression 
[113]

Phase 1 in melanoma

IPI-504  •  Binds to ATP-binding site on 
HSP90

 •  Disrupts transcription factor 
activity of XBP1 and ATF6

 •  Interferes with PERK 
phosphorylation of eIF2α

 • Limits BiP buildup [114]

Phase 1/2 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
3 in gastrointestinal 
stromal tumors

Pan-deacetylase Panobinostat  •  Induces BiP, ATF4, and CHOP, 
IRE1α and eIF2α activation

 •  Induces BIK, BIM, BAX, 
Bcl-2 Antagonist/Killer 
(BAK), and caspase 7  
activity [115]

FDA approved for 
multiple myeloma; 
Phase 1/2 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
3 in hematopoietic 
malignancies

(continued)
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Table 3.1 (continued)

Target Drugs Secondary targets and references Cancer clinical trials

WNT signaling Pyrvinium  •  Represses BIP and GRP94 
induction during glucose 
starvation [116]

FDA-approved 
anthelmintic agent; 
preclinical for cancer

Anti-diabetic 
biguanides

Metformin  •  Represses XBP1 and ATF4 
under glucose starvation [117]

FDA-approved 
anti- diabetes drug; 
Phase 1/2 in solid 
tumors and 
hematopoietic 
malignancies; Phase 
3 in solid tumors

IRE1α Sunitinib Pro-proliferative kinases [118] Phase II for multiple 
myeloma; FDA 
approved for renal cell 
carcinoma

STF-083010  •  Limits endonuclease activity 
of IRE1 endonuclease [119]

Preclinical

MKC-3946  •  Impedes IRE1α endonuclease 
domain

 •  Increases apoptosis when 
coadministered with 
bortezomib and 17-AAG [120]

Preclinical

Toyocamycin  •  Cytotoxic inhibition of XBP1 
mRNA splicing [121]

Preclinical

4μ8C Inhibition of XBP1 mRNA 
splicing [122]

Preclinical for 
multiple myeloma

MKC-3946  •  Inhibition of XBP1 mRNA 
splicing

 •  Sensitization to bortezomib 
[123]

Preclinical for 
multiple myeloma

VCP DBeQ  •  Buildup of ubiquitinated 
proteins and LC3-II [124]

Preclinical

ML240  •  Buildup of ubiquitinated 
proteins and LC3-II [125]

Preclinical

Eeyarestatin  • Induction of UPR genes
 •  Buildup of ubiquitinated 

proteins
 •  Increased bortezomib 

sensitivity
 • Inhibits tumor growth [126]

Preclinical

Major avenues of pharmacological interventions in cancer include proteasome inhibition, inhibi-
tion of the UPR regulators HSP90 and GRP78/BiP, and inhibitors of the downstream signaling 
molecules PERK and IRE1
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stimulating PERK signaling is farnesol, which caused cytotoxicity in a leukemia 
model [128]. Although farnesol is appealing in its natural availability, it has so far 
been shown to have limited efficacy.

Several PERK modulators have been developed with promising results. For 
example, GSK2656157 has high specificity for PERK inhibition and targets tumor 
vasculature, though human use would be limited by pancreatic dysfunction [129]. 
Future therapeutics may be able to target upstream activators of PERK such as the 
ER-resident thiol oxidoreductase ERp57, which catalyzes the formation of disulfide 
bonds, the knockdown of which causes cell death via PERK activation [130]. 
Likewise, the triterpenoid compound celastrol induces apoptosis in a PERK- 
dependent manner [131]. Another class of compounds, sulfonamidebenzamides, 
has been identified as selectively upregulating the CHOP pathway downstream of 
PERK and inhibiting proliferation in a number of cancer cell lines [132]. Induction 
of the UPR also has considerable therapeutic value, demonstrated by the efficacy of 
borrelidin, a threonyl-tRNA synthetase (ThRS) inhibitor that increases XBP1 
 splicing and causes increased eIF2α activation in an oral squamous cell carcinoma 
model, in which PERK expression conferred sensitivity to borrelidin [133].

UPR induction can also be mediated by the induction of both metabolic and ER 
stress, such as by administration of the inhibitory glucose analog 2-deoxy-d- glucose 
(2DG) that also inhibits N-glycosylation. 2DG has been utilized in studies of Acute 
Lymphocytic Leukemia (ALL), in which treatment leads to apoptosis via UPR sig-
naling, particularly among BCR-ABL+ ALL cells [134]. Given the limited types of 
cells sensitive to 2DG, it remains to be seen whether such targeted therapy may hold 
clinical promise.

 ATF6 Signaling

ATF6 signaling is currently an underdeveloped avenue of pharmacological inter-
vention in cancer. Nevertheless, nelfinavir inhibits its downstream target S2P and 
causes accumulation of ATF6 by preventing its conversion to the active cleavage 
product ATF6f [135]. Because of the high growth rate of tumor cells, the deprivation 
of a single amino acid can dramatically reduce their growth potential while posing 
minimal risk of toxicity for the patient. One such methodology is arginine starva-
tion, which induces chronic ER stress via IRE1α and ATF6  in cancer cell lines. 
However, arginine starvation alone appears to be relatively cytostatic, so in order to 
induce toxicity, studies have supplemented this therapy with the arginine analog 
canavinine, which may enhance its efficacy [136].
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 IRE1α Signaling

Estrogen receptor signaling is especially important in breast cancer, in which resis-
tance to chemotherapeutics and UPR activation are associated in triple-negative 
breast cancers. Estrogen receptor β 1 (ERβ1) induces the degradation of IRE1α, 
underlying the association between IRE1α levels and activity and the survival of 
ERβ1 positive cells. While ERβ1 promotes ER stress-induced apoptosis, estrogen 
receptor α (ERα) regulates XBP1 expression. These findings illustrate an opportu-
nity to regulate UPR-associated breast cancer survival by targeting ERβ1 [137]. 
Another intriguing connection between IRE1α and estrogen signaling lies in the 
poor clinical response of breast cancer samples with high XBP1 levels to the estro-
gen receptor antagonist prodrug tamoxifen. A compound was developed called 
STF-083010 to inhibit XBP1 splicing and has been found to restore tamoxifen sen-
sitivity in resistant MCF-7 cells. Coadministration of STF-083010 with tamoxifen 
gave considerable efficacy in a mouse xenograft model [138].

Conversely, activation of IRE1α may also provide a therapeutic benefit. A com-
pound called LU-102 was developed in order to overcome therapeutic resistance to 
the proteasome inhibitor bortezomib, caused by a compensatory upregulation of the 
untargeted proteasomal subunits. Combinatory administration of LU-102 with stan-
dard proteasome inhibitors yielded synergistic cytotoxicity via apoptosis induced 
by IRE1α activity [139]. Bortezomib gives rise to resistant cellular subpopulations 
in clinical cases although interestingly the coadministration of the demethylating 
agent 5-azacytidine is able to eliminate much of this resistance [140].

Another mechanism of therapeutically inducing ER stress is the inhibition of 
histone deacetylase (HDAC) activity, causing the aggregation of misfolded proteins. 
Particularly in combination with bortezomib, HDAC6 inhibitor ACY-1215 provided 
a significant delay in tumor growth and prolonged survival in mouse models of 
lymphoma. Interestingly, the same study illustrated increased XBP1 expression in 
tumor samples [141]. Redox manipulation provides another avenue of imposing ER 
stress. The small molecule SK053 was developed in order to target the thioredoxin- 
thioredoxin reductase system and has considerable efficacy against tumors in mice. 
By imposing oxidative and ER stress, treatment of tumor cells increases BiP, CHOP, 
and XBP1s levels, causing apoptosis correlated with the cellular levels of thiore-
doxin [142]. Another small molecule that appears to target XBP1s is 17#, a small 
molecule that inhibits tumor growth in vitro and in xenografts synergistically with 
doxorubicin, etoposide, and 2-deoxy-d-glucose [143].

 Coordinated Signaling from PERK, ATF6, and IRE1α

Inhibition of targeted individual branches of the UPR may provide greater clinical 
efficacy against tumors known to rely on such signaling, In the absence of such infor-
mation, targeting multiple UPR branches may offer a more useful clinical approach. 
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Although no pharmacological TMEM33 inhibitors have yet been described, a variety 
of CREB inhibitors hold promise as a means to target global UPR signaling and sen-
sitivity to apoptosis arising from ER stress [144, 145]. In an ovarian cancer cell line 
model, β-phenethyl isothiocyanate (PEITC) causes an increase in reactive oxygen 
species (ROS) and inhibits proliferation by increasing apoptosis via upregulating 
either PERK or ATF-6 in one model or PERK and IRE1α in another [146]. Likewise, 
PERK and IRE1α are inhibited by the hepatocellular carcinoma (HCC) therapeutic 
Sorafenib in HCC cell lines [147]. Conversely, some therapeutic compounds are able 
to activate each branch of the UPR simultaneously. For example, 3,3-bis(4-
hydroxyphenyl)-7-methyl-1,3-dihydro-2H-indol-2-one (BHPI) is a compound that 
inhibits ERα-controlled gene expression while inducing chronic ER stress via ERα 
activation and opening of ER calcium channels. The induction of all three branches 
of UPR signaling induces apoptosis that causes rapid tumor regression among drug-
resistant ERα-expressing breast cancer cells in a mouse xenograft model [148].

One way to target global UPR signaling is to target upstream regulators of its 
activation. In particular, GRP78/BiP may serve as a promising target, particularly 
for its role in regulating tumor cell autophagy and apoptosis. Inhibition of  GRP78/
BiP causes increased apoptosis in a mouse model of colon cancer [149]. 
Pharmacological methods of blocking BiP induction, such as with arctigenin, are 
especially promising for tumors that depend on UPR to manage proteotoxic stress 
[92]. Another piece of evidence that GRP78/BiP inhibition has therapeutic value 
has arisen from studies of drug combination therapy. The coadministration of bort-
ezomib and the antidiabetic agent metformin suppresses the induction of GRP78/
BiP, enhances apoptosis, and increases susceptibility to bortezomib in a sample of 
clinical myeloma tumor cells and xenografts [150].

Several other therapeutics target GRP78/BiP, including docosahexaenoic acid 
(DHA), which blocks surface GRP78 expression as well as inhibiting PERK [91]. 
Limited clinical trials have been completed, but targeted combinatory therapy is 
ongoing in several clinical trials. The antibody PAT-SM6 is another therapeutic that 
targets cell surface GRP78/BiP expression [90]. Although the primary endpoint of 
the current PAT-SM6 clinical study is stable disease, that endpoint was reached with 
the goal of establishing optimal dosage for future clinical trials. The induction of 
GRP78/BiP is another therapeutic target, inhibited by the preclinical compound ver-
sipelostatin [89]. Other therapeutics have been designed to target the ATP-binding 
domain of GRP78/BiP, including epigallocatechin gallate (EGCG) [93]. Although 
EGCG has been ineffective in clinical trials targeting smoldering multiple myeloma, 
it has been effective in therapy to clear HPV and low-grade cervical neoplasia. 
Future clinical trials could capitalize on the simultaneous inhibition of GRP78/BiP 
and GRP94 by the administration of pyrvinium [116]. As a counterpart to targeting 
BiP/GRP78, inhibitors have also been developed that target the other major regula-
tor of PERK and IRE1α, HSP90. One such inhibitor, 17-N-allylamino-17-
demethoxygeldanamycin (17-AAG, or Tanespimycin), has shown limited clinical 
response in trials to date, but hope remains for the identification of patient sub-
groups who may be best able to benefit from its effects, especially in combination 
therapy [106]. One interesting cache of 17-AAG is its selectivity for HSP90  in 
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tumor cells, in which the protein is uniquely found in multichaperone complexes 
that have selectively high affinity for 17-AAG [151].

 The Future of Cancer Intervention via UPR-Modulatory Drugs

Pharmacological interventions in tumor cell ER function are advancing rapidly. 
Advances in tumor cell targeting are being advanced particularly by the develop-
ment of immunogenic therapies. Current therapeutics illustrate the tumor specificity 
of such therapies, including ER stress-associated anthracyclin induction of cell sur-
face calreticulin expression, important for tumor cell phagocytosis by dendritic cells 
and immunogenicity in a mouse model [152]. UPR-targeting compounds have some 
intrinsic specificity for tumor cells given the high levels of ER stress found in tumor 
cells, thus making UPR inhibition pro-apoptotic in both tumor cells in general and 
specifically in secretory cells such as those in multiple myeloma [153]. One salient 
example of tumor cell specificity is the cell-surface expression of BiP found only in 
tumor cells, giving BiP inhibitors high tumor specificity [52].

However, the limitations of such approaches principally arise from the outgrowth 
of resistant tumor subpopulations. Resistance to drugs can be caused by factors 
including modification of target proteins, increased degradation or export of drug 
molecules, or amplification of cellular machinery that compensates for the targeted 
molecular signaling. The modification of target proteins can either occur at the tran-
scriptional level via mutations or at the post-translational level. Resistance can be 
combated by combination therapy, such as the inhibition of PERK in radioresistant 
hypoxic tumor cells [154]. Combination therapy can be tailored to overcome resis-
tance to a range of therapies, such as oncolytic virus resistance in glioblastoma cells 
that can be overcome by the inhibition of IRE1α [155].

There are many UPR-related phenomena for which ongoing therapeutic develop-
ment may be effective. For example, UPR signaling can stimulate inflammation via 
NF-κB, whose inhibition in metastatic cancer can cause inflammatory tumor growth 
to give way to inflammation-promoted regression [156]. Although exclusive target-
ing of NF-κB may be therapeutically limited, drugs such as bortezomib have shown 
efficacy partly through such inhibition of inflammatory factors such as NF-κB [157]. 
Moreover, drugs in clinical trials such as AUY922 are able to induce anti- tumorigenic 
apoptosis via RAF-1 inhibition while inhibiting inflammation via NF-κB [110].

While therapy is able to manage cancer cases, cancer prevention can limit its 
development by guiding individuals toward anti-tumorigenic lifestyle choices. For 
example, cigarette smoke induces considerable UPR dysregulation both in vivo and 
in clinical cases, and decreasing exposure would mitigate the tumorigenic conse-
quences [158]. Likewise, the modification of diet can allow individuals to manage 
their cancer risk by including compounds such as epigallocatechin gallate, a poly-
phenol found in green tea that has considerable anticancer properties [159] and 
targets the ATP-binding domain of BiP [93]. Implementing cancer prevention strat-
egies that leverage our developing understanding of UPR in cancer will allow us to 
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limit cancer incidence. Meanwhile, thorough characterization of the mechanisms by 
which cancer cells are able to exploit UPR signaling will provide opportunities to 
better target the diversity of clinical cases that arise.
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Chapter 4
ATF4, Hypoxia and Treatment Resistance 
in Cancer

Dean C. Singleton and Adrian L. Harris

Abstract Oxygen deprivation (hypoxia) is a common feature of tumors that is 
associated with treatment resistance and poor patient survival. Hypoxia perturbs the 
oxidative environment within the endoplasmic reticulum (EnR), limiting protein 
folding capacity. This restriction causes an accumulation of unfolded proteins in the 
EnR and activation of a stress response pathway, termed the unfolded protein 
response (UPR). Signals from the UPR culminate in repression of general protein 
translation. Paradoxically, a small number of transcripts are selectively translated 
under these conditions. One of these transcripts encodes Activating Transcription 
Factor 4 (ATF4). In tumors, ATF4 expression is detected in hypoxic and nutrient- 
deprived regions. ATF4 promotes metabolic homeostasis and cancer cell survival by 
transcriptionally regulating numerous processes including amino acid uptake, anti-
oxidant biosynthesis, and autophagy. These changes confer ATF4-expressing cells 
with a multidrug resistance phenotype and the ability to tolerate adverse stresses of 
the tumor microenvironment. However, under conditions of persistent and unre-
solved stress, ATF4 transcriptional reprogramming becomes pro-apoptotic. 
Therapeutic modulators of ATF4 signaling have the potential to modify these prop-
erties by diminishing adaptive phenotypes in cancer cells. Reprogramming cancer 
cells in this way can improve tumor sensitivity to anticancer treatments including 
chemotherapy, immunotherapy, and radiotherapy.
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 Tumor Hypoxia

The tumor microenvironment is characterized by transient fluctuations in oxygen 
concentration [1]. Areas of oxygen deprivation (hypoxia) develop because the 
immature and disorganized tumor microvasculature is unable to deliver sufficient 
oxygen to meet the metabolic demands of the tumor. Hypoxia is commonly observed 
in solid human tumors. For example, hypoxic regions with pO2 < 2.5 mmHg (equiv-
alent to ~0.3% O2) are frequent in  locally advanced breast tumors but are not 
detected in normal breast tissue [2, 3]. However, the proportion of hypoxic cells 
(pO2 < 2.5 mmHg) in tumors is highly variable between patients and can range from 
0 to 97% [4]. Hypoxic cancer cells stimulate tumor growth by secreting pro- 
angiogenic factors, particularly Vascular Endothelial Growth Factor A (VEGFA). In 
addition, hypoxic cancer cells display enhanced malignant phenotypes including 
tumor initiation and invasion. Critically, these cells are resistant to killing by radio-
therapy and some forms of chemotherapy [3, 5]. Consequently, patients with 
hypoxic tumors have an increased risk of metastasis and reduced overall survival 
probability [6–9].

Early reports described hypoxic cells in tumors in perinecrotic regions at dis-
tances >150  μm from vessels [10, 11]. These chronically hypoxic cells occur 
because oxygen is consumed as it diffuses away from the blood vessels, resulting in 
a steep oxygen gradient between oxygenated cells adjacent to the tumor vasculature 
and severely hypoxic cells in perinecrotic regions (Fig. 4.1a). Hypoxic cells can also 
exist in closer proximity to the tumor microvasculature following a transient vessel 
occlusion [12]. These acutely hypoxic cells are hypothesized to pose a greater clini-
cal problem than cells that are chronically hypoxic. This is because cells that are 
transiently hypoxic are likely to be temporarily chemotherapy and radiotherapy 
resistant, allowing them to survive treatment, and then continue proliferating fol-
lowing re-oxygenation. Furthermore, transcriptionally reprogrammed hypoxic cells 
that are near tumor vessels pose a higher risk of hematogenous metastasis than 
chronically hypoxic cells that are confined to perinecrotic regions that are distal to 
the vasculature [13, 14].

The spatial heterogeneity in acute hypoxia is also subject to fluctuations over 
time [15]. Animal models have demonstrated that acute hypoxia occurs in a cyclic 
manner with rapid changes in the subpopulation of acutely hypoxic cells within the 
tumor [16]. However, despite the common classification used to divide hypoxic 
tumor cells into two distinct subtypes, the true pathophysiology of tumor hypoxia is 
likely to reflect both transient and sustained episodes that range from mild oxygen 
deprivation to complete anoxia, resulting in heterogeneous biological responses that 
depend on both extrinsic and intrinsic factors.

The adverse effect of tumor hypoxia on patient survival has motivated the devel-
opment of strategies to target hypoxic cells in tumors [17]. These include prodrugs 
designed to undergo selective activation in hypoxic cells and molecularly targeted 
agents developed to interfere with cellular mechanisms of hypoxic adaptation.
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 Therapeutic Targeting of Tumor Hypoxia

Hypoxia-activated prodrugs (HAPs) represent a promising, clinically advanced 
strategy to eliminate hypoxic cells. HAPs are designed to be selectively activated in 
hypoxic cells. This is achieved via an oxygen-sensitive mechanism of activation that 
relies on one-electron reductases, particularly cytochrome P450 oxidoreductase 
(POR) [17]. In hypoxia, HAPs undergo metabolism to species that are more potent 
than the HAP itself. Whereas, in normoxic cells HAPs undergo minimal conversion 
to cytotoxic species, resulting in negligible cell killing. This difference in cytotoxic-
ity provides therapeutic selectivity for hypoxic tumor cells. A number of promising 
HAPs have been developed, with some undergoing Phase II/III clinical investiga-
tion including Tirapazamine, Evofosfamide, PR-104, and EO9 [17–20].

Confining HAP activation to conditions of low (pathogenic) oxygen (<0.2% O2) 
provides an opportunity to exploit hypoxia as a tumor-specific property because the 
lower ranges of physiological O2 tension are approximately 3–9% in normal tissues 

Fig. 4.1 (a) Schematic representation of the tumor vasculature demonstrating areas of chronic and 
acute hypoxia. Regions of the tumor that are beyond the diffusion limits of oxygen are chronically 
hypoxic. Transient vessel occlusion (arrowhead) results in an acute hypoxic episode in close prox-
imity to the tumor vasculature. (b) Oxygen is required for protein folding in the EnR. In this sys-
tem, protein folding and disulfide bond formation is driven by the enzymes PDI and ERO1L with 
oxygen acting as the final electron acceptor. Hypoxia limits this reaction resulting in the accumula-
tion of unfolded proteins (red polypeptide). Unfolded proteins sequester the EnR chaperone BIP 
resulting in the autophosphorylation and activation of PERK. PERK then phosphorylates eIF2α to 
repress the global rate of protein translation. However, under these conditions ATF4 mRNA is 
selectively translated
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[21]. This feature of tumor-selective activation may be particularly useful if cyto-
toxic metabolites released from HAPs are designed with considerable “bystander” 
properties so that they can diffuse into nearby oxygenated cells to extend the level 
of tumor killing beyond the hypoxic region and increase the anticancer activity of 
the HAP [22]. Development of companion methods, including hypoxia imaging 
using Positron Emission Tomography (PET) will enable prediction of patients with 
hypoxic, POR-expressing tumors that are most likely to respond to treatment with 
HAPs [23–25].

 Molecular Targeting of Tumor Hypoxia

An alternative strategy to eliminate hypoxic tumor cells is to exploit the molecular 
vulnerabilities that occur within this subpopulation. This concept has been moti-
vated by a growing understanding of the biological changes that underpin the pro- 
survival adaptations to hypoxia [26]. Much of this work has focused on inhibiting 
the Hypoxia Inducible Factor (HIF) family of transcription factors or targeting phe-
notypic changes that are dependent on expression of HIF-target genes [27]. Although 
HIF is a challenging protein to inhibit directly, several drugs that prevent HIF tran-
scriptional function have advanced to clinical evaluation, including PX-478 and 
PT2385 [28]. Indirect strategies have relied on targeting HIF-dependent genes, for 
example, CA9, LOX, GLUT1, and RIOK3 or antagonizing phenotypes that are asso-
ciated with HIF-target genes, for example, reactivation of mitochondrial respiration 
using dichloroacetate [29–34].

A number of HIF-independent pathways of hypoxic adaptation have been 
described including AMP-activated protein kinase (AMPK) signaling and the 
unfolded protein response (UPR) [35]. The UPR has emerged as an important 
mechanism that promotes tolerance to cell stress resulting from nutrient depriva-
tion, hypoxia, or exposure to pharmacological agents. The UPR acts as a key link 
between oxygen availability and the rate of protein translation. Notably, several 
features of the UPR can be targeted with drugs, providing new strategies to elimi-
nate or modify hypoxic cell behavior in tumors, with the potential to complement or 
enhance the efficacy of current cancer treatment regimens.

 The Unfolded Protein Response Is Activated by Severe 
Hypoxia

Secreted and cell surface proteins undergo folding, glycosylation, disulfide bond 
formation, and structural maturation in the EnR. To accomplish these processes, 
EnR function is strictly dependent on the maintenance of a distinct oxidative envi-
ronment [36, 37]. Severe hypoxia perturbs the redox potential of the EnR resulting 
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in accumulation of unfolded client proteins in the ER lumen [37]. During disulfide 
bond formation, an oxidoreductase (ERO1L) and isomerase (PDI) act as a relay 
system to transfer electrons from the EnR client protein to molecular oxygen 
(Fig.  4.1b). Disulfide bond formation is crucial for correct protein folding [38], 
highlighting the obligatory role of oxygen in EnR function. Recent studies have 
demonstrated that the initial phase of disulfide bond formation that occurs during 
protein translation can proceed independently of oxygen, whereas post-translational 
disulfide bond formation and isomerase steps are oxygen dependent [39].

Accumulation of misfolded proteins in the EnR activates the UPR. The UPR acts 
to resolve EnR stress by increasing the folding capacity of the EnR, suppressing 
protein translation and by increasing the rate of degradation of misfolded proteins 
(by EnR-associated degradation or autophagy). The UPR is initiated by three EnR 
transmembrane proteins: inositol-requiring enzyme 1α (IRE1α; ERN1), protein 
kinase R (PKR)-like endoplasmic reticulum kinase (PERK; EIF2AK3) and 
Activating Transcription Factor 6 (ATF6) [40, 41]. Mechanistically, the accumu-
lated misfolded proteins in the EnR lumen displace BIP (GRP78, HSPA5), a molec-
ular chaperone, from the luminal domains of IRE1α and PERK, triggering their 
dimerization, autophosphorylation, and activation [42].

 PERK-eIF2α-ATF4 Signaling

Recent structural, biophysical, and cellular analysis suggest that EnR stress causes 
a transient tetrameric arrangement of PERK luminal domains, and this organization 
is required for PERK activity [43]. Activated PERK phosphorylates the eukaryotic 
translation initiation factor 2α (eIF2α) on serine residue 51 [44]. This post- 
translational modification results in reversible repression of protein translational 
initiation. Three additional kinases (HRI, PKR, and GCN2) can phosphorylate 
eIF2α in response to distinct cellular stress events.

During translation initiation the eIF2 complex (composed of α, β, and γ subunits) 
binds to GTP and the initiator methionyl-tRNA. This ternary complex associates 
with eIF1, eIF1A, eIF3, and the 40S ribosomal subunit to form the 43S preinitiation 
complex (PIC). The PIC scans along mRNA that has been unwound by eIF4F and 
recognizes the AUG start codon, prompting eIF5-dependent GTP hydrolysis [45]. 
The GDP-bound eIF2 is then released allowing recruitment of the 60S ribosomal 
subunit and initiation of translation. The guanine nucleotide exchange factor (GEF) 
eIF2B then catalyzes the exchange of GDP for GTP to recover eIF2-GTP, enabling 
another round of translation initiation. This replenishing step is a key regulatory 
stage in the rate of translational initiation. Importantly, the GEF activity of eIF2B is 
controlled by the phosphorylation state of eIF2α at serine 51. Phosphorylation at 
this site causes an increase in affinity of eIF2B for eIF2-GDP, reducing the exchange 
of eIF2-GDP to eIF2-GTP and limiting the rate of translation initiation [46, 47].

Although the global rate of mRNA translation is repressed during conditions of 
elevated eIF2α phosphorylation, paradoxically, the translation of a number of 
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mRNA transcripts, including ATF4, is increased [48]. The translational control of 
ATF4 expression is dependent on two upstream open reading frames (uORFs) in the 
5′ region of the ATF4 mRNA. When eIF2α phosphorylation is low, eIF2-GTP is 
abundant. Ribosomes translate the 5′ uORF1 and then scan along the ATF4 mRNA 
to reinitiate translation efficiently at the downstream uORF2 [49, 50]. The second 
(inhibitory) uORF2 overlaps with the start codon of the ATF4 ORF and, therefore, 
translation of the ATF4 ORF is prevented and cellular levels of ATF4 protein remain 
low. During conditions where eIF2α phosphorylation is elevated, the availability of 
eIF2-GTP is reduced and the scanning ribosomes take longer to become competent. 
This delay allows the ribosome to bypass the inhibitory uORF2 and instead reiniti-
ate translation at the ATF4 ORF, resulting in increased levels of ATF4 translation. 
Once expressed, the ATF4 protein can translocate into the nucleus and transcription-
ally regulate a number of genes required for amino acid synthesis and import, 
autophagy, redox balance, and angiogenesis [51].

This prevailing model of uORF-based ATF4 translational regulation has recently 
been refined to include a role for N6-Methyladenosine (m6A) [52]. Zhou et al. dem-
onstrated an increased enrichment of m6A within the inhibitory uORF2. Cellular 
stress resulting in phosphorylation of eIF2α reduced the abundance of this modifica-
tion, in a process catalyzed by ALKBH5-dependent demethylation. Thus, m6A 
within uORF2 impedes the scanning ribosomes resulting in increased translation of 
inhibitory uORF2 and reduced translation of the ATF4 ORF.

DDX3, an RNA-binding protein, was shown to increase phospho-eIF2α- 
dependent ATF4 translation via interaction with the eIF4F complex, identifying 
another factor that contributes to the control of ATF4 expression levels [53]. In addi-
tion, mTORC1 promotes ATF4 translation through its uORFs, but acts indepen-
dently of eIF2α phosphorylation status [54]. These recent findings highlight the 
important work still needed to fully elucidate the mechanism of ATF4 translational 
control.

In addition to ATF4, several other transcripts undergo preferential translation 
during episodes of increased eIF2α phosphorylation [55]. For example, CHOP 
(DDIT3) and GADD34, target genes that are transcriptionally up-regulated by 
ATF4, are also regulated by a translational mechanism that depends on 5′ inhibitory 
uORFs [56, 57].

 Activity of ATF4 in Hypoxic Cells

ATF4 is a basic region-leucine zipper transcription factor [58, 59]. In vitro exposure 
to severe hypoxia results in elevated expression of ATF4 [60, 61]. In agreement, 
ATF4 expression is observed in hypoxic regions of human tumors and levels of 
ATF4 are elevated in breast cancer, cervical cancer, melanoma, and glioblastoma 
compared with corresponding normal tissue [62].
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 Pro-Survival Versus Pro-death Roles of ATF4

ATF4 promotes adaptation and survival during periods of cellular stress and loss of 
ATF4 results in hypersensitivity to EnR stress generated by hypoxia [62]. However, 
in situations where the stress is excessive and cannot be resolved, ATF4 acts to pro-
mote cell death, with many reports implicating CHOP in this process. Detailed tran-
scriptomic studies have shed more light on this dichotomy of function [63]. Han 
et al. found that overexpression of ATF4 resulted in transcription of several known 
ATF4 responsive genes (ATF3, GADD34, TRIB3). The level of transcription was 
markedly increased by co-expression of CHOP, demonstrating that CHOP co- 
operates with ATF4. In contrast, CHOP overexpression alone had negligible effect 
on gene expression. ATF4/CHOP responsive genes were largely involved in stimu-
lating protein synthesis, for example, aminoacyl-tRNA synthetase genes. Notably, 
ATF4 and CHOP did not induce genes that promote apoptosis, suggesting that they 
do not directly participate in the transcriptional induction of apoptosis.

Chromatin immunoprecipitation sequencing (ChIP-seq) studies showed that 
ATF4 and CHOP bind at a common site in the proximal promoter region of these 
genes at a consensus sequence [63]. Furthermore, direct interaction between ATF4 
and CHOP was confirmed by co-immunoprecipitation studies. These findings need 
to be carefully interpreted and considered alongside the temporal kinetics of EnR 
stress events. Following treatment with pharmacological inducers of EnR stress, 
cells display a rapid increase in eIF2α phosphorylation, proceeded sequentially by 
ATF4 expression, then CHOP expression and then apoptosis. The evidence suggests 
that early events (translational repression and ATF4 expression) are pro-survival 
responses that are directed towards alleviation of EnR stress. In support of this idea, 
ATF4 alone (in the absence of CHOP) transcriptionally up-regulates target genes 
involved in amino acid transport and biosynthesis (e.g., SLC6A9 and PSAT1) [63]. 
In contrast, later events that depend on CHOP are directed towards re-establishment 
of protein synthesis. ATF4 and CHOP co-operatively induce expression of genes 
involved in protein translation including aminoacyl-tRNA synthetases and initiation 
factors (e.g., WARS and EIF5). In addition, the late up-regulation of GADD34 leads 
to dephosphorylation of eIF2α and a resumption of protein translation. Where the 
EnR stress has been resolved, for example, following re-oxygenation of tumor cells, 
the activity of ATF4/CHOP would promote a return to basal or even elevated levels 
of protein synthesis leading to enhanced tumor growth, having carried out earlier 
transient pro-survival functions. In contrast, during conditions of unresolved EnR 
stress, for example, chronic hypoxia, ATF4/CHOP would transcriptionally induce 
protein synthesis resulting in further oxidative stress, ATP depletion, and apoptosis. 
Thus, the microenvironmental heterogeneity in oxygen tension, nutrient availabil-
ity, and temporal kinetics of stress within the tumor determine whether ATF4 acts in 
a pro-survival or pro-death capacity.
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 Phenotypic Reprogramming by ATF4

ATF4 promotes adaptation to cellular stress by transcriptionally up-regulating genes 
required for autophagy, redox maintenance, amino acid homeostasis, angiogenesis, 
and metastasis (Fig. 4.2).

 Regulation of Autophagy by ATF4

Macroautophagy (hereafter termed autophagy) is a process whereby cytoplasmic 
macromolecules, protein aggregates, and organelles, including the EnR and mito-
chondria, are degraded by the lysosome and recycled [64]. All cells maintain a basal 
level of autophagy to remove damaged and long-lived proteins that are not degraded 
via the proteasome. During hypoxia the rate of autophagy is increased to promote 
cell survival. This increase in autophagy enables recycling of amino acids during 
episodes of stress, but, perhaps most critically, allows for detoxification and removal 
of proteins and organelles that have been damaged by reactive oxygen species 
(ROS) [65, 66]. High levels of ROS are generated during cyclic hypoxic exposures 

Fig. 4.2 ATF4-dependent processes and examples of target genes that are associated with these 
processes
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[67]. Consequently, inhibitors of autophagy (e.g., choloroquine) sensitize cells to 
hypoxic stress [66, 68].

ATF4 is an important promoter of autophagy by transcriptionally up-regulating 
several autophagy-related genes including MAP1LC3B (commonly referred to as 
LC3B) [68, 69]. LC3B is incorporated into autophagosomes during autophagy. 
During high rates of autophagy LC3B becomes depleted, eventually limiting the 
rate of autophagy. ATF4-dependent transcription of MAP1LC3B helps to maintain 
LC3B concentrations and sustain high rates of autophagic flux during cellular stress. 
ATG5, a protein involved in autophagosome elongation, is also induced during EnR 
stress in an ATF4- and CHOP-dependent manner [69]. Notably, ATF4 also up- 
regulates ULK1, an inducer of autophagy, in certain cancer cell lines, demonstrating 
that ATF4 can also transcriptionally promote autophagy initiation [70]. Studies in 
mouse embryonic fibroblasts (MEFs) have extended the list of autophagy genes that 
are known to be regulated by Atf4 to include Atg16l1, Atg12, Atg3, Becn1, and 
Gabarapl2 [71]. Furthermore, Atf4, in combination with Chop, has also been dem-
onstrated to transcriptionally up-regulate p62 (Sqstm1), Nbr1 and Atg7 [71].

These studies, and others, underline the important role of ATF4 as a master regu-
lator of autophagy gene transcription [72]. Correspondingly, ATF4 is necessary for 
autophagy during various states of cell stress, including transformation. 
Transformation with c-Myc increases cellular rates of protein translation but can 
also cause apoptosis. Myc-driven protein translation results in higher levels of EnR 
stress [73]. The PERK-eIF2α-ATF4 pathway supports cyto-protective autophagy in 
this context. PERK-deficient cells undergo apoptosis following transformation with 
Myc and PERK is required for the growth of Myc-driven tumors. Similarly, ATF4 is 
required during transformation of MEFs with H-rasV12 and SV40 large T antigen 
[74]. This work establishes an essential role for the PERK-eIF2α-ATF4 pathway in 
the transforming activity of oncogenes. Notably, ATF4 can play multiple roles in 
Myc-driven oncogenesis. Depriving Myc-amplified neuroblastoma cells of gluta-
mine activates the GCN2-eIF2α-ATF4 signaling pathway. In this context, ATF4 
promotes cell death by transcriptionally up-regulating PUMA, NOXA, and TRIB3 
[75].

 Role of ATF4 in Redox Maintenance

During hypoxia and other tumor microenvironmental stresses cancer cells can expe-
rience supraphysiological levels of ROS [67, 76]. These species cause damage to 
proteins and organelles resulting in cytotoxicity. ATF4 helps to protect cells from 
excessive oxidative stress by increasing levels of glutathione (GSH), a key cellular 
antioxidant. Increased GSH is achieved by transcriptionally up-regulating glycine 
import (e.g., GLYT1) [51], cysteine import (e.g., SLC7A11 and SLC1A4) [77, 78], 
cysteine availability (e.g., CTH) [51, 79], and GSH biosynthesis (e.g., GCLC) [80]. 
Cells that lack ATF4 have lower levels of GSH and greater sensitivity to oxidative 
stress [79].
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 Role of ATF4 in Cell Metabolism and Amino Acid Homeostasis

Initial studies using ATF4 knockout MEFs demonstrated impaired cell growth 
kinetics compared with wild-type counterparts [51]. However, this proliferative 
defect was rescued by addition of non-essential amino acids (NEAA) and reducing 
agents, such as β-mercaptoethanol, into the culture medium. Similar effects are 
observed in cancer cells; ATF4 knockdown reduced cell survival and proliferation 
and increased apoptosis [81]. These defects were rescued by addition of either 
NEAA or by asparagine alone or by overexpression of asparagine synthetase 
(ASNS). Furthermore, ATF4 expression was necessary for growth of tumor xeno-
grafts [81].

Further work has confirmed the importance of the GCN2-eIF2α-ATF4 pathway 
as a key sensor of amino acid depletion. Upon activation, ATF4 triggers an adaptive 
response involving up-regulation of several genes encoding amino acid uptake and 
synthesis proteins. The in vitro induction of this program has been reported follow-
ing depletion of several individual amino acids including methionine, asparagine, 
leucine, tryptophan, serine, glutamine, and cysteine, although the sensitivity to 
depletion of individual amino acids likely depends on the plasticity of the cellular 
metabolic environment and is thus cell line- and cell type dependent [82–86]. 
Induction of the amino acid stress response was particularly notable in conditions 
where autophagy was impaired and glutamine concentrations were constrained 
[87].

When serine concentrations are reduced, the GCN2-eIF2α-ATF4 pathway is 
activated, and this results in the transcription of PHGDH, PSAT1, and PSPH and 
increased serine biosynthesis [85]. Serine acts to positively regulate Pyruvate 
Kinase M2 (PKM2) enzyme activity. When serine levels are low, PKM2 activity is 
repressed leading to an accumulation of glycolytic intermediates that can feed into 
the serine biosynthetic pathway [88]. Thus, control of serine biosynthesis depends 
on the concerted activity of PKM2 and ATF4. Maintenance of intracellular serine 
levels is required to support mTORC1 activity and sustain cell proliferation.

In vivo, fluctuating concentrations of amino acids, particularly glutamine, can 
occur in the tumor microenvironment, potentially in concurrence with hypoxia and 
glucose limitation (i.e., ischemia) [89–91]. Activation of the GCN2-eIF2α-ATF4 
pathway in response to glutamine deprivation provides an adaptive feedback mech-
anism to increase amino acid uptake [92]. ATF4 expression also occurs in response 
to pharmacological glutamine deprivation following treatment with glutaminase 
inhibitors [93].

A more complex picture of this biological pathway has recently emerged. In KRAS-
mutant non-small cell lung carcinoma (NSCLC) ATF4 plays a key role in disease 
biology through regulation of amino acid metabolism [94]. Gwinn et al. demonstrated 
that KRAS-PI3K-AKT-NRF2 signaling in this context was required for expression of 
ATF4 in response to cell growth in conditions of physiological glutamine abundance 
(0.5 mM). Upstream GCN2-phospho-eIF2α signaling was implicated in the elevated 
expression of ATF4 observed in these conditions. However, further work highlighted 
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the importance of genetic context in these processes; KRAS mutant cells with addi-
tional KEAP1 mutation, leading to NRF2 activation, demonstrated improved survival 
in conditions of glutamine deprivation when ATF4 was knocked down. Thus, the 
abundant ATF4  in these cells acts in a pro-apoptotic manner during conditions of 
amino acid starvation. In contrast, KRAS mutant/KEAP1 WT or KRAS WT/KEAP1 
WT cells did not benefit from ATF4 knockdown during conditions of nutrient stress. 
However, the pro-survival effect of ATF4 loss in the KRAS mutant/KEAP1 mutant 
context was not seen in xenograft models, where ATF4 knockout caused impaired 
tumor growth, suggesting that nutrient stress in tumors is not sufficiently strong to 
activate the pro-apoptotic effects of ATF4 observed in glutamine-starved cell culture 
conditions. Thus in vitro models replace do not always correlate with in vivo micro-
environmental stresses.

ATF4 activity can also contribute to amino acid homeostasis in the tumor micro-
environment via metabolic effects in the stromal cells. In particular, cancer- 
associated fibroblasts display increased stability of ATF4 due to reduced 
p62-dependent ubiquitination (p62 levels are commonly reduced in cancer- 
associated fibroblasts compared with normal fibroblasts) [95]. The associated meta-
bolic reprogramming in these cells provides a de novo source of glucose-derived 
asparagine that can support cancer cell growth, particularly during episodes of glu-
tamine deprivation.

 Role of ATF4 in Cell Invasion and Metastasis

Hypoxic activation of the PERK-eIF2α-ATF4 pathway in tumors has been linked to 
an increased risk of metastasis [96]. ATF4 can stimulate metastasis by promoting 
cellular tolerance to hypoxia, as discussed earlier, and by enhancing the metastatic 
properties of cancer cells. Hypoxia is a recognized enhancer of metastasis [97]. 
Hypoxia promotes numerous steps in the metastatic cascade; remodeling of the 
extracellular matrix (ECM), intravasation and extravasation of cancer cells, and by 
promoting a less differentiated cellular state with enhanced motility and invasive 
properties. Many of these biological changes depend on HIF-1 transcriptional activ-
ity, yet ATF4 also contributes in distinct roles. For example, when detached from the 
ECM, cells experience increased levels of oxidative stress, predisposing them to 
apoptosis (anoikis). During this process, ATF4 expression is increased and it sup-
ports cell survival by transcriptionally up-regulating autophagy via ATG5, ATG7, 
and ULK1 [65]. ATF4, in co-operation with NRF2, induced the transcription of cel-
lular antioxidant responses, particularly the antioxidant enzyme hemeoxygenase 1 
(HO-1). HO-1 acts to reduce ROS levels following matrix detachment and prevent 
anoikis. Importantly, these steps are necessary for colonization of cells in the lungs 
of mice, demonstrating that ATF4 is required for metastasis in this context [65]. 
PERK has also been shown to promote survival following ECM detachment by 
inducing autophagy through LKB1-AMPK signaling [98]. Consistently, circulating 
tumor cells in the bloodstream have increased ATF4 expression [99].
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The epithelial-mesenchymal transition (EMT) is a process of transcriptional repro-
gramming that causes carcinoma cells to reversibly shift into a less differentiated state 
[100]. During EMT, cells lose their epithelial characteristics including cell-cell adhesion 
and cellular polarity and acquire mesenchymal attributes including motility, invasive-
ness, and stem cell-like characteristics. These changes in phenotype promote cancer cell 
dissemination and metastasis [101, 102]. Tumor hypoxia stimulates cells to undergo 
EMT, and HIF-1 participates in this process [103]. During EMT, cells increase the 
expression of secreted ECM proteins, and this results in an increase in EnR stress and a 
reliance on PERK-eIF2α-ATF4 signaling for maintaining proteostasis and cell survival 
[104]. Exacerbating this EMT-induced stress using pharmacological EnR stressors 
including tunicamycin and thapsigargin results in cell death. Similarly, cells that have 
undergone EMT display increased sensitivity to PERK inhibition, further demonstrating 
that PERK-eIF2α-ATF4 signaling is required to sustain EMT biology [104].

Independent reports showed that knockdown of ATF4 prevented EMT in gastric can-
cer cells exposed to severe hypoxia [105]. ATF4 knockdown reduced cell migration, 
invasion, and metastasis, whereas ATF4 overexpression enhanced these processes [106]. 
Consistent with these findings, analysis of clinical transcriptomic datasets demonstrated 
that EMT and ATF4 gene signatures were strongly correlated in their expression across 
several tumor types including breast, colon, gastric, and lung cancer [104].

ATF4 has also been implicated in non-canonical (β-catenin-independent) Wnt 
signaling [107]. In this report, non-canonical Wnt ligands (Wnt5a/b) signal via 
ROR2, DVL2, ATF2, and ATF4 to promote proliferation of colon cancer cells in a 
β-catenin-independent manner.

Metastasis depends on remodeling of the ECM. ATF4 can stimulate ECM remod-
eling by transcriptionally up-regulating the matrix degrading enzymes MMP2 and 
MMP7 [106]. ATF4 also promotes metastasis by transcriptionally up-regulating 
lysosomal associated membrane protein 3 (LAMP3) [96]. LAMP3 is required for 
cell migration and invasion during hypoxia and for metastasis in animal models 
although the exact mechanism has not been fully elucidated [108–110].

Recently, co-recruitment of ATF4 with steroid receptor coactivator-3 (SRC-3) 
was demonstrated in highly glycolytic breast cancers [111]. In this study, the 
glycolysis- promoting enzyme 6-phosphofructo-2-kinase/fructose-2,6- 
bisphosphatase 4 (PFKFB4) was shown to phosphorylate SRC-3 at serine 857 
resulting in increased transcriptional activity. Activated SRC-3 supported purine 
biosynthesis via transcriptional up-regulation of transketolase (TKT), adenosine 
monophosphate deaminase-1 (AMPD1), and xanthine dehydrogenase (XDH). This 
transcriptional program and recruitment of SRC-3 to gene promoters was dependent 
on direct interaction with ATF4, in conditions that favored elevated glycolysis (high 
glucose, PFKFB4 expression). SRC-3 expression promoted both the growth and 
metastatic dissemination of breast tumor xenograft models. Furthermore, phosphor-
ylated SRC-3 was associated with worse survival outcomes in breast cancer patients. 
Thus, the metabolic re-orchestration mediated by ATF4 is co-opted in aggressive 
cancers and results in poorer outcome.

These studies highlight the important role that ATF4 biology plays at multiple 
stages of the metastatic cascade including maintenance of the EMT phenotype, 
resistance to anoikis, and promotion of ECM remodeling.
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 ATF4 Promotes Angiogenesis

Cells respond to hypoxia by secreting pro-angiogenic factors in an attempt to 
increase tissue oxygenation. HIF-1 plays a particularly important role in this 
response. In addition, several studies have demonstrated that the PERK-eIF2α- 
ATF4 pathway also contributes to tumor angiogenesis [112]. For example, tumors 
comprised of PERK-deficient cells grow slower than control tumors and have 
reduced microvessel density [113]. Similarly, potent and selective ATP-competitive 
small molecule inhibitors of PERK also display anti-angiogenic effects in tumor 
xenograft models, supporting the notion that PERK-eIF2α-ATF4 signaling is pro- 
angiogenic in tumors [114].

These observations are supported by the demonstration that ATF4 promotes tran-
scriptional up-regulation of several pro-angiogenic factors during episodes of glu-
cose deprivation [115]. Glucose deprivation or treatment with pharmacological EnR 
stressors activated the UPR resulting in PERK- and ATF4-dependent induction of 
VEGFA, FGF2, and IL6. ChIP studies confirmed ATF4 binding at the VEGFA gene 
promoter region. Amino acid deprivation also results in up-regulation of VEGFA 
secretion [116]. In this situation, both GCN2 and ATF4 are required for VEGFA 
induction. Tumor xenografts consisting of GCN2-deficient cancer cells grow with 
slower kinetics and have reduced microvessel density compared with controls [116]. 
Consistently, ATF4 was required for hypoxic transcription of VEGFA in osteoblasts. 
However, in this situation ATF4 was demonstrated to act by promoting the stability 
of HIF-1α [117]. This interesting finding highlights the potential for crosstalk 
between transcriptional responses during hypoxia.

ATF4 overexpression has been demonstrated to promote tumor growth by 
increasing microvessel density [118]. In this study, the effect was due to recruitment 
of pro-angiogenic macrophages to the tumor via ATF4-dependent secretion of mac-
rophage colony stimulating factor (M-CSF). However, in contrast to previous find-
ings, Liu et al. did not observe ATF4-dependent transcription of VEGFA, highlighting 
the potential for cell-type specific differences in these pathways. A recent report 
highlighted the importance of ATF4 activity in the disease progression of endome-
trial cancer [119]. In this work, the transcriptional up-regulation of CCL2 by ATF4 
was responsible for stimulation of tumor growth by increasing tumor recruitment 
and infiltration of macrophages.

GCN2-eIF2α-ATF4 signaling also promotes angiogenesis in conditions of sulfur 
amino acid (methionine and cysteine) deprivation [120]. Dietary restriction of sul-
fur amino acids results in GCN2/ATF4-dependent angiogenesis in mouse skeletal 
muscle. In this context, ATF4 is required for transcriptional up-regulation of 
cystathionine-γ-lyase (in addition to induction of VEGFA), leading to increased 
production of H2S. H2S acts by repressing mitochondrial electron transport and oxi-
dative phosphorylation in endothelial cells resulting in activation of AMPK signal-
ing and increased glucose uptake and glycolytic ATP production. These 
pro-angiogenic effects occur independently of hypoxia or HIF-1α.

Thus, ATF4 directs diverse biological functions that support several pro- 
angiogenic mechanisms.
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 ATF4 Activity in Tumor Infiltrating Immune Cells

While ATF4 confers pro-survival characteristics to cancer cells allowing them to 
resist stresses of the tumor microenvironment, this same activity can provide meta-
bolic resilience to immune cells, possibly allowing for stronger antitumor T cell 
responses. For example, ATF4 expression is increased in CD4+ T cells in response 
to oxidizing environments and amino acid deprivation [121]. ATF4 stimulates 
amino acid synthesis and uptake to restore mTORC1 activity, drives metabolic 
reprogramming to induce glycolysis, glutaminolysis, and oxidative phosphoryla-
tion, and provides nutrients for both anabolic and energetic needs. Ultimately, ATF4 
activity is required for proper differentiation of T helper cell (Th) subsets. The 
implications of this finding on tumor biology have not yet been widely investigated. 
However, it is likely that ATF4 activity has key roles in maturation and resilience of 
subsets of antitumor immune cells, and these roles need to be considered in the 
development of ATF4-targeted therapeutics.

 Intercellular Transmission of the Unfolded Protein Response

Cells experiencing elevated levels of EnR stress have been found to secrete signals 
that result in increased UPR signaling in neighboring cells [122]. This transmissible 
form of EnR stress, termed TERS, and the increased PERK-ATF4 signal in recipient 
cells, resulted in improved cellular fitness and impaired responsiveness to either 
proteasome inhibition or taxane treatment. This newly appreciated phenomenon 
provides an additional mechanism that may “prime” cancer cells within the tumor 
with adaptive pro-survival properties before they experience episodes of microenvi-
ronmental or pharmacologic stress.

 Role of ATF4 in Therapy Resistance

 ATF4 Activation in Resistance to Chemotherapy

Acquired drug resistance is a major reason for failure of chemotherapeutic agents. 
ATF4 has been implicated in cellular resistance to several anticancer agents includ-
ing cisplatin, doxorubicin, etoposide, gemcitabine, SN-38, and vincristine [80, 123, 
124]. Several reports have demonstrated that ATF4 knockdown sensitized cells to 
these agents, whereas ATF4 overexpression conferred drug resistance [80, 125]. 
This multidrug resistance phenotype has been attributed to drug efflux via ATF4- 
dependent transcription of ATP-binding cassette (ABC) membrane transporters 
ABCC2 and ABCG2 (Fig. 4.3a) [80]. ATF4-dependent transcription of STAT3 (and 
its target genes BCL2, Survivin, and MRP1) caused a multidrug resistance 
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phenotype in esophageal cancer cells [125]. Furthermore, ATF4-dependent GSH 
biosynthesis enhanced drug resistance, and this was abolished by an inhibitor of 
GSH biosynthesis (Fig. 4.3b) [80, 126]. Up-regulation of sirtuin 1 (SIRT1) has also 
been reported as an ATF4-induced mechanism of multidrug resistance [127]. SIRT1 
plays multiple roles in drug resistance including inhibition of pro-apoptotic 
responses, promotion of DNA damage repair, and acquisition of cancer stem cell 
properties [128]. Recent work also demonstrated a role for ATF4 activity in confer-
ring resistance to cell death by ferroptosis, via up-regulation of the xCT glutamate/
cystine antiporter subunit SLC7A11 [112].

ATF4 is induced in response to certain drugs, where it acts as a resistance mecha-
nism. For example, proteasome inhibition by Bortezomib causes an accumulation 
of misfolded proteins in the EnR. These proteins can be degraded by autophagy to 
support restoration of EnR homeostasis (Fig. 4.3c). ATF4 acts to transcriptionally 
up-regulate LC3B and enhance autophagy during Bortezomib treatment [129]. 
Knockdown of ATF4 suppressed this activation of autophagy and sensitized breast 
cancer cells to Bortezomib, highlighting an important role for ATF4  in cellular 
resistance to proteasome inhibitors. ATF4 also promotes cyto-protective autophagy 
in head and neck cancer cells treated with the next generation proteasome inhibi-
tors, Carfilzomib and Oprozomib [130] and MYCN-amplified neuroblastoma cells 
treated with the GLI1/2 inhibitor, GANT-61 [131]. Import of cystine via ATF4- 
dependent up-regulation of xCT has also been implicated in cellular resistance to 
proteasome inhibition [78].

In addition to killing cells, many chemotherapeutic agents also cause therapy- 
induced senescence (TIS) [132]. TIS can have beneficial effects including inhi-
bition of tumor growth. However, retention of senescent cells within tumors can 
have adverse effects if these cells acquire a senescence-associated secretory 
phenotype that results in the increased secretion of pro-inflammatory cytokines. 
This change in phenotype to a highly secretory state places an increased load on 
the EnR resulting in reliance on ATF4 and CHOP and increased dependence on 
autophagy to maintain proteostasis (Fig. 4.3d) [133]. This work highlights the 
potential utility of targeting PERK-eIF2α-ATF4 signaling to eliminate or mod-
ify TIS secretory biology and improve the efficacy of conventional chemothera-
peutic drugs.

A link between sorafenib pharmacology and ATF4 biology was recently uncov-
ered [134]. In acute myeloid leukemia (AML) with an internal tandem duplication 
(ITD) in Fms-related tyrosine kinase 3 (FLT3) sorafenib treatment resulting in inhi-
bition of FLT3 signaling causes downregulation of ATF4. Reduction in ATF4 levels 
de-represses the negative regulation of interferon regulatory factor 7 (IRF7) leading 
to elevated transcription and production of IL-15. The increased IL-15 production 
by FLT3-ITD AML cells generated metabolically capable leukemia-reactive CD8+ 
T cells. This finding has significant clinical implications for the treatment of AML 
using allogeneic hematopoietic cell transplantation, highlighting the utility of 
sorafenib, and negative impact of ATF4, in this setting.

ATF4 also contributes to cellular resistance to ferroptosis, a recently described 
iron-dependent mechanism of cell killing, with significant potential to be exploited 
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for clinical benefit [135]. In addition to promoting glutathione synthesis, ATF4 has 
also been demonstrated to promote GPX4 stability via transcriptional activation of 
GRP78 [136]. This resistance to ferroptosis mediated by GRP78–GPX4 interac-
tions reduced the sensitivity of pancreatic cancer cells to gemcitabine.

Fig. 4.3 Mechanisms of ATF4-dependent drug resistance. (a) ATF4 transcriptionally up-regulates 
drug efflux transporters including ABCC2 and ABCG2. (b) ATF4 transcribes genes that control 
glutathione biosynthesis including GCLC and CTH. Glutathione can inactivate cisplatin by pro-
ducing cisplatin-thiol conjugates, antagonizing its cytotoxic properties. (c) ATF4-dependent induc-
tion of autophagy can degrade toxic protein aggregates that occur during proteasomal inhibition 
with Bortezomib (BTZ) to promote drug resistance. (d) Treatment with cytotoxic chemotherapeu-
tic agents, including cyclophosphamide, can result in cellular senescence leading to a senescence- 
associated secretory phenotype (SASP). Acquisition of this state places increased load on the EnR 
and ATF4 is required to maintain EnR homeostasis during this stress
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 ATF4 Activation in Sensitivity to Chemotherapy

Although ATF4 acts in a pro-survival manner in some situations, it can also contrib-
ute to cell death especially when metabolic and EnR stress are excessive or pro-
longed (as described earlier). ATF4 activity has also been demonstrated as a 
requirement for drug responsiveness. Notable examples include apoptosis induced 
by the BRAF-inhibitor vemurafenib [137], combination treatment with BRAF/
MEK inhibitor in NRAS mutant malignant melanoma [138], apoptosis induction by 
the NEDD8-activating enzyme inhibitor, MLN4924 [139], p53-independent killing 
by ONC201 [140, 141], and transcriptional activation of the pro-apoptotic BCL-2 
family protein, NOXA, in response to cisplatin treatment in p53-null head and neck 
squamous cell carcinoma cells [142]. ATF4 induction using salubrinal, a selective 
eIF2α phosphatase inhibitor, also resulted in NOXA up-regulation that sensitized 
glioma cell lines to temozolomide. Yet, conflicting reports highlight a role for 
ATF4 in glioma resistance to temozolomide, largely due to transcriptional control of 
xCT [143].

In some cases, the pro-apoptotic increase in cytosolic Ca2+ is a likely trigger of 
EnR stress, presumably due to depletion of EnR Ca2+ stores [137]. Knockdown of 
ATF4 in this scenario modestly reduced the induction of apoptosis, implying that 
the PERK-eIF2α-ATF4 pathway plays a pro-apoptotic role in drug response. 
Leukemic cells treated with another RAF inhibitor, sorafenib, also experience 
increased cytoplasmic Ca2+ and induction of EnR stress resulting in activation of all 
three branches of the UPR [144]. However, in this context, disruption of PERK 
activity or inhibition of eIF2α phosphorylation increased sorafenib-mediated lethal-
ity, suggesting that the PERK-eIF2α-ATF4 pathway was anti-apoptotic. Notably, in 
both reports the observed effects were independent of MEK inhibition. These find-
ings implicate EnR stress in the response to RAF inhibition, but present conflicting 
outcomes with respect to whether the UPR is pro- or anti-apoptotic.

 PERK-eIF2α Signaling in Resistance to Radiotherapy

Hypoxic cells are resistant to killing by radiation [145, 146]. This occurs because 
molecular oxygen is required to fix DNA free radicals produced by radiation to 
generate DNA damage and cytotoxicity. Hypoxic cells that survive radiotherapy 
(RT) can re-populate the tumor and compromise the efficacy of treatment. Selective 
targeting of hypoxic cells is an effective strategy to overcome this problem [147, 
148].

Studies have investigated the potential of targeting molecular changes in hypoxic 
cells to enhance the response to radiation therapy. Cellular signaling that depends 
on phosphorylation of eIF2α can be inhibited by expression of a c-terminal frag-
ment of GADD34 (GADD34c) or by a dominant negative eIF2α mutant (S51A). 
These models have been used to compare the radiation responsiveness of phospho- 
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eIF2α signaling defective vs. HIF-1-deficient tumor xenografts (shHIF-1α) [149]. 
Tumors consisting of either phospho-eIF2α signaling defective or HIF-1-deficient 
cell types had approximately half the number of viable hypoxic cells, confirming 
that both pathways are important for maintaining hypoxic cells in tumors. Radiation 
treatment caused a significantly longer growth delay in tumors with phospho-eIF2α 
signaling defects compared with control tumors. In contrast, knockdown of HIF-1 
prior to and during RT (induced 4 days before to 3 days after initiation of RT) did 
not increase the tumor radiosensitivity. This suggests that although both phospho- 
eIF2α and HIF-1 support hypoxia tolerance in tumors, only phospho-eIF2α is 
required for maintenance of the radiotherapy-resistant hypoxic subpopulation of 
cells. Although HIF-1 is not required for cellular tolerance to radiation per se, it is 
important for tumor regrowth after irradiation, presumably by acting to induce vas-
culogenesis [149–151]. These findings highlight important differences in the 
hypoxia tolerance phenotypes mediated by phospho-eIF2α and HIF-1.

 Targeting ATF4

Targeting transcription factors with small molecules is challenging due to the large 
protein–protein and protein–DNA interactions that are implicated in transcription 
factor activity, although recent successes support the utility of this strategy, for 
example, HIF-2α-targeting using PT2385 [152]. Rather than targeting ATF4 
directly, an alternative approach is either to reduce ATF4 translation by inhibiting 
upstream eIF2α kinases, or to target phospho-eIF2α signaling itself (Fig. 4.4).

 Targeting eIF2α Phosphorylation-Dependent Signaling

A large cell-based screening effort resulted in the discovery of ISRIB, an inhibitor 
of eIF2α phosphorylation-dependent signaling [153]. ISRIB is a symmetric bis- 
glycolamide small molecule that inhibits ATF4 activity by interfering with signaling 
downstream of eIF2α phosphorylation (Fig.  4.4) [153, 154]. ISRIB prevented 
endogenous ATF4 expression following EnR stress but did not inhibit PERK activa-
tion (autophosphorylation) or the IRE1α-XBP1 and ATF6 branches of the UPR. 
Consequently, the transcriptional up-regulation of ATF4 target genes, DDIT3 and 
GADD34, was prevented in ISRIB-treated cells. Treatment of cells with ISRIB 
alone had minimal effect on cell viability. However, ISRIB increased cell death 
when combined with EnR stress compared with cells treated with EnR stress alone.

The molecular mechanism of action for ISRIB was recently elucidated [155, 
156]. These reports describe the structural basis for ISRIB binding to eIF2B, which 
prevents translation repression and ATF4 signaling in response to eIF2α phosphory-
lation. ISRIB represents a promising new small molecule for blocking ATF4 expres-
sion and further studies investigating its antitumor activity are warranted.
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 Targeting PERK

A potent and highly selective PERK inhibitor (GSK2606414) was developed by 
GlaxoSmithKline [157]. Further optimization of this series resulted in GSK2656157, 
an orally active ATP-competitive inhibitor of PERK with an IC50 of 0.9 nM [114] 

Fig. 4.4 Stages of the PERK-eIF2α-ATF4 pathway that can be targeted with drugs. Inhibition of 
PERK kinase activity with ATP-competitive inhibitors, e.g., GSK2656157. Inhibition of phospho- 
eIF2α signaling to ATF4 can be achieved using ISRIB. Interfering with the activation of interacting 
transcription factors, e.g., SRC-3 using 5MPN to inhibit PFKFB4 activity. Inhibition of ATF4 
transcriptional activity may be possible by targeting p300 although this is yet to be demonstrated. 
Inhibition of downstream processes that depend on ATF4-dependent transcription, e.g., autophagy, 
is an alternative strategy to target hypoxic ATF4-expressing cancer cells
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(Fig. 4.4). In cells, GSK2656157 inhibited EnR stress-induced phosphorylation of 
eIF2α and prevented ATF4 expression at concentrations of 10–30 nM. Consequently, 
the transcriptional up-regulation of ATF4 target genes (DDIT3, HERPUD1, and 
DNAJB9) was reduced by GSK2656157 in cells treated with tunicamycin to induce 
EnR stress. GSK2656157 reduced growth of three pancreatic xenograft models and 
one myeloma xenograft model confirming the anticancer potential of small mole-
cule inhibitors of this pathway. Dynamic contrast-enhanced MRI imaging of tumor 
xenografts demonstrated that GSK2656157 caused a reduction in vascular perfu-
sion. Furthermore, immunohistochemistry of treated tumors confirmed reduced 
blood vessel density, emphasizing the importance of PERK in promoting tumor 
angiogenesis. However, GSK2656157 caused reversible dose-dependent on-target 
pancreatic toxicity in mice, consistent with previous findings from studies using an 
inducible PERK knockout system in adult mice [158]. These findings highlight the 
importance of PERK in pancreatic physiology and emphasize the caution required 
with clinical development of PERK-targeted therapeutics.

Studies using GSK2606414 demonstrated that pharmacologic inhibition of 
PERK can sensitize cells to severe or moderate hypoxia (0.2% O2) [159]. 
Consistently, cells exposed to PERK inhibitor were highly sensitized to thapsigargin- 
induced EnR stress. In contrast, a small molecule inhibitor of IRE1α did not reduce 
cellular tolerance to hypoxia, despite effectively inhibiting IRE1α-dependent splic-
ing of XBP-1. These findings suggest that PERK inhibitors represent a unique 
approach for preventing UPR-dependent hypoxia tolerance. Further work is needed 
to define why IRE1α inhibition failed to sensitize cells to severe hypoxia, while 
shRNA-mediated knockdown of IRE1α did. A second class of orally active PERK 
inhibitors has recently been reported, providing an independent chemical class to 
confirm these findings [160].

Although IRE1/XBP1 inhibition was unable to prevent hypoxia tolerance, recent 
studies have highlighted important opportunities for using IRE1/XBP1-targeted 
therapies in cancer treatment [161]. In particular, IRE1-XBP1 signaling was found 
to be induced by MYC in MYC-hyperactivated breast cancers [162]. In this work, 
pharmacological targeting of IRE1 RNase activity, using the small molecule inhibi-
tor 8866, impaired tumor growth, and enhanced tumor response to docetaxel. 
Further studies in Triple receptor Negative Breast Cancer (TNBC) cells showed that 
IRE1 inhibition was effective in reducing the secretion of pro-inflammatory cyto-
kines (particularly IL-6, IL-8, and CXCL1), even after their induction by paclitaxel 
[163].

A potential mechanism that may permit tumor resistance to eIF2α kinase inhibi-
tors has been proposed [164]. GCN2 deficiency reduces growth of tumor xenografts 
[81], however, loss of GCN2 in an autochthonous tumor model had no effect on 
tumor growth [164]. Further investigation revealed that these GCN2-deficient 
tumors activated PERK as a compensatory mechanism to maintain up-regulation of 
ATF4, apparently in an eIF2α phosphorylation-independent manner, although this 
finding needs further clarification. This work highlights the potential for compensa-
tory signaling by other eIF2α kinases when a single eIF2α kinase is selectively 
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inhibited. Studies to determine whether similar compensatory mechanisms occur in 
response to PERK pharmacological inhibition are warranted.

Treatment of EnR-stressed cells with an IRE1-XBP1 inhibitor resulted in reduced 
PERK-ATF4 signaling via a reduction in total eIF2α levels [165]. Notably, the deg-
radation in eIF2α observed relied on PERK-dependent promotion of autophagy. 
This work highlights how layers of crosstalk between the UPR pathways can be 
exploited through selective inhibition of individual branches of the UPR to modify 
the activity of the other branches.

 Targeting ATF4 Transcriptional Activity

Targeting post-translational modifications that are required for transcription factor 
function represents another promising strategy to modulate transcriptional activity. 
ATF4 is modified by phosphorylation, ubiquitination, and acetylation events. 
Details of ways to target these changes are reported elsewhere [59].

Recently, much focus has turned to the role of chromatin organization in the 
regulation of transcription factor activity and definition of cell type identity [166]. 
This interest in epigenetic control has stimulated the development of potent and 
selective small molecule inhibitors of epigenetic writers, erasers, and reader pro-
teins [167]. Of interest is the transcriptional co-activator, p300 which is reported to 
promote ATF4 transcriptional activity by preventing its degradation [168]. Selective 
inhibitors of both the p300 bromodomain (SGC-CBP30, I-CBP112) and acetyl-
transferase domain (A-485) have been developed [169–171]. These compounds 
may provide an opportunity to antagonize the interaction between ATF4 and p300 
leading to ATF4 deacetylation, displace the ATF4-p300 complex from acetylated 
chromatin and/or prevent the establishment of histone acetylation at ATF4-regulated 
sites in the epigenome. Each of these outcomes would be expected to reduce the 
level of ATF4 transcriptional activity (Fig. 4.4).

The newly recognized interaction of ATF4 with (PFKFB4-dependent) phos-
phorylated SRC-3, highlights another opportunity for therapeutic modulation 
[111]. In cancer cells, PFKFB4 is an important metabolic orchestrator of glyco-
lytic and pentose phosphate pathway activity. 5-(n-(8-methoxy-4-quinolyl)amino)
pentyl nitrate (5MPN) was reported as a pharmacological inhibitor of PFKFB4 
[172]. Inhibition of PFKFB4 activity may provide a strategy to suppress SRC-3 
phosphorylation, destabilize ATF4, and prevent the downstream pro-survival 
adaptive measures.

In certain conditions, it may be beneficial to increase ATF4 activity to enhance or 
provoke tumor cell death. This may be a desirable outcome in scenarios where 
ATF4 has a well-characterized pro-apoptotic role, for example, in V600E mutant 
BRAF melanoma cells following treatment with vemurafenib [137]. Reducing 
eIF2α dephosphorylation to sustain ATF4 expression can be achieved using the 
GADD34 inhibitors Sephin1, guanabenz, and salubrinal [173–175].
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 Targeting Downstream Processes That Depend on ATF4 
Transcriptional Activity

ATF4 promotes adaptation to hypoxia, nutrient stress, and ROS by transcriptionally 
initiating and sustaining autophagic flux. Therefore, inhibiting autophagy is a prom-
ising strategy for targeting cancer cells that depend on ATF4 for survival (Fig. 4.4). 
Cells treated with chloroquine, an inhibitor of lysosomal acidification that prevents 
degradation of autophagosomal contents, are sensitized to hypoxic exposure [69]. 
However, chloroquine and related analogues lack potency and improved small mol-
ecule inhibitors of autophagy are needed. Additional strategies to impair the adap-
tive processes that depend on ATF4 target genes could include targeting of 
angiogenesis, redox balance, or amino acid metabolism.

 Conclusions and Future Directions

Activation of the eIF2α-ATF4 pathway provides cancer cells with a key mechanism 
to tolerate hypoxia and nutrient stress by supporting metabolic homeostasis particu-
larly via increased GSH biosynthesis, replenishment of amino acid pools, and by 
promoting high rates of autophagy. Important studies have implicated PERK-eIF2α- 
ATF4 signaling in hypoxic resistance to radiation, providing a clinical setting for 
the therapeutic development of PERK inhibitors, providing that concerns with pan-
creatic toxicity can be overcome. The discovery of an eIF2α phosphorylation- 
dependent signaling inhibitor (ISRIB) and p300 bromodomain/acetyltransferase 
inhibitors provide new strategies for inhibiting ATF4 activity in tumors and will be 
useful tools for preclinical therapeutic investigations of this process.

A particularly interesting finding has been the strong anti-angiogenic effects of 
PERK inhibitors, which suggests an additional important mechanism of antitumor 
activity [114]. This effect is consistent with reported roles of ATF4 in promoting 
angiogenesis by transcriptionally activating pro-angiogenic factors [115]. However, 
genetic models of phospho-eIF2α signaling inhibition do not always display reduc-
tions in vascular density [149]. Further investigation is needed to reconcile these 
findings and to elucidate the potential for direct anti-endothelial effects on tumor 
vasculature that may be nutritionally deprived. Similarly, much of our understand-
ing is based on in vitro studies which do not accurately model the microenviron-
mental stresses in tumors. Follow-up studies need to place more emphasis on in vivo 
characterization of ATF4 biology.

Recent work has highlighted the influence of post-translational modifications in 
modulating pro-survival versus pro-apoptotic activity of ATF4 [176]. For example, 
methylation of ATF4 at arginine residue 239 by PRMT1 appears to confer pro- 
apoptotic activity [177]. Similarly, an understanding of the epigenetic co-factors 
required for ATF4 activity and epigenomic specificity have only recently emerged 
and much is yet to be uncovered in this field [178]. A greater understanding of these 
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modifications, including phosphorylation, methylation, acetylation, and ubiquitina-
tion may provide new therapeutic opportunities to fine-tune ATF4 stability and tran-
scriptional activity in efforts to improve cancer therapy.

Drugs designed to selectively eliminate hypoxic/nutrient-deprived cells that 
depend on ATF4 have the potential to improve patient survival, especially when 
combined with multimodality treatment regimens containing cytotoxics, molecular 
targeted agents, and radiotherapy that preferentially kill non-hypoxic/unstressed 
cells within the tumor. The recognition that secretory phenotypes acquired during 
therapy-induced senescence are maintained by PERK-eIF2α-ATF4 signaling sug-
gests that inhibiting this pathway may have synergistic effects with conventional 
chemotherapeutics, including doxorubicin and cyclophosphamide. In addition, the 
finding that EMT causes high levels of constitutive EnR stress highlights another 
setting where PERK-eIF2α-ATF4 inhibitors may be beneficial. Treating tumors 
with high numbers of cells that have undergone EMT, for example, TNBC cancers 
of the basal-B subtype, may be particularly beneficial. However, these inhibitors are 
unlikely to be used on their own and there are many potential combination therapies 
with a strong rationale. Careful clinical trial design and use of biomarkers is needed 
to predict target patient populations and to validate clinical activity.
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Chapter 5
Role of Protein Translation in Unfolded 
Protein Response

Surojeet Sengupta, V. Craig Jordan, and Robert Clarke

Abstract The unfolded protein response (UPR) is an adaptive mechanism to main-
tain protein homeostasis by decreasing the accumulation of unfolded proteins in the 
endoplasmic reticulum (EnR) of cells. EnR stress activates three distinct sensors, 
namely, inositol requiring protein 1 alpha (IRE1-α), activating transcription factor 6 
(ATF6), and protein kinase RNA-like endoplasmic reticulum kinase (PERK), that 
collectively mitigate the damaging effects of EnR stress. The downstream signaling 
from the PERK sensor phosphorylates the eukaryotic translational initiation factor 
2 alpha (eIF2α) complex that inhibits global protein translation to restore proteosta-
sis and promote cell survival. However, chronic and unmitigated activation of the 
PERK pathway leads to apoptosis. Phosphorylation of eIF2α is tightly controlled by 
the two specific regulatory subunits of protein phosphatase 1 (PP1) complex, (1) 
growth arrest and DNA damage inducible-34 (GADD34) and (2) constitutive 
repressor of eIF2α phosphorylation (CReP), that are responsible for de- 
phosphorylation of eIF2α. Phospho-eIF2α also directs preferential translational of 
stress-related genes such as ATF4 and CHOP. This chapter describes the mechanism 
by which the PERK pathway regulates the protein translational machinery that 
plays a critical role in deciding cell fate following endoplasmic reticulum stress.
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 Introduction

Protein synthesis is a fundamental mechanism in living organism that translates the 
information encoded in the mRNA molecule. Protein translation in eukaryotes is an 
extremely complex, energy consuming, multi-tiered process requiring multiple 
components and thus it is tightly regulated at many levels [1–3]. The endoplasmic 
reticulum (EnR) is a key cell organelle where protein is synthesized, folded, and 
achieves structural maturity [4, 5]. Maintenance of protein homeostasis, also known 
as ‘proteostasis’, encompasses a concerted interconnecting network of cellular pro-
cesses that controls the structural, spatial, and functional integrity of the proteins 
making up the proteome [6]. The regulatory controls for protein synthesis often 
operate at the levels of transcription and/or translation. Revolutionary technologies 
in genomics and proteomics have enabled us to develop a comprehensive under-
standing of gene regulation at the system-level. Recent studies [7] have revealed 
that levels of mRNA transcripts are often not sufficient to predict the levels of their 
translated protein products. Instead, ribosome occupancy serves as a more reliable 
predictor of protein levels than levels of their mRNA. Therefore, control at the pro-
tein translation level plays a critical role in gene regulation. The process of transla-
tion can be divided into initiation, elongation, termination, and ribosome recycling 
[3]. Most of the regulation of protein translation is exerted at the initiation phase, 
allowing for a rapid and reversible control of gene expression [1, 3].

 Initiation of Protein Translation

Protein synthesis initiation requires assembly of ribosomal subunits that are compe-
tent for translation elongation in which the anti-codon loop of initiator tRNA (Met- 
tRNAMet i) base pairs with the initiation codon of an mRNA [1, 3]. This process uses 
nine different eukaryotic initiation factors (eIFs). A ternary complex (TC) is first 
formed comprising a 40S ribosomal subunit, eIF2-GTP, and Met-tRNAMet i. This 
transforms the TC into a 43S pre-initiation complex (PIC) by complexing with cer-
tain other eIFs and binding to the capped 5′ proximal region of mRNA. This step 
involves additional eIFs that are needed to unwind the secondary structure of the 
mRNA [1]. The 43S complex scans the 5′ untranslated region (5′ UTR) of mRNA 
in the 5′ to 3′ direction until it recognizes the initiation codon. Once the initiation 
codon is recognized and the 48S complex is formed, eIF5 and eIF5B promote 
hydrolysis of the eIF2-bound GTP, the displacement of eIFs, and joining of a 60S 
ribosomal subunit.
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 Unfolded Protein Response

The unfolded protein response (UPR) is a collection of adaptive feedback mecha-
nisms induced following the accumulation of excess unfolded proteins in the lumen 
of endoplasmic reticulum (EnR) (known as EnR stress) in cells with a high load of 
protein synthesis [8]. UPR is comprised of three distinct sensors that are activated 
following EnR stress, namely, inositol requiring protein 1 alpha (IRE1-α), activat-
ing transcription factor 6 (ATF6), and protein kinase RNA-like endoplasmic reticu-
lum kinase (PERK). These sensors activate diverse pathways collectively known as 
the UPR [8, 9] (Fig. 5.1). Signaling downstream from the UPR sensors coordinate 
complex cross-talk to restore proteostasis; this signaling is largely cyto-protective 
[9]. Many downstream signals are transcription factors (such as ATF6, ATF4, 
CHOP, CReP, XBP1s) that translocate to the nucleus and engage in the transcrip-
tional regulation of a variety of genes that control cell fate [10]. Many of these genes 

Fig. 5.1 Cartoon depicting the three arms of unfolded protein response (UPR) and its signals 
converging at the nucleus of the cell. The length of the time of UPR determines the cell fate
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help in adaptation to stress, but some may also promote cell death. Therefore, a cell 
fate decision in favor of adaptive survival or cell death is a consequence of the inte-
grated temporal response initiated by the three distinct sensors of EnR stress over 
time. For example, chronic and unmitigated UPR leads to apoptosis [11–14], medi-
ated through the mitochondrial/intrinsic pathway [15].

All three UPR sensors (IRE1α, ATF6, PERK) are transmembrane proteins span-
ning through the EnR membrane [8]. The luminal domains of these proteins can 
sense an imbalance in protein folding efficiency inside the EnR and consequently 
trigger downstream signaling. Specifically, under basal, unstressed conditions the 
luminal domains of these sensor proteins bind with a chaperone, glucose-regulated 
protein 78 (GRP78) (also known as binding immunoglobulin protein (BiP) or heat 
shock protein A5 (HSPA5)) that prevents sensor activation [8, 10].

Activation of the PERK pathway hyper-phosphorylates eukaryotic translational 
initiation factor 2 alpha (p-eIF2α), which then inhibits global protein translation to 
restore proteostasis [10]. However, sustained activation of eIF2α can also lead to 
cell death [8, 16]. The level of eIF2α phosphorylation is tightly controlled by activ-
ity of the protein phosphatase 1 (PP1) complex by two specific regulatory subunits, 
(1) growth arrest and DNA damage inducible-34 (GADD34) and (2) constitutive 
repressor of eIF2α phosphorylation (CReP), that are responsible for de- 
phosphorylation of eIF2α [16–18] (Fig. 5.2). The other two additional UPR sensors 
(ATF6 and IRE1α) also contribute to cell fate decisions by complex essential and 
redundant cross-talk with the PERK arm and modulate the downstream components 
that may have protective or apoptotic effects [19].

 EIF2 Alpha Phosphorylation and Translational Regulation

Formation of the TC during the initiation of protein translation depends upon the 
availability of GTP-bound eIF2 and its recycling to maintain protein synthesis. 
Regeneration of GTP-eIF2 is ensured by another initiation factor, eIF2B, which 
functions as a guanine nucleotide exchange factor. The alpha subunit of eIF2 (eIF2α) 
can be phosphorylated on serine 51 residue by activated PERK and functions as a 
major regulatory checkpoint. Phospho-eIF2α can bind strongly to eIF2B and restrict 
its availability. While phosphorylated-eIF2α can form the TC, its higher levels block 
regeneration of the active GTP-bound eIF2α by sequestering eIF2B and abrogating 
its activity. Consequently, the low levels of GTP-eIF2α lead to reduced translation 
initiation and a suppression of global protein synthesis. Notably, three additional 
mammalian protein kinases, besides PERK (EIF2AK3) can phosphorylate eIF2α 
(Fig.  5.2). These three kinases are heme-regulated inhibitor kinase (EIF2AK1), 
which is significant only in erythroid cells [20]; PKR (EIF2AK2), which can be 
activated by viral response [21, 22]; and GCN2 (EIF2AK4) that is activated by 
amino acid starvation [23].

S. Sengupta et al.



113

 Regulation of eIF2α Phosphorylation

Phosphorylation of eIF2α is a reversible process and its precise balance in critical 
for cell survival. To counteract the phosphorylation of eIF2α, two distinct proteins 
(GADD34 and CReP) function as regulatory subunits forming two distinct holo- 
complex with protein phosphatase 1 (PP1) to dephosphorylate eIF2α [13]. GADD34 
(also known as PPP1R15A) is an inducible factor downstream of PERK activation 
and functions as a feedback loop [8, 13, 18, 24]. Conversely, CReP is the constitu-
tively expressed regulatory protein of PP1 complex that dephosphorylates eIF2α 
and is responsible for maintaining the balance of phosphorylated and non- 
phosphorylated eIF2α in unstressed cells [8, 19, 25]. Activated IRE1α also cleaves 
other EnR mRNAs (besides XBP1) [26–29], ribosomal RNA [30], and microRNAs 

Fig. 5.2 PERK-eIF2α-ATF4/CHOP axis
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[31, 32] that share specific nucleotide sequences as in XBP1 [28] in a process known 
as regulated IRE1α-dependent decay (RIDD). Notably, CReP mRNA is cleaved by 
activated IRE1α, establishing unique cross-talk between different UPR sensors that 
can increase phospho-eIF2α levels and reduce protein load [33].

 Preferred Protein Translation of Selective Messenger RNA

The primary goal of UPR is to maintain ER proteostasis. Proteostasis is chiefly 
attained by global suppression of protein translation to reduce newly synthesized 
protein-load into EnR [34]. However, a distinct subset of messenger RNAs coding 
for certain proteins and transcription factors evade the global suppression of transla-
tion triggered by eIF2α phosphorylation. Paradoxically, these mRNAs are trans-
lated at a higher rate in stressed cells [35]. Most of these factors are required to 
respond to the consequences of EnR stress and include ATF4 [36, 37], GADD34 
(PPP1R15A) [38], ATF5 [39–41], and CHOP (DDIT3) [42, 43]. The mechanism of 
enhanced protein synthesis of these factors is attributed to the small inhibitory 
upstream open reading frames (uORF) located within the 5′-leader (untranslated 
region) of their mRNA [44, 45]. Genome-wide ribosomal profiling has revealed that 
over 40% of mammalian mRNA contain uORFs that may serve as a major regulator 
of translation and protein levels [44, 46, 47].

Multiple mechanisms exist by which uORF-containing mRNAs can be trans-
lated preferentially in stressed cells with high levels of phospho-eIF2α [35]. The 
capacity to reinitiate translation from a downstream start codon, known as ribosome 
reinitiation, depends upon the ability of the scanning ribosome to acquire or retain 
the essential initiation factors following translation of uORF. The distance between 
the initiation codon of uORF and the initiation codon of the coding protein plays a 
critical role, as it allows more time to re-acquire a new eIF2-GTP-Met-tRNAimet 
[48]. For example, the transcription factor ATF4 mRNA contains uORFs that restrict 
ribosome access to the coding sequence (CDS) in unstressed cells but allows 
increased access and translation of the ATF4 protein in stressed cells with higher 
levels of phospho-eIF2α [36, 37]. This occurs because reduced eIF2α-GTP levels in 
stressed cells delay reinitiation of ribosomes that enables skipping of the inhibitory 
uORFs and increases ribosome access to the start codon of the ATF4 coding 
sequence [37].

Another mechanism by which preferential translation is regulated in stressed 
cells with high levels of phospho-eIf2α is reported for the GADD34 protein [49], 
which functions as a feedback control for eIF2α dephosphorylation [24, 50, 51]. 
The GADD34 mRNA contains two uORFs. uORF1 is constitutive but is bypassed 
due to a poor kozak sequence. uORF2 is the main inhibitory sequence as deletion of 
this uORF increases the expression of GADD34 [49]. Under stress conditions, the 
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ribosome bypasses uORF2 due to “poor start codon context,” allowing higher trans-
lation from the CDS start codon [49]. This mechanism is also evident during the 
preferential translation of CHOP in chronically stressed cells [43, 52]. Expression 
of CHOP protein in cells with unmitigated stress and continued elevated levels of 
phospho-eIF2α can induce apoptosis [53–55]. Notably, GADD34, is regulated at 
the translational level and its rate of transcription is increased by ATF4 [56] and 
CHOP [57]. Both ATF4 and CHOP are preferentially translated in response to EnR 
stress and hyper-phosphorylation of eIF2α [37, 52] indicating a coordinated mecha-
nism to remediate stress.

A recent study shows a new mechanism that relies on eIF2α independent and 
non-AUG starting codon in the uORF to regulate translation in stressed cells [58]. 
This study discovered that an alternative initiation factor, eIF2A, and non-AUG 
ORF is required for translation of GRP78 (HSPA5; BiP) during stress response 
[58]. In addition, the internal ribosome entry sequences (IRES) may also play a role 
in expression of GRP78 protein [59].

 Role of PERK in Breast Cancer

Multiple studies have implicated a central role for the UPR in several cancers 
including breast cancers [60]. In breast cancers, integration of UPR, EnR stress, and 
autophagy drives the cell fate in endocrine therapy resistance [10]. For example, 
depletion of estrogen receptor [61] and GRP78 [62], a key component of the UPR 
pathway, restored endocrine sensitivity in the endocrine therapy resistant breast 
cancer cells. Inhibition of autophagy potentiates antiestrogen therapy in the resis-
tant breast cancers [63]. In addition, XBP1, another key component of UPR, not 
only contributes to estrogen-mediated cell proliferation [64] but also plays a vital 
role in conferring endocrine resistance upon breast cancer cells [65–68].

In particular, the PERK pathway plays a critical role in oncogenic development, 
survival, progression, and invasion of cancers [69–73]. In breast cancers, PERK 
signaling is associated with invasion and metastasis [74], and selectively sensitizes 
cancer cells that have undergone an epithelial-to-mesenchymal transition to an EnR 
stress (EMT) [75].

High doses of estrogen were used as a therapy for estrogen receptor positive 
breast cancers before the discovery antiestrogens [76, 77]. Laboratory studies have 
confirmed that estrogen can induce apoptotic cell death in select LTED (long-term 
estrogen-deprived) breast cancer cells, both in vitro and in vivo [78, 79]. UPR, spe-
cifically, the PERK-eIF2α axis, is involved in estrogen induced apoptosis [80–82]. 
Studies have confirmed that prolonged and unmitigated phosphorylation of eIF2α 
can induce apoptosis in endocrine therapy resistant breast cancer cells using the 
same estrogen-mediated mechanism (Sengupta et al. in press, 2019).

5 Role of Protein Translation in Unfolded Protein Response



116

 Conclusions and Future Direction

Protein translation control has emerged as a critical mechanism to maintain the 
integrity of cells and allows them to adapt to numerous stress. Increasingly, this 
control is being recognized as a critical feature in development and various diseases 
including several cancers. Precise understanding of mechanisms governing the pref-
erential translation of numerous proteins after activation of the PERK-eIF2α path-
way will be immensely helpful in determining the factors responsible for cell fate 
decisions. In addition, the cross-talk between the different components of UPR 
pathway and its influence on the PERK pathway may predict a prosurvival or pro-
death outcome. Clearly, further studies are needed to develop a unified model inte-
grating all components of UPR signaling and its role in cell fate determination.
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Chapter 6
Roles of Spliced and Unspliced XBP1 
in Breast Cancer

Rong Hu and Robert Clarke

Abstract XBP1 is a critical determinant of several outcomes following activation 
of the unfolded protein response (UPR). This UPR gene is initially transcribed as an 
unspliced mRNA but can subsequently be spliced by the endoribonuclease activity 
of IRE1α induced by activation of GRP78  in response to endoplasmic reticulum 
stress. Both the unspliced (XBP1-U) and spliced (XBP1-S) mRNAs are translated 
into proteins. XBP1-U, which cannot function as a transcription factor, can act as a 
dominant negative regulator of XBP1-S. In contrast, the frameshift produced by the 
removal of 26 bp intron from an already matured XBP1 mRNA, produces a tran-
scription factor (XBP1-S). This chapter discusses the regulation and unconventional 
splicing of XBP1 and the roles of both the unspliced and spliced proteins in breast 
cancer, with a focus on those breast cancers expressing the estrogen receptor.

Keywords Acetylation · Autophagy · Bcl2 · Beclin1 · EMT · Endoplasmic 
reticulum stress · GRP78 · IRE1α · p300 · PERK · Phosphorylation · SIRT1 · 
Splicing · Sumoylation

In mammalian cells, three ER transmembrane proteins (IRE1α, PERK, and ATF6) 
play critical roles in mediating the unfolded protein response [1, 2]. Under normal 
conditions, the ER lumen domain of these three proteins is occupied by molecular 
chaperones such as GRP78 and thus remain inactive [3]. Once cells undergo ER 
stress, GRP78 is released from these proteins to facilitate proper protein folding [4]. 
These key proteins become active and send downstream signaling for cells to com-
bat ER stress [3]. Thus, these three proteins are also called ER stress sensors.
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Among the three sensors of the UPR, IRE1α is the most conserved transducer 
[5]. Upon ER stress, IRE1α activation results in the production of one of its key 
downstream targets, XBP1-S [6]. XBP1-S is a basic-region leucine zipper (bZIP) 
protein. It was named X-box binding protein because it was first discovered to be 
bound to the cis-acting X-box present in the promoter regions of human major his-
tocompatibility complex class II genes [7]. XBP1-S is a central executor of the UPR 
and its level of express is critical to both UPR activation and termination [8]. As a 
transcription factor, XBP1-S translocates to the nucleus and induces transcription of 
its target genes [9]. Downstream target functions of the IRE1α-XBP1 pathway 
include ER membrane biosynthesis, protein transportation, secretory machinery of 
exocrine glands, ER chaperones, lipid synthesis, ERAD (II), ER translation and 
inflammation [9]. Upregulation of these activities enhances the ER’s capacity to 
better fold new proteins and translocate irreparable proteins from ER to cytosol for 
proteasomal degradation [1].

 XBP1 Unconventional Splicing

IRE1α activates the production of XBP1-S through an unconventional RNA splic-
ing mechanism, which is fundamentally different from conventional RNA splicing 
in several aspects. Conventional splicing is the editing process that removes introns 
from newly transcribed RNA (pre-mRNA) and re-joins exons to form mature 
mRNA [10]. Almost all mRNA, including XBP1, undergo conventional RNA splic-
ing before they can be translated into protein [10]. Unconventional splicing of 
XBP1 removes a 26 bp intron from an already mature XBP1 mRNA [11].

Conventional RNA splicing occurs inside the nucleus, often immediately after an 
RNA is transcribed [10]. XBP1, in contrast, unconventional splicing occurs mainly in 
the cytoplasm, but can be also observed in the nucleus [6]. ER stress induced splicing 
of XBP1 occurs in the cytoplasm, whereas the basal XBP1 splicing of its immature 
transcript occurs in the nucleus [12]. Both unspliced (but mature XBP1 mRNA 
(XBP1-U) and unconventionally spliced XBP1 mRNA (XBP1-S) can be translated 
into their respective proteins. Nascent XBP1-U polypeptides recruit their own mRNA 
to the ER membrane through a hydrophobic region within XBP1-U, pulling the XBP1 
mRNA close to IRE1α as a substrate for unconventional splicing [12].

Third, conventional RNA splicing is carried out by spliceosomes, a complex of 
small nuclear ribonucleoproteins (snRNPs) inside the nucleus [10]. In contrast, 
XBP1 unconventional splicing is independent of snRNPs and carried out by the 
endonuclear function of the IRE1α protein [11, 13]. The N-terminus IRE1α ER 
luminal domain is located inside the ER lumen, whereas the Ser/Thr Kinase domain 
and its C-terminal RNase domain are both located on the cytosolic side of the ER 
membrane. Accumulation of unfolded proteins inside the ER lumen induces IRE1α 
dimerization and oligomerization of [4, 14]. Trans-autophosphorylation of IRE1α 
in the Ser/Thr kinase domain, a consequence of dimerization, leads to activation of 
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the distal RNase domain, that recognizes and removes a stem-loop structure on the 
XBP1 mRNA [15].

In addition to processing the XBP1 mRNA, IRE1α cleaves other mRNAs or 
microRNAs (miRs) localized to the ER membrane and subsequently leads to their 
degradation, a process known as regulated IRE1α-dependent decay (RIDD), which 
also plays a critical role in UPR [16, 17]. Recent research suggests that IRE1α- 
mediated cleavage of XBP1 and RIDD of mRNAs or miRs are separable activities 
that are associated with distinct IRE1α conformational changes and affinities to the 
substrates [18].

 XBP1-S and XBP1-U Post-Translational Regulation

Prior to its unconventional splicing, XBP1 mRNA produces a 29  kDa XBP1-U 
(XBP1-unspliced) protein. Under basal conditions, XBP1-U is the main form inside 
a cell. XBP1-U protein has a rapid turnover [15]. Indeed, the rate of XBP1-U deg-
radation can approach its rate of synthesis. Thus, while XBP1-U is constitutively 
synthesized, the steady state expression level of XBP1-U under basal conditions is 
low. The C-terminal of XBP1-U is critical for the fast turnover and involves both 
ubiquitin-dependent and ubiquitin-independent mechanisms [15]. In addition, 
XBP1-U interacts with purified 20S proteasomes through its unstructured 
C-terminus, which leads to XBP1-U degradation in a manner that autonomously 
opens the proteasome gate [19].

Under ER stress, IRE1α removes a 26 bp intron from the XBP1 mRNA that pro-
duces a frameshift and generation of a 56 kDa XBP1-S (XBP1-spliced) protein with 
a distinct sequence [15]. The two forms of XBP1 share the same N-terminus; both 
have the basic-region leucine zipper (bZIP) motif that is responsible for DNA bind-
ing and dimerization. However, the C-termini are distinct and have different func-
tional domains. XBP1-S contains a transcriptional activation domain and thus can 
act as a potent transcription factor. In contrast, the C-terminus of XBP1-U retains a 
nuclear exclusion signal and thus its role is less clear.

The XBP1-S protein is much more stable than the XBP1-U protein. Degradation 
of XBP1-S is proteasome dependent [20]. The degradation of XBP1-S is controlled 
by UBC9, which specifically binds to the bZIP motif of XBP1-S and increases its 
stability [20]. Since XBP1-U shares the bZIP motif required for UBC9 binding, 
UBC9 also binds to XBP1-U, but less efficiently [20]. The C-terminal portion of 
XBP1-U may inhibit its interaction with UBC9. Interaction with UBC9 protects 
XBP1-S from degradation by the proteasome [20]. Interestingly, while UBC9 is 
commonly known as a SUMO-conjugase, its conjugase activity is dispensable for 
UBC9-dependent XBP1-S degradation [20]. It is unclear whether the degradation of 
XBP1-S is regulated through its post-translational modulation.

XBP1-S is known to be modulated post-translation via sumoylation and acetyla-
tion [21, 22]. Sumoylation is mediated by PIAS2 at two lysine residues, K297 and 
K276, of the C-terminal transactivation domain of XBP1-S [21]. The sumoylation 
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of K297 is required for K276 sumoylation, as K297R mutation prevents XBP1-S 
sumoylation on both sites. The sumoylation of XBP1-S represses its transcriptional 
activity but does not alter its nuclear localization [21]. XBP1-S sumoylation is 
observed at both basal condition and under ER stress, and the signaling that regu-
lates XBP1-S sumoylation is not clear [21]. It has been shown that XBP1-S can be 
acetylated by p300 and deacetylated by SIRT1, which enhances and inhibits XBP1-S 
transcriptional activity, respectively [22]. The interaction between p300 seems to be 
specific to XBP1-S, as no interaction has been detected with XBP1-U [22]. However, 
the lysine residues involved in XBP1-S acetylation have yet to be mapped out to 
determine whether acetylation and sumoylation regulates XBP1-S transcriptional 
activity in a competitive manner. Interestingly, the presence of p300 also stabilizes 
XBP1-S, suggesting the acetylation of XBP1-S prevents its protein degradation 
[22]. The underlying mechanism of this protection is yet to be determined.

 Protein Function of XBP1-S and XBP1-U

 XBP1-S Role in UPR

Upon ER stress, XBP1-S upregulates a variety of genes involved in ER membrane 
biosynthesis, chaperones, and ERAD [9]. XBP1-S recognizes and binds to the ER 
stress response element (ERSE) and the UPR element (UPRE) in the promoter 
region of target genes such as GRP78, and ERdj3. These XBP1-S target genes then 
reduce ER stress. For example, ER capacity is expanded, and misfolded protein 
degradation chaperone expression is increased and generally enables increased pro-
tein throughput [8]. Cells lacking XBP1-S showed an impaired ability to produce 
UPR target genes and to activate an ER stress response [8].

XBP1-S can also send feedback signals to its upstream regulator IRE1α [23]. A 
positive feedback loop between XBP1-S and IRE1α has been reported. The expres-
sion and phosphorylation of IRE1α are both regulated by XBP1-S [23]. In addition, 
IRE1α-XBP1 can crosstalk with other UPR signaling pathways. For example, 
XBP1 activates the PERK-ATF4 pathway through inducing NCOA3 expression in 
breast cancer cells [24].

In addition to the UPR response, XBP1-S is involved in autophagy, a cellular 
mechanism that is tightly linked to UPR response [1]. Autophagy is a conserved 
pathway that involves lysosomal degradation of proteins and organelles to promote 
cell viability under stress conditions [1]. Autophagy could also be pro-death if the 
stress condition cannot be overcome by the cells. XBP1-S interacts with the autoph-
agy regulator, Beclin 1, and thus promotes macrophage survival and autophagy 
[25]. Furthermore, XBP1 splicing upregulates the expression of Beclin1 in endothe-
lial cells and results in an autophagic response [26]. XBP1-S forms a homo- or 
heterodimer on the promoter region of Beclin 1 and activates Beclin 1 transcription 
[26]. In addition, XBP1-S has also been shown to induce autophagy indirectly 
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through regulating the expression of Bcl-2 [27]. The anti-apoptotic protein Bcl-2 is 
known to form a complex with Beclin 1 and inhibit the nucleation of autophago-
some [28]. Another mechanism by which IRE1α/XBP1 controls the induction of 
autophagy during the UPR is by regulating the expression level of the ER mem-
brane transporter SLC33A1/AT-1 and Atg9A acetylation [29]. Through the control 
of FoxO1, also a critical regulator of autophagy [30]. It has been shown that XBP1-S 
binds to FoxO1 via its N-terminal domain, directing FoxO1 for proteasomal degra-
dation [30].

 Roles of XBP1-S Outside of UPR

In addition to mediating UPR and downstream autophagy, recent studies revealed 
additional roles of XBP1-S in cellular functions that include EMT and angiogenesis 
[31–34]. Epithelial-mesenchymal transition (EMT) is a key process contributing to 
the aggressiveness of cancer cells. XBP1-S activates EMT in response to ER stress 
[62]. Several EMT related transcription factors including SNAI1, SNAI2, ZEB2, 
and TCF3 are direct transcriptional targets of XBP1 [31]. XBP1 induces MMP-9 
expression to promote proliferation and invasion in esophageal squamous cell car-
cinoma [33]. In addition, XBP1 can regulate the expression of β-catenin, a critical 
effector in Wnt-mediated pathway associated with EMT [32]. It has been shown 
that XBP1-S bind directly to the promoter region of β-catenin [32].

XBP1-S has also been shown to play a role in angiogenesis [34, 35]. Endothelial 
cell-specific knockout of XBP1 in mice retarded the retinal vasculogenesis in the 
first 2 postnatal weeks and impaired the angiogenesis triggered by ischemia. The 
role of XBP1 in angiogenesis is mainly mediated through XBP1-S, as reconstitution 
of XBP1 by Ad-XBP1-S gene transfer significantly improved angiogenesis in isch-
emic tissue in XBP1 conditional knockout mice [34].

 Interaction with Other Transcription Factors

As a transcription factor, XBP1-S has been reported to form a complex with other 
transcription factors and thus modulate each other’s transcriptional activity. The 
first transcription factor that has been shown to interact directly with XBP1-S is 
ERα [36]. XBP1-S binds to ERα via the XBP1 bZIP domain. This occurs in an 
estrogen-independent manner [36]. ERα also binds to XBP1-U, which also contains 
the bZIP domain but with a lower affinity [36, 37]. Binding of XBP1-S results in 
enhanced ERα-dependent transcriptional activity. It is unknown whether XBP1-S 
transcriptional activity is altered by ERα binding.

Subsequently, it has been shown that the transcription factor HIF1α can also 
interact with XBP1-S [38]. XBP1-S physically interacts with HIF1α also via its 
amino-terminal bZIP domain [38]. Unlike ERα binding, HIF1α does not bind to 

6 Roles of Spliced and Unspliced XBP1 in Breast Cancer



126

XBP1-U, despite the bZIP domain also being present in XBP1-U [38]. Perhaps the 
conformation of XBP1-U prevents HIF1α binding. XBP1-S and HIF1α co-occupy 
and activate transcriptional targets of HIF1α, such as VEGFA, PDK1, GLUT1, and 
DDIT4 [38].

Another transcription factor that has been shown to interact with XBP1-S is 
MIST1 [39]. MIST1 is a basic helix-loop-helix transcription factor that is critical in 
a wide variety of secretory cell functions and responses to stress. Recently, research 
reveals a feedback loop between MIST1 and XBP1 [39]. ER stress induces MIST1 
via XBP1. It has been shown that XBP1-S activates MIST1 gene expression. As ER 
stress subsides, MIST1 binds to XBP1 promoters and represses XBP1 transcription 
[39]. More importantly, genome wide DNA binding studies reveal that MIST1 func-
tions as a co-regulator of XBP1 for a portion of target genes that contain adjacent 
MIST1 and XBP1 binding sites [39]. It has been shown that 70% of the identified 
XBP1 effector genes contained MIST1 peaks within their respective control regions 
or within the control regions of closely related proteins of the same family [39]. 
However, whether XBP1-S directly binds to MIST1 is unknown.

In addition to transcription factors, other binding partners for XBP1-S have been 
identified. XBP1-S has also been shown to be specifically bound to HDAC5 [21]. 
However, the effects of this interaction have yet to be determined. Even though 
many binding partners for XBP1-S have been identified, the mechanism by which 
these interactions are regulated is not known yet. XBP1-S contains many potential 
phosphorylation sites, it would be interesting to know whether these binding partner 
interactions are phosphorylation specific.

 XBP1-U Role in UPR

XBP1-S is a key executor of the ER stress response, whereas XBP1-U plays an 
active role in fine-tuning the ER stress response, mainly through negating the effects 
of XBP1-S [40]. One mechanism by which XBP1-U does so is by forming a com-
plex with XBP1-S and repressing the transcriptional activity of XBP1-S [40]. For 
example, the transcription of iNOS mediated by XBP1-S is repressed when XBP1-U 
is present [41]. Another proposed role for XBP1-U is enhancing the degradation and 
nuclear exclusion of XBP1-S [6, 40].

The fast turnover and nuclear export properties of XBP1-U are critical for both 
the accurate initiation and termination of an ER stress response [15]. XBP1-U 
mutants that are more stable resulted in a stronger ER stress response than wild-type 
XBP1-U, suggesting fast degradation of XBP1-U is required to prevent uncon-
trolled activation of UPR [15]. In addition, XBP1-U accumulates during the recov-
ery phase of the ER stress, forming a complex with XBP1-S and translocating 
XBP1-S out of the nucleus [15]. The degradation motif contained in XBP1-U results 
in the rapid degradation of XBP1-S in the complex. XBP1-U functions as a negative 
feedback regulator of XBP1-S, shutting off XBP1-S and its downstream target 
genes during the recovery phase of ER stress [40]. Furthermore, XBP1-U plays an 
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important role in controlling the expression of IRE1α, which sends a feedback sig-
nal to UPR pathways [42].

Similar to XBP1-S, XBP1-U has a role in autophagy. Instead of promoting 
autophagy, XBP1-U inhibits persistent autophagy activation [43]. One mechanism 
by which XBP1-U regulates autophagy might be through its inhibition of 
XBP1-S. XBP1-U may also control autophagy through promoting the degradation 
of FoxO1 [43]. FoxO1 is involved in the induction of autophagy via both 
transcription- dependent and -independent pathways [44]. Loss of FoxO1 can also 
attenuate autophagy. Knockdown of XBP1-U results in the sustained expression of 
FoxO1 [43]. It has been shown that ERK1/2 phosphorylates XBP1-U on Ser61 and 
Ser176 upon glutamine starvation [43]. Phosphorylated XBP1-U promotes the 
interaction between XBP1-U and FoxO1, and targets FoxO1 for translocation from 
the nucleus to the cytoplasm and the degradation by the 20S proteasome [43]. It is 
possible that XBP1-U accumulated at the recovery phase of ER stress sends feed-
back signals to inhibit both UPR and autophagy pathways, thus blocking cell death 
that might otherwise be induced by their persistent activation.

Similar to XBP1-S, the cellular role of XBP1-U is not limited to UPR and 
autophagy. XBP1-U plays a critical role in the activation of anti-oxidative reactions 
induced by disturbed flow in endothelial cells [45]. XBP1-U forms a complex with 
HDAC3 and Akt1  in the cytosol to regulate Akt1 phosphorylation and activate 
downstream HO-1 expression [45]. HO-1 is a stress response gene that plays a pro-
tective role against apoptosis under stress conditions such as oxidative stress, 
hypoxia, heavy metal ions, cytokines, and glutathione depletion [45]. In addition to 
direct binding to HDAC3 and Akt1, the expression of XBP1-U is essential for 
HDAC3 induction, but the underlying mechanism of this regulation is unclear [45].

 Elevated XBP1 Signal in Cancer

Sustained IRE1-XBP1 activation has been shown to promote tumor growth and 
metastasis in a variety of cancer types including breast, hepatocellular carcinoma, 
multiple myeloma, pancreatic, and CLL [47–51]. XBP1 has been implicated in can-
cer cell differentiation, susceptibility to oncovirus infection, angiogenesis, and the 
EMT [35, 51].

XBP1-S overexpression has been observed in primary breast cancers (by IHC) 
[47]. High XBP1-S/XBP1-U ratio is associated with poor survival [52]. Higher lev-
els of XBP1-U mRNA are significantly associated with survival, consistent with the 
hypothesis that XBP1-U acts through countering the effects of XBP1-S [52]. 
XBP1-S expression is highly correlated with overall survival in the ERα+ subgroup, 
but not in the ERα- group [53].

Several studies have demonstrated a correlation between XBP1 and ERα expres-
sion. XBP1 co-clusters with ERα in breast tumor biopsy samples (by qPCR) ([63, 
64]). High degree of correlation between ERα and XBP1 mRNA was observed in 
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invasive ductal carcinomas [54]. Consistently, XBP1-S protein expression is corre-
lated with ERα positivity [55]. The correlated expression between XBP1 and ERα 
in breast cancer suggests a transcriptional regulatory relationship between the two. 
Indeed, estrogen induces XBP1 expression in breast cancer MCF7 and T47D cells 
[55, 56]. Recruitment of ERα, SRC-1, SRC-3, and RNA polymerase II to the pro-
moter/enhancer region of XBP1 in these cells occurs in an estrogen-dependent man-
ner [56]. XBP1 could also regulate the expression of ERα. ERα expression is 
elevated in XBP1 overexpressing cells, indicating a positive feedback loop between 
XBP1 and ERα [27]. However, the mechanism by which XBP1 regulates ERα 
expression needs to be studied further.

Direct binding between XBP1 and ERα has been reported in several studies. 
XBP1-S and XBP1-U both bind to ERα in vitro and in vivo in an estrogen- 
independent manner [27, 36, 57]. The bZIP domain in XBP1-U and -S is critical for 
this binding [36]. This binding seems to be specific, because neither XBP1-U nor 
XBP1-S binds to ERβ [57]. The binding of XBP1-S and XBP1-U both enhanced 
ERα-dependent transcriptional activity; XBP1-S is more potent than XBP1-U [36, 
57]. The XBP1-U effects on ERα transcriptional activity can be completely blocked 
by ICI or Tam, whereas ICI or Tam could only partially reduce the effects of XBP1-S 
on ERα transcription [57]. The steroid receptor co-activator SRC-1/NCoA1 
Synergies with XBP1-S and XBP1-U to regulate ERα transcriptional activity [36]. 
It is possible that ERα and XBP-1 form complexes at an ERE to stimulate gene 
expression, in a similar manner to that reported between HIF1α and XBP1 [58]. The 
detailed mechanism for this interaction needs to be elucidated further.

XBP1 contributes to antiestrogen resistance in ERα + breast cancer cells. XBP1 
expression is increased in antiestrogen resistant breast cancer cells and co-expressed 
with ERα. Overexpression of XBP1-S in ERα positive cells leads to estrogen- 
independent growth and re-sensitizes cells to tamoxifen and faslodex independent 
of functional p53 [27]. XBP1-S overexpression induces the expression of Bcl-2, 
which is otherwise downregulated by tamoxifen and faslodex [27]. In addition, 
overexpression of XBP1 can activate NFκB survival signaling pathway, which is 
critical for antiestrogen resistance [37]. Both XBP1-S and XBP1-U activate NFκB 
signaling in an ERα-dependent manner. However, XBP1-S, but not XBP1-U, regu-
lates expression level of the NFκB component p65/RelA in an ERα-independent 
manner [37]. Inhibition of XBP1 splicing with the IRE1α inhibitor STF-083010 
re-sensitizes resistant breast cancer cells to tamoxifen in vitro [53]. Co-treatment 
with STF-083010 and tamoxifen can significantly delay breast cancer progression 
in a mammary tumor xenograft model [53].

In addition to ERα + breast cancer, XBP1 also plays a crucial role in tumorige-
nicity and progression of triple negative breast cancer (TNBC) [38]. Silencing of 
XBP1 in TNBC leads to suppression of tumor initiation, progression, metastasis, 
and recurrence. XBP1 plays a major role in promoting oncogenesis and cancer stem 
cell properties. XBP1-S is involved in maintaining a cancer stem cell like 
CD44highCD24low population [38]. It has been shown that XBP1 drives TNBC pro-
gression by cooperating with HIF1α. Interestingly, while XBP1 silencing also 
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affects luminal breast cancer growth, it does so via a mechanism not involving 
HIF1α.

In addition to tumor cell intrinsic effects, XBP1 is known to have a role in the 
tumor-associated immune system. For example, silencing XBP1 in tumor- associated 
dendritic cells extends host survival by enhancing T cell antitumor immunity. Thus, 
targeting the ER stress response concomitantly inhibits tumor growth and enhances 
anti-cancer immunity, offering a unique approach to cancer immunotherapy [59]. 
Immunotherapeutic approach for targeting XBP1 using a cocktail of HLA-A2 
unspliced and spliced heteroclitic XBP1 peptides can evoke an XBP1-specific CTL 
with antitumor activities against solid tumors including those breast cancers that 
highly express XBP1 [60].

Considering the important role of XBP1 in cancers, several inhibitors that selec-
tively block IRE1α-XBP1 activation have been developed [61]. The inhibitors 
designed target either the catalytic core of the RNase domain or the ATP binding 
site of the kinase domain of IRE1α [61]. The efficacy of these inhibitors in specifi-
cally inhibiting IRE1α activity has been evaluated in vitro and also in cancer cells 
[61]. Some of the inhibitors demonstrated antitumor activity in vivo with xenograft 
animal model. However, the efficacy of these drugs in the clinic needs to be 
established.
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Chapter 7
The Unfolded Protein Response  
in Triple- Negative Breast Cancer

Na Zhao, Fanglue Peng, and Xi Chen

Abstract Triple-negative breast cancer (TNBC) is the designation of the diverse 
and highly aggressive breast cancers that lack the expression of estrogen receptor, 
progesterone receptor, and HER2. Due to the lack of recognized molecular targets 
for therapy, chemotherapy remains the primary established treatment for TNBC. In 
TNBC, numerous exogenous and intrinsic factors cause accumulation of misfolded 
or unfolded proteins in the endoplasmic reticulum (ER) to disrupt cellular proteos-
tasis in a condition termed ER stress. As an adaptation, cells activate a network of 
pathways, the unfolded protein response (UPR), to manage ER stress. Chronic 
stress, a risk factor in cancer initiation and progression, keeps the UPR engaged 
while its apoptotic function gets gradually attenuated. The UPR has been increas-
ingly recognized to have crucial roles both in physiological contexts and tumor 
pathology. In this review, we summarize the factors that may contribute to the regu-
lation of the UPR in TNBC and its impact on various aspects of tumor biology. In 
addition, we review recent progress on the pharmacological targeting of the UPR, 
which holds therapeutic potential for TNBC intervention.
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Abbreviations

ATF4 Activating transcription factor 4
ATF6 Activating transcription factor 6
BC Breast cancer
BiP Binding immunoglobulin protein
BL Basal-like
CHOP C/EBP homologous protein
CREB3 cAMP responsive element binding protein 3
CREB3L cAMP responsive element binding protein 3 like
DC Dendritic cells
DR5 Death receptor 5
eIF2α Eukaryotic translation initiation factor 2 alpha
EMT Epithelial to mesenchymal transition
ER Endoplasmic reticulum
ERAD Endoplasmic reticulum-associated degradation
ERSE Endoplasmic reticulum stress element
FAS Fatty acid synthase
FFA Free fatty acid
FOXO Forkhead box O
GAAC General amino acid control
GADD34 Growth arrest and DNA damage-inducible protein 34
GCN2 General control nonderepressible 2
GEF Guanine nucleotide exchange factor
HIF1α Hypoxia-inducible factor 1α
HRI Heme-regulated eIF2α kinase
IM Immunomodulatory
IRE1α Inositol-requiring enzyme 1α
ISR Integrated stress response
JNK JUN N-terminal kinase
LAR Luminal androgen receptor
M Mesenchymal
MEF Mouse embryonic fibroblasts
MSL Mesenchymal stem-like
NRF2 Nuclear factor erythroid 2-related factor 2
PDAC Pancreatic ductal adenocarcinoma
PDX Patient-derived xenograft
PERK Protein kinase RNA (PKR)-like ER kinase
PHD3 Prolyl-4-hydroxylase domain 3
PI3K Phosphoinositide 3-kinase
PR Progesterone receptor
RIDD Regulated IRE1α-dependent decay
ROS Reactive oxygen species
SERCA Sarcoplasmic/endoplasmic reticulum calcium ATPase
SREBP Sterol regulatory element binding protein
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TCA Tricarboxylic acid cycle
TCGA The cancer genome atlas
TNBC Triple-negative breast cancer
TRAF2 TNF-receptor-associated factor 2
uORF Upstream open reading frame
UPR Unfolded protein response
UPRE Unfolded protein response element
VHL von Hippel-Lindau
XBP1 X-box binding protein 1

 Introduction

During tumor initiation and progression, cancer cells are subjected to various forms of 
intra- and extra-cellular stresses, resulting in significant proteostatic perturbations [1–4]. 
Adaptation to these cytotoxic stresses from early on is crucial for the selection and sur-
vival of viable cancer cell lineages. Recent studies have shown that the unfolded protein 
response (UPR) is activated in many human cancers and plays important roles in tumor 
initiation and progression [3–10]. The UPR is an evolutionarily conserved, intricate cel-
lular homeostatic network that has developed to enable cells to adapt to fluctuations in 
protein demand and folding capacity, while protecting them against the ensuing stress in 
the endoplasmic reticulum (ER) caused by the accumulation of unfolded or misfolded 
proteins. These cellular adaptations may include expansion of the ER to support the 
higher protein demand, downregulation of global translation to relieve the overall pro-
tein load, and selective upregulation of chaperones and enzymes involved in post-trans-
lational processes to increase folding efficiency. The UPR can also promote 
ER-associated degradation (ERAD) to facilitate the elimination of proteotoxic elements 
and initiate complete cellular programs such as autophagy or even apoptosis if prior 
attempts are unsuccessful. This latter pathway emphasizes the priority of the organism 
over the cell and elevates the UPR from the cellular level to the systemic level. To exe-
cute such complex and vital processes, the UPR is required to evaluate and respond 
correctly to the extent, context, and timing of these perturbations, and to properly distin-
guish between acute and chronic conditions. This is accomplished through an intricate 
network of the three individual arms of the UPR, their crosstalk, feedback loops, and 
their branching out to other networks of cellular pathways and programs. These features 
render the UPR essential in the understanding of cancer while also offering a number of 
unique and potentially global ways of interventions. There are extensive reviews on the 
UPR and its significance in cancer with relevant therapeutic potentials [3, 4, 11]. In this 
review, we focus on the characteristics of the UPR and its implications in triple-negative 
breast cancer (TNBC).

Upon amplified folding demand, the UPR is triggered by the simultaneous dis-
sociation of the ATPase chaperone, binding immunoglobulin protein (BiP, encoded 
by HSPA5), from all three transmembrane sensor-actuator proteins in the ER mem-
brane [12–16]. Upon activation, these enzymes, namely, inositol-requiring enzyme 
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Fig. 7.1 The unfolded protein response (UPR) signaling pathways. Upon accumulation of 
unfolded or misfolded proteins in the endoplasmic reticulum (ER), the UPR is triggered by the 
simultaneous dissociation of binding immunoglobulin protein (BiP) from three transmembrane 
proteins in the ER membrane, which are protein kinase RNA (PKR)-like ER kinase (PERK), 
inositol- requiring enzyme 1α (IRE1α), and activating transcription factor 6 (ATF6). Activated 
stress sensors send their distinct signals from the ER lumen to their respective downstream arms to 
enable the cells to adapt to proteostatic perturbations. In the PERK branch, activated PERK dimer-
izes, autophosphorylates, and then phosphorylates the eukaryotic translation initiation factor 2α 
(eIF2α) to attenuate cap-dependent protein translation while increasing the translation of activat-
ing transcription factor 4 (ATF4). Three other kinases, namely, double-stranded RNA-dependent 
protein kinase (PKR), heme-regulated eIF2α kinase (HRI), and general control nonderepressible2 
(GCN2) converge with PERK on the phosphorylation of eIF2α. These four eIF2α kinases consti-
tute the integrated stress response (ISR) pathway. Growth arrest and DNA damage-inducible pro-
tein 34 (GADD34) recruits protein phosphatase to dephosphorylate eIF2α and restore global 
mRNA translation. In the IRE1α branch, IRE1α oligomerizes and trans-autophosphorylates to 
activate its cytosolic RNase domain under ER stress. Activated IRE1α excises 26 nucleotides from 
the unspliced X-box binding protein 1 (XBP1) mRNA (XBP1u), resulting in a frameshift to pro-
duce the spliced XBP1 (XBP1s), which encodes the active transcription factor XBP1s. Prolonged 
hyperactivation of IRE1α further degrades many mRNAs and non-coding RNAs in a process 
called regulated IRE1α-dependent decay (RIDD). In the ATF6 branch, the disassociation of BiP 
releases ATF6 for translocation from the ER membrane to the Golgi apparatus, where ATF6 under-
goes regulated intramembrane proteolysis that turns its cytosolic N-terminal into a mature tran-
scription factor ATF6 (N)

N. Zhao et al.



137

1 (IRE1α, encoded by ERN1), protein kinase RNA (PKR)-like ER kinase (PERK, 
encoded by EIF2AK3) and activating transcription factor 6 (ATF6), send their dis-
tinct signals from the ER lumen to their respective downstream arms to enable the 
cells to adapt to these proteostatic perturbations (Fig. 7.1).

 IRE1α

The bifunctional kinase-RNase IRE1α is the most ancient and conserved member of the 
mammalian sensory triad of the UPR [17–19]. Under ER stress, IRE1α oligomerizes 
and trans-autophosphorylates to activate its cytosolic RNase domain [20, 21]. This acti-
vated form of IRE1α then excises 26 nucleotides from the unspliced X-box binding 
protein 1 (XBP1) mRNA (XBP1u), resulting in a frameshift to produce the mature, 
spliced XBP1 (XBP1s) [22–25]. This unique cytosolic splicing mechanism, paired with 
an instant translation by co-localized ribosomes, enables a rapid XBP1 isoform switch-
ing in response to acute perturbations in ER proteostasis [26]. Phosphatases, especially 
ER-localized protein phosphatase PP2Ce (encoded by PPM1L), can dephosphorylate 
IRE1α and influence this process [27]. Importantly, PP2Ce deficiency can trigger patho-
logical stress signaling in postpartum mammary glands [28]. XBP1u is also translated 
into a short-lived cytosolic protein. However, it is quickly degraded by the proteasome 
and acts as a dominant-negative form of XBP1s. Transcription factor XBP1s enters the 
nucleus, where it starts the canonical transcriptional stress response through the cis-
acting UPR element (UPRE) and ER stress element (ERSE) [26]. XBP1s also partici-
pates in a number of context- dependent processes (vide infra). Nevertheless, this acute 
phase of activation of IRE1α RNase may be exhausted over time under persistent stress 
due to the clocking effect of its autophosphorylation by the kinase domain to temporar-
ily desensitize its RNase [29, 30].

Subsequently, as stress persists, prolonged hyperactivation of IRE1α further pro-
motes its aggregation, which enhances the functions of both its RNase and kinase. 
The RNase becomes increasingly promiscuous and degrades hundreds of RNAs, 
including many mRNAs, rRNAs and some non-coding RNAs, as well as its own 
mRNA, which establishes another negative feedback loop. This process is called 
regulated IRE1α-dependent decay (RIDD) [31]. RIDD further attenuates translation 
through decreasing the quantity of mRNAs and the integrity of the ribosomes. A 
thorough classification of RIDD substrates in the context of their sequence specific-
ity, localization, and function has been reviewed elsewhere [32]. A model was also 
proposed how, with extended stress, RIDD becomes prevalent and contributes to the 
shift from cell survival to apoptosis [32]. However, under normal or low stress con-
ditions, the physiological relevance of RIDD is not completely understood and war-
rants further investigation. Additionally, the aggregation of IRE1α positions its 
kinase domains to form a platform for protein docking, particularly for the adaptor 
protein TNF-receptor-associated factor 2 (TRAF2), which relays signal to the JUN 
N-terminal kinase (JNK) pathway to directly initiate autophagy and ultimately 
again, apoptosis [33].
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 PERK

Another arm of the UPR is initiated by PERK, which becomes activated via oligo-
merization and autophosphorylation under proteotoxic ER stress [34]. However, 
unlike IRE1α, PERK also phosphorylates several cytosolic substrates, most signifi-
cantly, the α subunit of eukaryotic translation initiation factor 2 (eIF2α). 
Phosphorylation of eIF2α dampens cap-dependent protein translation and attenu-
ates the overall protein burden on the ER [35]. Meanwhile, some genes with unique 
short upstream open reading frames (uORFs) in their mRNA are translationally 
induced upon eIF2α phosphorylation, the most prominent of which is activating 
transcription factor 4 (ATF4) [36]. Thus, in addition to translational regulation, 
PERK also invokes transcriptional regulation to merge the UPR with the integrated 
stress response (ISR), as it is one of the eIF2α kinase tetrad [37]. A negative feed-
back loop exists along this pathway that is mediated by ER-localized growth arrest 
and DNA damage-inducible protein 34 (GADD34, encoded by PPP1R15A), which 
recruits protein phosphatase 1C to dephosphorylate eIF2α and restore global mRNA 
translation [38]. GADD34 is transcriptionally activated by ATF4, and translation-
ally upregulated by cap-independent translation upon PERK activation due to the 
existence of 5′ uORF in its mRNA [39, 40]. ATF4 then directly modulates autoph-
agy and, under runaway stress conditions, apoptosis via transcription factor C/EBP 
homologous protein (CHOP, encoded by DDIT3) [41]. However, just before an ulti-
mate apoptotic termination, a final temporary safeguarding delay halts CHOP trans-
lation via miR-211, also one of the ATF4 targets [42]. These time-sensitive responses 
by GADD34 and miR-211 consequently enable the PERK arm, similar to the IRE1α 
arm, to distinguish among varying stress levels and between acute and chronic 
stress. Additionally, PERK also initiates responses to oxidative stress and is involved 
in stress-related metabolic reprogramming through the phosphorylation of tran-
scription factors nuclear factor erythroid 2-related factor 2 (NRF2) and forkhead 
box O (FOXO), respectively [43, 44].

 ATF6

The third arm of the UPR triad is initiated by ATF6, which, under proteotoxic ER 
stress, translocates from the ER membrane to the Golgi where it undergoes two site 
specific intramembrane proteolytic cleavages that turn its cytosolic N-terminal into 
a mature transcription factor [45]. ATF6 has two mammalian isoforms, namely, 
ATF6α and ATF6β, and they mature in parallel. The latter is considered a repressor 
of the former, which is the active transcription factor [46]. However, unlike the 
IRE1α and PERK arms, maturation of ATF6 is irreversible and unidirectional with 
no transcriptional or translational amplification and no direct involvement of a 
kinase-phosphatase feedback loop. This implies a simplified role of this arm in the 
time-sensitive decisions of the UPR. Indeed, the general view on the function of 
ATF6 is to balance, fine-tune, and provide a steady stream of supply to the already 
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established responses from the other two arms [26, 47]. However, mice deficient in 
both isoforms (ATF6α and ATF6β) are embryonic lethal, while the single knockout 
mice of either isoforms develop normally [48]. This observation suggests functional 
redundancy of the two isoforms in mouse development. The canonical role of ATF6 
is executed in the nucleus on ERSE, and its targets include the genes of BiP, CHOP, 
and XBP1u, which merge this arm with the other two arms at the transcriptional 
level [22, 48–50].

Several other ER stress sensors are activated in similar regulated intramembrane 
proteolytic mechanisms as those of ATF6, including cAMP responsive element 
binding protein 3 (CREB3), and cAMP responsive element binding protein 3 like 
1–4 (CREB3L1, CREB3L2, CREB3L3, CREB3L4) [51–54]. They have been 
reported to have important functions in astrocytes, osteoblasts, and chondrocytes. 
However, it is not known whether these sensors play any roles in breast cancer.

 Crosstalk Among the Three UPR Arms

The three arms of the UPR are not isolated from each other but they are rather inter-
twined [55]. The PERK and IRE1α arms exert opposing effects on the expression of 
death receptor 5 (DR5) mRNA, therefore DR5 becomes their intermediator on the 
determination of cell fate [56]. There is also direct crosstalk between the arms. As 
mentioned before, the ATF6 arm participates in a dialogue with the other arms of 
the UPR by transactivating CHOP and XBP1u [22, 50]. The ATF6 arm is not alone. 
Indeed, the PERK and IRE1α arms are complex and widespread enough to have 
multiple overlaps and intersections. A single-cell imaging technique was used to 
dissect the dynamics of these arms upon cell survival response [57]. While finding 
these interactions is particularly challenging, due to their complexity and context- 
dependence, some of the crosstalk has been uncovered. For example, coactivator 
NCOA3, an XBP1 transcriptional target, can regulate PERK–eIF2α–ATF4 signal-
ing in breast cancer [58]. Moreover, IRE1α mRNA and XBP1 splicing are induced 
by ATF4 under acute ER stress [59]. The PERK-ATF4 pathway also promotes the 
synthesis of ATF6 and its translocation from the ER to the Golgi [60]. Thus, each 
arm can influence the other two arms.

 Physiological Role of the UPR in Mammary Gland 
Development

Cells that have a high secretory demand are particularly reliant on a well-developed 
and properly functional ER and are thus more susceptible to disturbances in the 
ER. For example, genetic ablation of XBP1 results in dysfunction in highly secre-
tory plasma cells, pancreatic acinar cells, and Paneth cells [61]. The mammary 
gland is a highly secretory tissue that provides newborns with milk protein, lipids, 
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and essential supplements. During pregnancy and lactation, hormonal changes in 
prolactin, placental lactogens, and progesterone induce extensive biosynthetic and 
secretory activity [62]. Not surprisingly, the UPR plays a crucial role in mammary 
gland development and function.

Mammary epithelial stem/progenitor cells with BiP deletion fail to generate repop-
ulated mammary glands in de-epithelialized recipient mice, indicating that BiP is 
required for pubertal mammary gland development [63]. However, the general lethal 
effect of BiP knockout should not be ignored in this context. During pregnancy, the 
mRNA expression of Atf4 and Xbp1 dramatically increases in mouse mammary 
glands. Deletion of Xbp1 in GFAP-expressing mammary epithelium (Xbp1f/f; GFAP-
Cre) not only impairs mammary gland branching and terminal end bud formation 
during the adult virgin period, but also dramatically inhibits mammary epithelial pro-
liferation and differentiation during the lactation period [64]. The expression levels of 
both prolactin receptor and ErbB4 are decreased in Xbp1- deficient mammary epithe-
lium through unknown mechanisms. This results in reduced synthesis of milk protein 
(α/β-casein and whey acidic protein), leading to poor pup growth and postnatal mor-
tality [64]. In another study, Xbp1 deletion in ovine β-lactoglobulin-expressing mam-
mary epithelial cells (Xbp1f/f; BLG-Cre) caused significant reduction of the mammary 
epithelium during lactation [65]. Mice with Perk knockout in mammary epithelial 
cells produce milk with altered lipid composition, leading to protracted pup growth. 
In this context, the PERK/eIF2α signaling pathway enables the functional maturation 
of milk-secreting mammary epithelial cells by sustaining the expression of lipogenic 
enzymes Fasn, Acl, and Scd1 [66].

 Role of the UPR in TNBC

In addition to having crucial functions under physiological conditions, the UPR is 
involved in various pathological conditions, including cancer [3, 4, 11, 67]. UPR 
has been extensively studied in human breast cancer. XBP1 is a classical estrogen 
receptor target [68, 69]. Clarke and colleagues’ pioneering studies elucidate the 
essential roles of XBP1 in endocrine resistance [70–78]. XBP1 mRNA correlates 
with tamoxifen responsiveness of estrogen receptor-positive breast cancer patients. 
Silencing of XBP1 sensitizes the endocrine therapy-resistant breast cancer cells to 
antiestrogens, while overexpression of XBP1s confers the estrogen receptor- positive 
tumors resistance to tamoxifen [74]. Recent studies also revealed unexpected func-
tion of UPR in TNBC [5]. TNBC is a heterogenous subtype of breast cancer char-
acterized by the absence of expression of estrogen receptor, progesterone receptor 
(PR), and HER2—signaling receptors that are known to fuel the majority of breast 
cancers. TNBC is very aggressive and more likely to relapse and metastasize than 
the other breast cancer subtypes [79, 80]. To dissect TNBC-specific tumor heteroge-
neity, Pietenpol et al. classified TNBC into six subtypes on the basis of gene-expres-
sion profiles: two basal-like (BL)-related subgroups (BL1 and BL2), two 
mesenchymal-related subgroups (mesenchymal (M) and mesenchymal stem- like 
(MSL)), one immunomodulatory (IM) subgroup, and one luminal androgen 
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receptor (LAR) subgroup [81]. The overwhelming majority of TNBCs were classi-
fied as basal-like (50~75%) [82].

Typically, most TNBCs have mutations and deletions in TP53, while a signifi-
cant subset arises in the context of germline or somatic mutations in BRCA1 or 
BRCA2 [83, 84]. Mutations in other druggable oncogenes, such as the protein- 
tyrosine kinases PIK3CA and BRAF, are not prevalent in TNBC [83, 84]; therefore, 
little progress has been made in treating this disease. The development of effective 
therapies is urgently needed to treat TNBC especially its metastasis and relapse. 
Recent studies have revealed the UPR as an important mechanism that promotes 
TNBC progression and therapy resistance [5]. Activation of many components of 
the UPR is also associated with patient outcomes (Table 7.1) [5, 70, 85–89]. Several 

Table 7.1 Expression status and prognosis value of the UPR components in human breast cancer

Breast cancer 
subtypes

UPR 
components Statusa

Detection 
method Prognosis Reference

TNBC BiP Increased IHC Correlated with more 
lymph node metastasis 
and poor overall 
survival

[85]

Mixed Unknown IHC Correlated with worse 
disease-free survival

[86]

ERα+, TN, and 
HER2- 
amplified BC

Increased IHC NA [70]

TNBC p-eIF2α Increased IHC Correlated with better 
disease-free survival

[87]

TNBC XBP1 signature Unknown Microarray Correlated with shorter 
relapse-free survival

[5]

Mixed XBP1s/XBP1u Unknown qPCR Correlated with shorter 
relapse-free survival

[88]

ERα+ BC Unknown qPCR Correlated with shorter 
relapse-free survival

[88]

Mixed XBP1u Unknown qPCR Correlated with better 
relapse-free survival

[88]

ERα+ BC Unknown qPCR Correlated with better 
relapse-free survival

[88]

Mixed CHOP Unknown IHC Correlated with 
prolonged disease-free 
survival

[86]

ERα+ BC UPR gene 
signature

Unknown Microarray Correlated with poor 
disease-free and overall 
survival

[89]

TNBC triple-negative breast cancer; ERa+, estrogen receptor a-positive; TN triple-negative; BC 
breast cancer; BiP binding immunoglobulin protein (encoded by HSPA5); p-eIF2α phosphorylated 
eukaryotic translation initiation factor 2 alpha; XBP1 X-box binding protein 1; XBP1s spliced 
XBP1; XBP1u unspliced XBP1; XBP1s/XBP1u XBP1 splicing ratio; CHOP C/EBP homologous 
protein (encoded by DDIT3); UPR unfolded protein response; IHC immunohistochemistry; qPCR 
real-time quantitative PCR; NA not applicable
aStatus indicates expression level in tumor compared to nontumor tissues
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fundamental questions remain to be answered to pharmacologically target the UPR 
and improve clinical outcomes of patients with TNBC. This section discusses the 
function and mechanistic insights of UPR in TNBC.

 Pathological Stimuli for UPR Activation

Numerous physiological and pathological stimuli disturb the ER protein folding 
environment and trigger ER stress (Fig. 7.2) [2]. Although we usually only encoun-
ter these altered cells of diverse pathologies, the underlying stress and its effects on 
their UPR can serve as Ariadne’s thread to reveal the process of malignant transfor-
mation. Uncovering the underlying causes of these stresses in cancer, deciphering 
the interactions between these stresses and the UPR, and deconvoluting the dynam-
ics that leads to cancer initiation and progression, will help us understand how can-
cer cells are eventually able to conquer the UPR and bias it towards decisions that 
lead to cell survival. In the context of TNBC, the questions to ask are—what are 
these stresses, and what is the underlying mechanism for the enhanced UPR activa-
tion in TNBC? To supplement the rather scarce data concerning the involvement of 
the UPR in TNBC, information from cancers of other tissues will also be 
considered.

Fig. 7.2 The unfolded protein response (UPR) in triple-negative breast cancer (TNBC). Various 
environmental and intrinsic factors during tumorigenesis disturb ER homeostasis and activate the 
UPR. Extended ER stress usually kills the cells but it may also lead to the selection of cells with 
high fitness that have an altered UPR. Extended activation of the UPR advances the emergence of 
the hallmarks of TNBC
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 Environmental Stress

Various environmental and intrinsic factors during tumorigenesis disturb ER 
homeostasis. For example, synthesis, folding, and post-translational processing of 
proteins require abundant energy supply. However, the inadequate nutrient supply 
in the tumor microenvironment compromises these processes and instigates the 
accumulation of unfolded proteins in the ER and triggers ER stress. As solid tumors 
grow, their demand for oxygen and nutrient eventually exceeds the capacity of the 
existing blood supply [90]. Although many tumors induce angiogenesis as an adap-
tation mechanism, the center of the tumor is still unavoidably challenged by the lack 
of oxygen and nutrition.

Hypoxia

Hypoxia is a common feature of most solid tumors. Hypoxia induced signaling 
cascade plays pivotal roles in tumor biology, including promotion of tumor angio-
genesis and metastasis, metabolic alteration, immune suppression, heightened 
genomic instability, and consequently, therapy resistance [90, 91]. Severe hypoxia 
affects cysteinyl oxidation to form disulfide bonds and disrupts disulfide isomeriza-
tion of proteins during post-translational folding and modification, leading to pro-
tein misfolding and ER stress [92]. As expected, heightened XBP1 splicing, eIF2α 
phosphorylation, ATF4 and CHOP protein expression are observed under extreme 
hypoxia [93–96]. Hypoxia also inhibits the degradation of the ATF4 protein [97]. 
Under normoxia, prolyl-4-hydroxylase domain 3 (PHD3) interacts with ATF4 and 
hydroxylates the proline residues adjacent to its zipper domain to target ATF4 for 
von Hippel-Lindau (VHL) ubiquitin ligase-independent proteasomal degradation. 
Hypoxia suppresses the hydroxylation-dependent degradation and stabilizes the 
ATF4 protein [97]. Furthermore, an analysis of the cancer genome atlas (TCGA) 
datasets showed that activation of the hypoxia-inducible factor 1α (HIF1α) signal-
ing network is a key regulatory feature in TNBC [83]. Genetic deletion of XBP1 
was shown to suppress the transcriptional activity of HIF1α, thus blocking TNBC 
tumor progression [5]. Taken together, these studies underline the importance of 
hypoxia as a UPR stressor in the tumor microenvironment and indicate that the 
molecular connection between hypoxia and UPR is critical to sustain TNBC 
progression.

Nutrient Deprivation

Abnormal vascularization in solid tumors leads to short supply of nutrients that 
further mobilizes the UPR. The surviving cancer cells adapt to the ensuing chronic 
shortages through engaging the UPR and ISR to reprogram the cellular metabolism 
[98–100]. The ISR is mediated by four kinases, PERK, double-stranded RNA- 
dependent protein kinase (PKR, encoded by EIF2AK2), heme-regulated eIF2α 
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kinase (HRI, encoded by EIF2AK1), and general control nonderepressible 2 (GCN2, 
encoded by EIF2AK4). These four sensors converge on the phosphorylation of 
eIF2α. Amino acid depletion activates GCN2 upon its sensing of uncharged tRNAs 
[101]. GCN2 phosphorylates eIF2α and induces GCN4 and ATF4 translation. 
GCN4 is the primary regulator in response to amino acid starvation, termed general 
amino acid control (GAAC) [102]. Acting as a transcription factor, GCN4 activates 
several genes required for amino acid synthesis. It also downregulates key compo-
nents of the lipid biosynthesis such as fatty acid synthase (FAS). Activated ATF4 
transcribes genes encoding amino acid transporters and synthesis enzymes, there-
fore augmenting amino acid metabolism and adaptation to amino acid deprivation 
[98].

Glucose insufficiency triggers ER stress through multiple mechanisms. 
Glucose metabolism provides tumor cells with ATP and building blocks for bio-
synthesis. This incapacitation alone would be a cause for alarm. Moreover, glu-
cose is a donor for asparagine (N)-linked glycosylation, which is an important 
form of protein post- translational modifications synthesized inside the 
ER.  Shortage of glucose results in improper protein glycosylation and protein 
misfolding [100]. Tunicamycin, an inhibitor of N-linked protein glycosylation, is 
a potent ER stress inducer. Moreover, under glucose insufficiency, the reduced 
energy supply dampens the activity of sarcoplasmic/endoplasmic reticulum cal-
cium ATPase (SERCA), leading to disturbed Ca2+ homeostasis in the ER and 
inducing ER stress [103]. Thapsigargin, an inhibitor of SERCA, is another potent 
ER stress inducer [104].

Tumor cells invoke all three arms of the UPR in response to glucose deficiency, 
which induces eIF2α phosphorylation, ATF6 proteolytic activation, and XBP1 
splicing [105–107]. Intriguingly, different upstream eIF2α kinases play distinct 
roles in glucose-deficient cells. Whereas Perk−/− and Pkr−/− mouse embryonic fibro-
blasts (MEFs) are more susceptible to the proapoptotic effect of glucose depriva-
tion, the survival of Gcn2−/− MEFs is better than their wild-type counterparts [107]. 
This implies a cytoprotective role of PERK and PKR and a proapoptotic role of 
GCN2 in response to glucose deficiency. The proapoptotic function of GCN2 in this 
context is rather unexpected, since it is required for the adaptation of cells to amino 
acid deprivation. The underlying mechanism is unclear. Taken together, glucose 
deprivation and amino acid deficiency convene disparate pathways that converge on 
eIF2α phosphorylation with distinct biological outcomes.

 Cell Intrinsic Factors

In the absence of external stressors, TNBC exhibits higher UPR activity than lumi-
nal breast cancers. This was demonstrated by a more dilated ER morphology, higher 
ratio of XBP1 splicing, and increased phosphorylation of PERK and eIF2α [5]. The 
elevated basal level UPR activation suggests the existence of unrecognized intracel-
lular UPR stressors. One possible underlying mechanism could be attributed to the 
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secretory nature of TNBC tumors, especially during epithelial to mesenchymal 
transition (EMT). Cells undergoing EMT synthesize and secrete large quantities of 
extracellular matrix proteins and display an extensive branched ER morphology [6]. 
Activated PERK/eIF2α signaling is required for the invasive phenotype of cells 
undergoing EMT.  Treatment of these cells with PERK inhibitor 3-fluoro- 
GSK2606414 reduces their ability to form tumorspheres and migrate in vitro. In 
addition, pretreatment of metastatic breast cancer cells with 3-fluoro-GSK2606414 
significantly impaired their metastatic capacity in vivo [6]. Similarly, a recent study 
showed that the mesenchymal subpopulations of pancreatic ductal adenocarcinoma 
(PDAC) exhibit elevated protein turnover rates and enlarged ER. Genetic perturba-
tion of IRE1α resulted in tumor regression and prolonged survival of tumor-bearing 
mice [108]. These studies indicate that an active UPR augments the fitness of 
mesenchymal- like cancer cells, and the elevated UPR might be a common feature 
of mesenchymal-like tumors.

Loss of function of tumor suppressors and hyperactivation of oncogenes are hall-
marks of cancer cells. These genetic events increase protein synthesis to meet the 
increased metabolic demand during tumorigenesis. In addition, proliferating cells 
require ER expansion for division and allocation to daughter cells [109]. Extensive 
studies have demonstrated that deregulated genetic alterations in cancer cells could 
modulate the UPR signaling to enhance the processing capability and biogenesis of 
the ER.

MYC

The MYC family of proto-oncogenes, consisting of MYC, MYCN, and MYCL, are 
essential regulators of cell growth, proliferation, apoptosis, and metabolism. The 
aberrant activation of MYC is one of the most common features in human cancers. 
Hyperactivation of MYC is manifest in massive transcriptional and translational 
upregulations [110, 111]. MYC-induced escalation of protein synthesis alters the 
proportions of protein subunits in macromolecular complexes, leading to the buildup 
of unfolded and misfolded proteins that cause extensive proteotoxic stress. Koumenis 
and colleagues showed in lymphomas that the PERK branch of the UPR was acti-
vated indirectly by the elevated ER protein load resulted from MYC-driven protein 
synthesis and ribosome biogenesis. Activated PERK/eIF2α signaling induces cyto-
protective autophagy, thus promoting cell survival and tumor formation [112]. The 
MYC-induced global elevation of protein synthesis also activates the IRE1α/XBP1 
pathway [112]. However, the function of IRE1α/XBP1  in MYC-driven tumors 
remains elusive. The crosstalk between the PERK and IRE1α/XBP1 pathways and 
their possible redundancy or reciprocity is also largely unknown in MYC-driven 
tumors. As several studies have demonstrated MYC as one of the key features in 
TNBC [83, 113], it is plausible that MYC might contribute to the elevated activity 
of the UPR in TNBC.
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RAS and Phosphoinositide 3-Kinase (PI3K)

RAS family proteins are master regulators of signaling pathways that emanate from 
cell surface receptors. Three members of the RAS family, HRAS, KRAS, and 
NRAS, are highly homologous, 85% of the amino acid sequences are identical 
[114]. Although they are known to act in very similar ways, their subtle differences 
are emerging. The components of the RAS/RAF/MAPK signaling cascade are 
rarely mutated but frequently amplified in basal-like breast cancer (amplification of 
KRAS and BRAF are 32% and 30%, respectively) [83]. One of the downstream sig-
naling of RAS is the PI3K/AKT pathway, which regulates most of the hallmarks of 
cancer, including cell cycle, survival, metabolism, motility, and genomic instability 
[115]. Deep sequencing of patient tumors showed that PIK3CA is the second most 
commonly mutated gene (9%) in basal-like breast cancers [83]. Loss of PTEN or 
INPP4B also occurs in basal-like breast tumors [83]. Although the molecular con-
nection between the RAS/RAF/MAPK, PI3K/AKT pathways and the UPR signal-
ing in breast cancer is unclear, stable transduction of HRASG12V but not of BRAFV600E 
into primary human melanocytes was shown to induce the expansion of ER content 
and expression of BiP, ATF4 and XBP1 (both unspliced and spliced forms). 
Activated UPR enhances HRASG12V-induced premature senescence through 
unknown mechanisms, thus posing a barrier for oncogenic transformation. The 
main alternative signaling cascade activated by HRAS besides BRAF is the PI3K/
AKT pathway. Treatment of cells with the PI3K antagonist LY294002 or introduc-
tion of a dominant-negative AKT mutant (AKTS73A/T308A) abolished HRASG12V- 
induced UPR activation and senescence. Notably, stable transduction of NRASQ61R 
into primary human melanocytes induces lower levels of BiP and ATF4 compared 
to that of HRASG12V. The impaired induction of the UPR is correlated with a 
decreased activation of AKT by NRASQ61R, which is consistent with previous find-
ings that NRAS is less effective in activating PI3K/AKT pathway than HRAS [116]. 
These data indicate a potential role of the RAS and PI3K/AKT signaling in the 
activation of the UPR in TNBC.

TP53

The p53 tumor suppressor regulates numerous cellular stress responses, including 
DNA repair, cell cycle arrest, and apoptosis [117]. TP53 is the most commonly 
mutated gene in basal-like breast cancers (84%), whereas it is only mutated in 12% 
of luminal A and 32% of luminal B breast cancers. TP53 is also one of the most 
frequently deleted genes in all subtypes of breast cancer [83]. Wild-type p53 has 
been shown to suppress IRE1α expression by interacting with and enhancing the 
activity of synoviolin 1 (encoded by SYVN1), an ER transmembrane E3 ubiquitin 
ligase that stimulates IRE1α degradation. Loss of p53 stimulates IRE1α-XBP1 sig-
naling by abolishing p53-dependent association of IRE1α with synoviolin 1. 
Meanwhile, mutant p53 proteins (p53G245S, p53R248W, p53R249S, and p53R273H) that lack 
DNA-binding and transactivating functions do not regulate IRE1α expression. The 
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IRE1α RNase inhibitor STF-083010 selectively induces cell death and suppresses 
tumor growth in p53-deficient cancer cell lines but not in cell lines with wild-type 
p53 [118]. Thus, prevalent TP53 deletion might be a potential mechanism for the 
elevated IRE1α-XBP1 activity in TNBC. It will be interesting to further investigate 
the amino acids mediating p53’s interaction with synoviolin 1, examine their muta-
tions in TNBC and test whether these mutations correlate with the activation of the 
IRE1α-XBP1 arm of the UPR.

Interestingly, PERK was reported to regulate p53 stability. Under ER stress, the 
ensuing ribosomal stress caused by translational suppression due to eIF2α phos-
phorylation liberates ribosomal proteins, some of which bind and sequester ubiqui-
tin ligase MDM2, a major factor promoting p53 degradation. The succeeding 
accumulation of p53 was shown to lead to cell cycle arrest at the G1/S restriction 
point [119]. This action amplifies the influence of PERK on ER stress-dependent 
cell cycle arrest in addition to the translational suppression of cyclin D1 [120].

 UPR and the Hallmarks of TNBC

Activation of all three arms of the UPR has been widely documented in various 
types of cancer. Involvement of the UPR is usually a tell-tale sign of underlying 
stress. Chronic stress is always a risk factor to cells. As a response, extended engage-
ment of the UPR ultimately kills the cell if the stress persists. Alternatively, it may 
also lead to the selection of cells that have adapted to these new conditions. This 
might eventually result in cell lineages with high fitness that have an altered 
UPR. Increasing evidence links the UPR to hallmarks of cancer, including survival, 
resistance to cell death, unchecked proliferation, metabolic reprogramming, metas-
tasis, and remodeling of microenvironment.

 UPR in Tumor Survival

The extent of UPR activation is essential for determining the fate of cancer cells. 
Both hyperactivation and insufficient induction of the UPR are detrimental to cells 
[121, 122]. Activation of PERK/eIF2α signaling mediates adaptation of cells to a 
hypoxic microenvironment. Deletion of Perk or introduction of phosphorylation- 
incompetent Ser51Ala (S51A) mutation to eIF2α was shown to promote cell death 
during hypoxia in MEFs [93, 96]. Furthermore, ATF4 and CHOP, two downstream 
transcription factors of PERK signaling, facilitate autophagy by activating essential 
autophagy genes including MAP 1LC3B, ATG5, ATG6, and ATG8, thus sustaining 
cell survival under hypoxia or during extracellular matrix detachment [123, 124]. 
PERK/eIF2α signaling has also been shown to promote the survival of radiation- 
resistant hypoxic cells through the induction of glutathione synthesis and attenuation 
of the reactive oxygen species (ROS) generation during cyclic acute hypoxia [95].
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The IRE1α/XBP1 pathway is also required for the survival of cells under hypoxic 
conditions [94]. XBP1 is constitutively spliced in TNBC, and the elevated expression 
of an XBP1 signature correlates with poor relapse-free survival of TNBC patients. 
Silencing of XBP1 inhibits tumor growth, blocks tumor relapse following chemo-
therapeutic treatment, and reduces the CD44highCD24low population. Mechanistically, 
XBP1s promotes TNBC tumorigenicity by forming a transcriptional complex with 
HIF1α that regulates HIF1α targets via recruitment of RNA polymerase II [5].

Conversely, unmitigated UPR activation induces cell apoptosis [122]. The mech-
anism governing apoptosis initiation under prolonged ER stress is beginning to 
emerge. Recently, death receptor 5 (DR5, encoded by TNFRSF10B), a crucial pro-
tein for activating caspase 8, was proposed to integrate opposing UPR signals to 
control ER stress-induced apoptosis: whereas CHOP activity induces DR5 tran-
scription, IRE1α catalyzes DR5 mRNA decay. As ER stress induces persistent 
CHOP expression but transient IRE1α activity, DR5 levels become a measure of the 
persistence of ER stress under the control of the opposing activities of PERK and 
IRE1α signaling, thus allowing time for adaptation before committing cells to apop-
tosis [56]. Therefore, cell fate decisions to ER stress and UPR activation are highly 
elaborate and context-dependent.

 UPR in Cancer Metabolism

The process of tumor initiation and progression involves reprogramming of meta-
bolic pathways. Compared with normal cells, cancer cells exhibit distinct metabolic 
profiles for glucose, glutamine, and lipids [125, 126]. Emerging evidences suggest 
that the ER can be perceived as a “nutrient-sensing” apparatus. The UPR coordi-
nates the rates of protein synthesis with the supply of nutrients and energy. It also 
regulates cell metabolism to enable cancer cells to survive under nutrient-limiting 
conditions [100].

Lipid Metabolism

The synthesis of fatty acids is not only required for energy storage and the genera-
tion of signaling molecules, but also essential for membrane biosynthesis and cell 
proliferation [127]. Free fatty acids (FFAs) were shown to induce ER stress in pan-
creatic β-cells. Treatment of β-cells with palmitate, the most common long- chain 
saturated FFA in cells, caused ER disorganization and activation of all three UPR 
branches [128]. How palmitate induces ER stress was not clear. One suggested 
mechanism is that palmitate suppresses ER-to-Golgi trafficking, thus causing pro-
tein overloading in the ER lumen [129]. Under this circumstance, the introduction 
of BiP in β-cells protects against FFA-induced lipoapoptosis [130]. The mechanism 
underlying the ER stress-induced lipoapoptosis is unknown but may involve the 
induction of the proapoptotic CHOP transcription factor and the activation of JNK 
and Caspase-12 [131].
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Several studies showed that ER stress activates sterol regulatory element binding 
protein 1 and 2 (SREBP1 and SREBP2), two master regulators of fatty acid and 
cholesterol synthesis, to promote de novo lipogenesis and meet the need for ER 
expansion [132–134]. A well-functioning UPR is also important for maintaining 
lipid homeostasis. After the challenge of tunicamycin, mice with genetic ablations 
of either UPR arms (Ire1α−/−, Atf6α −/−, eIF2αS51A) displayed impaired resolution of 
ER stress and developed hepatic microvesicular steatosis, while the wild-type mice 
recovered to normal liver physiology after initial liver perturbations [135]. In those 
genetic mutant mice, the master regulators for lipogenesis (Cebpa, Srebp1, Mlxipl), 
fatty acid oxidation, and gluconeogenesis (Ppara and Ppargc1a) are significantly 
suppressed by persistent ER stress in the liver. The upregulation of the transcrip-
tional repressor CHOP partially mediates this suppression of lipid homeostasis 
genes under prolonged ER stress in all the three genetic mutant mice [135]. How 
CHOP is induced independent of eIF2α phosphorylation remains to be elucidated. 
These findings reveal a direct link between ER homeostasis and the metabolic gene 
expression network.

Glutamine Metabolism

Glutamine is a crucial nutrient for cancer cells. It serves as a nitrogen and carbon 
source for the synthesis of macromolecules and, through the conversion to 
α-ketoglutarate, as an ATP source via the tricarboxylic acid cycle (TCA) and oxida-
tive phosphorylation. Many cancer cells exhibit increased dependence on glutamine 
for proliferation, supply of TCA intermediates, neutralization of ROS, and synthesis 
of lipid [78, 136].

Recently, Ronai et al. revealed chemotherapy-induced UPR as a novel strategy to 
target glutamine-dependent cancer cells. Paclitaxel treatment induces the phosphor-
ylation of IRE1α and eIF2α in MDA-MB-231 cells. This paclitaxel-triggered UPR 
induced the activity of RNF5, an ER-associated E3 ubiquitin ligase and a compo-
nent of the ERAD.  Activated RNF5 promoted the degradation of the glutamine 
transporters SLC1A5 and SLC38A2, reduced glutamine uptake and inhibited the 
mTOR signaling that led to the activation of autophagy and cell death [137]. A bet-
ter understanding of the molecular connection between the UPR and glutamine 
metabolism is vital to the application of UPR-targeting therapy in treating glutamine- 
dependent cancers.

 UPR in Cell–Cell Communication and the Tumor Microenvironment

All secreted and transmembrane proteins are synthesized and matured inside the ER 
lumen, thus the ER protein quality control mechanism plays important roles in cell–
cell communication in the tumor microenvironment [8, 61]. Activation of the UPR 
in cancer cells actively promotes an angiogenic and proinflammatory milieu [138–
141]. For example, XBP1 regulates a hypoxia-responsive transcriptional program 
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through its interaction with HIF1α [5]. Both the IRE1α-XBP1 and PERK/eIF2α 
branches have been shown to enhance the transcription of pro-angiogenic factors 
including VEGFA, FGF2, and IL6, and promote the adaptation of tumor cells to 
hypoxic stress [142–144]. Conversely, VEGF triggers the activation of all three 
UPR arms in endothelial cells through PLCγ-mediated crosstalk with the mTORC1 
complex without apparent induction of protein overload in the ER. Activated ATF6 
and PERK signaling are essential for the survival of endothelial cells and the induc-
tion of angiogenesis in vivo [145]. Collectively, the UPR functions in both tumor 
cells and endothelial cells to promote angiogenesis.

A recent study indicates that ER stress is transmissible from tumor cells to 
immune cells. Soluble factors that are secreted by thapsigargin-treated tumor cells 
activate the UPR in macrophages partially through TLR4. The transmitted ER stress 
then upregulates the expression of proinflammatory cytokines IL-6 and the p19 sub-
unit of IL-23 to promote tumor growth [146]. It is not clear what soluble molecules 
mediate this transmissible ER stress. The physiological relevance of this acute ER 
stress-induced dialogue between tumor cells and stromal cells remains elusive and 
warrants further investigation. Recently, Clarke and colleagues discovered that 
silencing of BiP inhibited fatty acid oxidation in breast cancer and caused accumu-
lation of polyunsaturated fatty acids, including linoleic acid. Inhibition of BiP or 
linoleic acid treatment suppressed CD47 expression and increased macrophage 
infiltration in vivo, suggesting a novel role of BiP in regulating innate immunity 
[147]. Interestingly, lipid peroxidation byproducts constitutively activate XBP1 
splicing in ovarian cancer-associated dendritic cells (DCs). Activated XBP1s 
induces a triglyceride biosynthetic program and reprograms lipid metabolism in 
DCs, which compromises the antigen presentation capacity of DCs and blocks the 
activation of cytotoxic CD8+ T cells [9, 148, 149]. These studies establish the UPR 
as a critical regulator mediating paracrine and autocrine signalings in the tumor 
microenvironment. Targeting the UPR represents a two-pronged approach to simul-
taneously suppress tumor cell growth and stimulate an immune response against 
these cells.

 Targeting UPR in Cancer

Both insufficient and excessive UPR activation can be detrimental to cancer cells 
that have already adapted and fine-tuned their UPR to stress. In principle, two thera-
peutic strategies could be used to target UPR in cancer: inhibition and hyperactiva-
tion (Table 7.2) [7, 118, 150–160].

Cancer cells rely on chaperone proteins for survival as demonstrated by the cyto-
toxic effects of genetic or pharmacological inhibition of molecular chaperones. 
AUY922, an HSP90 inhibitor, induces apoptosis and delays tumor growth in both 
mesenchymal pancreatic cancer mouse models and patient-derived xenograft mod-
els. Notably, the therapeutic efficacy could be improved by combining AUY922 
with gemcitabine, a standard-of-care chemotherapy in pancreatic cancer [108]. In 
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melanoma, HA15 is a newly discovered compound that targets BiP and induces 
unresolved ER stress to kill cancer cells and sensitizes the cells to BRAF inhibitor 
treatment [160].

We recently discovered that XBP1 plays a pivotal role in TNBC. XBP1 is 
required and necessary for tumor initiation, progression, and relapse of TNBC [5]. 
This served as a proof-of-concept for the notion that the inhibition of XBP1 may be 
a novel targeted therapy for TNBC by interfering with a cellular stress response 
pathway. Transcription factors are considered one of the most difficult drug targets 
due to their nuclear localization and non-enzymatic character. However, the unique 
signaling cascade of XBP1, its unconventional cytosolic splicing, and activation by 

Table 7.2 Summary of small molecules targeting key UPR components in in vivo tumor models

Agent Target Cancer types Effects Reference

MKC-3946 IRE1α 
endonuclease 
domain

Multiple myeloma Reduces tumor volume, 
prolongs overall survival, and 
synergizes with bortezomib

[7]

STF083010 Multiple myeloma, 
colon cancer

Reduces myeloma volume, 
suppresses the growth of 
colon cancers that express 
wild-type p53

[118, 
150]

B-I09 B cell chronic 
lymphocytic leukemia

Suppresses leukemic 
progression

[151]

Toyocamycin Multiple myeloma Reduces tumor volume and 
sensitizes to bortezomib 
treatment

[152]

GSK2606414 PERK Pancreatic tumor Attenuates tumor growth [153]
GSK2656157 Pancreatic tumor, 

multiple myeloma, 
liver cancer

Slows down the growth of 
pancreatic tumor and 
multiple myeloma and 
inhibits tumor angiogenesis; 
slows down liver tumor 
growth

[154, 
155]

ISRIB eIF2B 
(activating)

Pancreatic tumor Does not affect tumor growth 
when treated alone, but 
synergizes with gemcitabine

[156]

Salubrinal eIF2α 
phosphatases

Breast cancer, 
cholangiocarcinoma, 
colon cancer

Reduces breast tumor 
volume; slows down 
cholangiocarcinoma growth 
and synergizes with 
rapamycin; promotes growth 
of colon-CSCs-derived 
tumor, but suppresses the 
growth of such tumors when 
in combination with 
oxaliplatin

[157–
159]

HA15 BiP Melanoma Reduces tumor volume [160]

IRE1a inositol-requiring enzyme 1a; PERK protein kinase RNA (PKR)-like ER kinase; eIF2B 
eukaryotic translation initiation factor 2B; eIF2α eukaryotic translation initiation factor 2 alpha; 
BiP binding immunoglobulin protein
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IRE1α, offers an exceptional opportunity for the introduction of this transcription 
factor as a therapeutic target. Although small molecule inhibitors of RNases are 
unprecedented, against all odds, a class of salicylaldehyde IRE1α RNase inhibitors 
was identified and optimized into a series of potent and selective small molecule 
inhibitors with high bioavailability and low toxicity [161]. Compounds of this 
chemical class (for example, STF-083010, 4μ8C, B-I09, MKC3946) were further 
validated by other research groups [162]. The next step towards drug development 
is to adopt a pharmacological approach with one of these compounds. However, the 
dissimilarities between pharmacological inhibition and genetic targeting should be 
considered. A pharmacological inhibition of the IRE1α RNase results in the deple-
tion of XBP1s and a buildup of XBP1u rather than a global depletion of both XBP1 
isoforms in an XBP1 knockdown or knockout context. Differences due to effects 
from parallel RIDD inhibition and compensatory kinase activation can also be 
expected.

Similar approaches can be envisioned through targeting of the PERK arm [163]. 
ISRIB is recently discovered as a potent inhibitor of ISR signaling with low toxicity. 
ISRIB induces or stabilizes eIF2B dimerization, increasing its guanine nucleotide 
exchange factor (GEF) activity and desensitizing it to inhibition by phosphorylated 
eIF2α. Increased GEF activity of eIF2B potently reverses the effects of eIF2α phos-
phorylation and restores the translation capacity of cells [164, 165]. ISRIB can 
enhance cognitive memory in rodents [166]. However, its effect in tumor treatment 
is not well studied. Given that TNBCs are highly secretory and dependent on PERK 
signaling for survival in hypoxic and nutrient-deficient microenvironment, ISRIB 
treatment may represent a good strategy for targeting TNBC and other highly secre-
tory tumors.

The Achilles’ heel of traditional targeted cancer therapies is that they will even-
tually develop resistance due to the genetic instability and cellular heterogeneity of 
cancer cells. Although targeting the UPR pathway is still a targeted therapy, it puts 
under siege the whole defense mechanism of all the cancer cells that were selected 
through the same stress response mechanism. Additionally, while the application of 
a UPR inhibitor alone may result in a small or even negligible anticancer effect, the 
combination of this inhibitor with single agents or even a cocktail of  chemotherapies, 
especially with compounds that cause ER stress, might result in a robust synergism. 
This might be even more rampant under in  vivo conditions due to the systemic 
effects of intra-tumoral cell–cell communication.

 Future Directions

An expanding body of evidence has shown that the UPR plays important roles in 
tumor initiation and progression. Manipulating the UPR might be therapeutically 
beneficial for TNBC treatment. However, several fundamental questions remain to 
be addressed in order to rationally target the UPR and improve disease outcomes. 
Since both excessive and insufficient activation of the UPR can be detrimental to 
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cancer cells, judicious caution should be excised in the design of UPR-targeting 
therapies to avoid undue adverse effects. The precise mechanisms of excessive ER 
stress-induced cell death are not yet clear. The properties of tumors that enable a 
beneficial effect from UPR-targeting therapy remain to be identified as well. More 
studies are also needed for the identification of potential biomarkers to predict and 
follow patient response to UPR-targeting therapies. Although a variety of com-
pounds have been developed to target the UPR, the in vivo validation of these com-
pounds in patient-relevant TNBC models is still lacking. Since a monotherapy 
targeting the UPR alone is unlikely to eradicate tumors, combination therapies 
should be developed to improve the therapeutic efficacy. We are still at the early 
stages of understanding the systemic effects of the UPR and their implications on 
cancer in general and on TNBC in particular. There are strong indications that tar-
geting the UPR in TNBC has the potential for the intervention of this aggressive 
disease.
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Chapter 8
The Unfolded Protein Response 
as an Integrator of Response to Endocrine 
Therapy in Estrogen Receptor Positive 
Breast Cancer

Robert Clarke

Abstract Tumors expressing either estrogen receptor-alpha (ER; ESR1) and/or the 
progesterone receptor (PR) represent the most prevalent breast cancer molecular 
subtype. Patients diagnosed with this form of breast cancer are generally treated 
with a drug that targets estrogen receptor action. While these drugs are highly effec-
tive in improving overall survival for many of these patients, a significant proportion 
will eventually experience a recurrence of their breast cancer. For most of these 
women, recurrence will arise after their first 5 years of endocrine therapy. Since 
there would be no tumor to recur if the treatment had successfully eradicated all 
diseases, a significant component of the biology of recurrent ER+ breast cancer is 
related to drug resistance, whether present initially within the cells (de novo resis-
tance) or acquired by the cells in response to treatment (acquired resistance). The 
acquisition of endocrine resistance is explored here from the perspective of the 
unfolded protein response (UPR), which plays a central role as a key integrator of 
response to these treatments. Evidence for upregulation of prosurvival UPR signal-
ing in acquired resistance is presented, as are some of the cellular effects of block-
ing ER action that lead to UPR induction. From a systems biology perspective, 
integrative UPR signaling can coordinate several modular functions within breast 
cancer cells, including apoptosis, autophagy, and proliferation, which contribute 
directly to the determination of cell fate outcomes in response to treatment.
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 Introduction

In women, breast cancer is the single most frequently diagnosed cancer and the 
second most prevalent cause of cancer mortality (lung cancer is the highest) [1]. 
Breast cancer cells can exhibit a luminal or basal cell phenotype, most likely origi-
nating from the acquisition of transforming mutations in a common luminal pro-
genitor cell type [2]. Tumors that arise from within the luminal cells of the breast 
generally express either estrogen receptor-alpha (ER; ESR1) and/or the progester-
one receptor (PR). These ER+ breast cancers comprise approximately 70% of all 
newly diagnosed breast cancers and represent the most prevalent breast cancer 
molecular subtype. There are two other general molecular subtypes, those express-
ing the oncogene HER2 (~20%; some also express ER and/or PR) and triple nega-
tive breast cancers (TNBC; ~15%) that express neither ER, PR, nor HER2. The 
systemic treatment selected for each patient reflects, to some degree, the stage of 
disease at diagnosis and the molecular subtype. For molecular subtypes, ER+ breast 
cancers are usually treated with some form of endocrine therapy. Patients with 
HER2+ tumors would generally receive a treatment directed at blocking HER2 
action—drugs like the monoclonal antibody Trastuzumab (Herceptin®) and the 
small molecule tyrosine kinase inhibitor Lapatininb (Tykerb®). Where these tumors 
also express ER and/or PR, an endocrine therapy can be clinically beneficial. 
Currently, there is no targeted molecular therapy for TNBCs. Breast cancer patients 
with this molecular subtype generally receive cytotoxic chemotherapy. Patients of 
any molecular subtype who have a relatively poor prognosis at diagnosis are also 
likely to receive cytotoxic chemotherapy, as might patients whose ER+ or HER2+ 
breast cancer recurs during or after first-line therapy.

The role of the UPR in resistance to systemic cytotoxic chemotherapies and to 
local radiotherapy is discussed elsewhere in this book [3]. In this chapter, the focus 
is on endocrine therapies and the role of the UPR in affecting responsiveness. 
Endocrine therapies include ovariectomy, the first such approach [4] but now rela-
tively uncommon, and drugs that target ER action. Currently, standard of care for 
postmenopausal women is achieved by administering a drug that acts by directly 
blocking the biosynthesis of 17β-estradiol (E2) and so preventing ligand-activation 
of the receptor; these drugs are aromatase inhibitors like Letrozole (Femara®) or 
Anastrozole (Arimidex®). The current generation of aromatase inhibitors is highly 
effective at blocking enzyme activity. It seems unlikely that drugs with markedly 
better activity will become available. While less widely used, a reduction in estro-
gen production is also achieved by using luteinizing hormone-releasing hormone 
(LHRH) agonists like Goserelin (Zoladex®). Because of significant ovarian toxicity, 
aromatase inhibitors are given to premenopausal women infrequently. Concurrent 
suppression of ovarian activity with an LHRH agonist is generally required when an 
aromatase inhibitor is used premenopause.

The widespread efficacy of Tamoxifen (TAM; Nolvadex®) in ER+ breast cancer 
is a direct reflection of its pharmacology. The cumulative intratumor concentrations 
of the antiestrogenic metabolites of TAM are estimated to be at least tenfold higher 
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than the concentration of E2 and estrogenic metabolites [5, 6]. While it may appear 
counterintuitive, the E2 concentrations in tumors in postmenopausal women are as 
high as those breast tumors arising in premenopausal women [5, 7]. Breast tumors 
in postmenopausal women have access to several sources of estrogens and their 
metabolic precursors (androgens). For example, breast tumors can acquire circulat-
ing estrogens produced in peripheral tissues [8] and androgens produced by the 
adrenal glands. The last step in the bioconversion of androgens to estrogens is 
accomplished by the p450 aromatase enzyme (CYP19A1), which can convert the 
androgens androstenedione to estrone and testosterone to E2. The adipose tissue 
that comprises much of the stroma in breast tumors is one of several tissues that can 
effectively perform these bioconversions [9, 10]. Aromatase inhibitors that block E2 
production, and antiestrogens that block the ability of E2 to activate ER and/or tar-
get ER for degradation, are highly effective treatments for postmenopausal ER+ 
breast cancer [11].

The antiestrogen TAM remains the first-line endocrine therapy of choice for 
most premenopausal breast cancer patients with tumors in the ER+ subgroup. 
Antiestrogens are generally grouped into one of two classes by their mechanism of 
action. TAM is the oldest antiestrogen in clinical use [12] and exemplifies the class 
of selective estrogen receptor modulators (SERMs). These drugs can be partial ago-
nists that activate or inhibit ER, often in a tissue-specific manner. For example, 
TAM is generally an antagonist in the breast and an agonist in the endometrium [5]. 
The agonist activity induced by TAM in the endometrium largely accounts for the 
increased risk of developing endometrial cancers associated with long-term TAM 
use [13]. Other SERMs do not necessarily increase the risk of endometrial cancer, 
e.g., Raloxifene (Evista®) [14]. The class of selective estrogen receptor degraders 
(SERDs) is exemplified by Fulvestrant (Faslodex®; ICI 182780). These drugs com-
pete with estrogen for binding to ER and, when bound to ER, can inhibit receptor 
dimerization and target the receptor protein for degradation [15, 16]. Acting as 
receptor antagonists, SERDs are often referred to as “pure antiestrogens.” Like aro-
matase inhibitors, SERDs are rarely given to premenopausal women and they 
require concurrent ovarian suppression when this is done.

TAM significantly reduces the risk of dying from breast cancer for those patients 
with ER+ tumors [17]. While aromatase inhibitors induce a longer disease-free sur-
vival than TAM, most studies show only minor differences in mortality rates at 
10 years. For example, death without recurrence is not different for 5 years of TAM 
vs. 5 years of an aromatase inhibitor. Breast cancer mortality differs modestly at 
best, favoring an aromatase inhibitor by only 2.1% (10-year gain) [11]. Initial stud-
ies established Fulvestrant as being non-inferior to an aromatase inhibitor [18]. 
Most of these early comparisons were done using a dosing of 250 mg of the anties-
trogen. Subsequently, 500 mg Fulvestrant was shown to be superior to 250 mg when 
given as a single agent [19]. Recent studies show better overall survival (not only 
disease-free survival) for Fulvestrant when compared with an aromatase inhibitor 
(for reviews, see [20, 21]). For example, Fulvestrant treatment confers a significant 
overall survival benefit relative to current aromatase inhibitors for patients diag-
nosed with metastatic ER+ disease [22]. It remains to be seen how long it will take 
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for SERDs to replace aromatase inhibitors as the preferred first-line endocrine ther-
apy for all postmenopausal patients with ER+ breast cancer. Currently, Fulvestrant—
often given with a CDK4,6 inhibitor like palboccilib (Ibrance®)—is used as the 
preferred second-line endocrine therapy following recurrence on an aromatase 
inhibitor [23].

The challenge with aromatase inhibitors and antiestrogens is that a significant 
number of women will eventually experience a recurrence of their ER+ breast can-
cer. Recurrent breast cancer is largely incurable, whether the recurrences are local 
or distant. The timing and risk of recurrence and death vary with stage at diagnosis. 
For example, patients diagnosed with T2 N4–9 ER+ disease have a 41% chance of 
experiencing a recurrence within 20 years of completing 5 years of an endocrine 
therapy. In contrast, patients diagnosed with T1N0 breast cancer have a 20-year 
recurrence risk of ~13% [24]. These patterns of late recurrence, often decades after 
completing 5 years of an endocrine therapy, are more common with ER+ disease 
than with TNBC [25].

Cytotoxic chemotherapy confers a survival benefit for breast cancer patients with 
a tumor in any of the molecular subtypes [26]. Pathological complete responses 
(pCR) to chemotherapy are often seen in breast cancer patients who exhibit a strong 
response, particularly for those with tumors in the TNBC or HER2+ molecular sub-
types. A pCR in these patients often correlates with improved overall survival. In 
contrast, pCR is relatively uncommon in patients with ER+ disease and when 
detected is a poor predictor of overall survival [27]. It is not clear why pCR is rare 
and poorly predictive of overall survival in ER+ patients treated with an endocrine 
therapy, despite the clear overall survival benefit from these therapies [11]. ER+ 
breast tumors that respond well to an endocrine therapy are more likely to exhibit a 
dramatic drop in proliferation, as reflected in reduced Ki67 expression [28] or tumor 
shrinkage, than a pCR. One interpretation of these observations is that the induction 
of cell death by endocrine therapies occurs on a different time frame, and/or in 
fewer cells, particularly when compared with cytotoxic chemotherapy for rapidly 
proliferating tumors.

 Molecular Features of Endocrine Resistance

Despite well over 100  years of experience with endocrine therapies, and almost 
50 years since the advent of TAM, the molecular mechanisms driving resistance 
remain unclear. The clearest example of de novo resistance is lack of ER expression, 
yet most ER+ tumors that respond and then become resistant (acquired resistance) 
still express detectable levels of ER. Since responses to second- and third-line endo-
crine therapies are widely reported, ER is likely still to be a major driver of cell 
survival and proliferation in these tumors [29].

Since the ER is a nuclear transcription factor, the molecular signaling regulated 
by ER activation or inhibition has been the subject of extensive investigation for 
several decades. Many individual genes or pathways have been implicated (see for 
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reviews [29–31]). Nonetheless, disappointingly few of the many molecular targets 
identified in this notable body of work have led to new therapies or advanced as 
standard prognostic or predictive biomarkers to guide the management of ER+ dis-
ease. Our laboratories and those of our collaborators have added new candidates 
and/or confirmed the observations of others, adding to this long list. Genes our labo-
ratories have implicated directly or indirectly in endocrine resistance include, e.g., 
AMPK [32], ATG5,9 [32, 33], BCL2 [34–38], BCL3 [35], BCLW [38], BCLxl 
[32], BECN1 (ATG6) [38], CASP7 [32, 39], CASP8 [40], GRP78 [32], GRP94 
[39], IRF1, [34, 37, 41–45], KEAP1 [39], MYC [46, 47], NFκB [34–37, 40, 43, 48], 
NPM1 [34, 43, 49], NRF2 [39], STAT1 [37], mTOR [32], TSC1/2 [32], TOB1 [50], 
and XBP1 [34, 43, 46, 51]. Most of these genes either have been validated/extended 
by others or they represent our validation/extension of the work of others in the 
field.

Many of the genes noted above interact with features associated with UPR acti-
vation. For most of these genes, induction/inhibition by estrogen in sensitive cells, 
upregulation/downregulated in resistant cells (often constitutively), and/or a uni-
variate association with clinical responses in patient-derived data sets, are often 
reported. Moreover, several genes in this listing are direct contributors to the resis-
tance phenotype, either conferring resistance on sensitive cells and/or reversing the 
phenotype of resistant cells when appropriately manipulated by RNAi or cDNA 
transfection and/or by small molecules. New candidate molecules or small signaling 
features that meet these various research criteria are continually being reported; not 
all of these entirely fail to live up to expectations. For example, among those 
reported over the years, targeting the altered function of mTOR by Everolimus 
(Afinitor®) has been clinically useful, with evidence of its inhibition having clinical 
benefit for some patients with ER+ disease although not substantially extending 
overall survival [52, 53]. When considered together, these observations imply that 
the endocrine resistance phenotype may have multiple molecular contributors and 
exhibit a remarkable degree of plasticity.

Other groups have looked for a contribution to endocrine resistance from the 
genes that are more frequently mutated in ER+ breast cancer, mostly PIK3CA, 
AKT1, and PTEN. Several drugs that target these mutations have been tested in 
clinical trials but provided somewhat limited (if any) overall survival benefit for 
patients with recurrent, ER+ disease. ESR1 mutations are logical candidates for a 
mutational explanation of endocrine resistance. However, ESR1 mutations are rare 
in primary ER+ tumors and in tumors that recur following antiestrogen therapy. In 
contrast, ~30% of patients recurring following a first-line aromatase inhibitor have 
tumors with detectable ESR1 mutations [29]. While the presence of ESR1 muta-
tions likely explains resistance to the aromatase inhibitor, it would be uncommon to 
switch to treatment with another aromatase inhibitor. Moreover, patients treated 
with an aromatase inhibitor are rarely selected for treatment on the basis of detect-
able ESR1 mutations yet, upon recurrence, receive significant clinical benefit from 
a second-line antiestrogen (TAM or Fulvestrant), often given with a CDK4,6 inhibi-
tor like palbociclib (Ibrance®) [54–56]. Thus, the predictive and/or prognostic value 
of ESR1 mutations is unclear and requires additional study.
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While several of the driver-mutated genes noted above are relatively common in 
ER+ breast tumors, none has yet shown an overall survival benefit from a targeted 
intervention comparable to that experienced by targeting HER2 in HER2+ breast 
tumors. Currently, no driver mutation(s) has been found with the prevalence and 
clinical activity needed solely to explain endocrine resistance. Taken together, these 
observations suggest that endocrine resistance may be more often acquired by cel-
lular adaptation than by a new gene mutation. This conclusion does not exclude the 
possibility that mutations in some genes alter the probability that resistance will 
arise. For example, a gene mutation may make it easier for a cell to adapt by activa-
tion (or repression) of other signaling features that affect the cell fate decision or 
execution process(s).

Despite progress in identifying new molecular targets, some of which have 
shown clinical utility, recurrent ER+ breast cancer remains largely incurable. When 
combined with an endocrine therapy, these new treatments for metastatic disease 
generally offer only a few months or so of increased survival, and often with dose- 
limiting toxicities. For example, adding an mTOR inhibitor to an endocrine therapy 
has clear progression-free survival benefit (but not overall survival) but with added 
toxicity that may require dose modification in some patients [52, 57]. When consid-
ered in the light of the nature of the basic and translational experimental evidence 
originally supporting the evaluation of these targets, this general observation implies 
that a reductionist view of resistance, where the phenotype can be explained by a 
single (or few) acquired mutation or an altered canonical signal transduction path-
way, may be one limiting factor. Tumor heterogeneity likely also contributes to the 
modest impact of these newer combination regimens on overall survival. This chap-
ter takes a more systems-based perspective on endocrine resistance, with a focus on 
key aspects of an activated UPR.

 The Unfolded Protein Response

The UPR is an ancient cellular response that can drive development [58] or response 
to a diverse range of stressors [3, 59, 60]. In its canonical form, maps of the UPR 
network depict three signaling arms controlled, respectively, by IRE1α (inositol- 
requiring enzyme-1 alpha), ATF6 (activating transcription factor-6), and PERK 
(protein kinase R(PKR)-like endoplasmic reticulum kinase) [61]. Each of these 
three sensors are normally retained as inactive, endoplasmic reticulum (EnR) mem-
brane resident proteins because of their binding to GRP78 (glucose regulated pro-
tein- 78), a molecular chaperone of unfolded or misfolded proteins [62]. When a cell 
is unable to match its ability to fold nascent proteins into their appropriate confor-
mations, as may occur when there is insufficient energy available, the accumulation 
of unfolded proteins in the EnR causes a swelling of the structure and induction of 
EnR stress. The UPR is activated in response to this proteotoxic stress and provides 
the cell with an integrated network of signaling that coordinates and regulates cell 
functions to help restore homeostasis. A similar process can be initiated in 

R. Clarke



169

mitochondria in response to the accumulation of misfolded or damaged proteins 
[63]. In response to heat shock, activation of the UPR is very rapid and appears to 
be prewired [64]. This rapid activation, which is too fast for new RNA or protein 
synthesis, is called an anticipatory UPR response [65]. Breast cancer cells also 
exhibit this anticipatory response with activation of ER [66].

UPR activation within the EnR is generally achieved by the release of the three 
UPR sensors from GRP78, which appears to bind preferentially the unfolded, mis-
folded, and/or damaged proteins that produced the EnR stress [67]. The three sig-
naling arms act in an apparently coordinated manner to reduce the rates of 
transcription and translation, increase the production of chaperones to remove 
unfolded proteins, attempt to acquire sufficient energy to fold those remaining pro-
teins and to ensure cell survival and function, while also restraining signaling that 
could lead to induction of an irreversible programmed cell death activity such as 
apoptosis [60]. Depending on the nature of the stress or the factors inducing the 
UPR, each arm may not be fully engaged, or may engage on different time frames. 
For example, each arm contributes differently to driving breast cancer cell growth 
compared with inducing or maintaining the cell’s stemness [68].

Following the canonical UPR model, activation of the PERK arm is the primary 
regulator of global rates of transcription and translation. Upon release from GRP78, 
signaling proceeds from an activated PERK, produced by its oligomerization and 
autophosphorylation, to phosphorylation of eIF2α that then regulates initiation of 
mRNA translation. Thus, the primary functional consequence of this action of acti-
vated PERK signaling is a reduced rate of protein translation. Rapid activation of 
eIF2α is likely most important for blocking translation of existing mRNA transcripts, 
whereas prolonged PERK activity could regulate translation of newly synthesized 
transcripts. In proliferating cells, inhibition of translation can also cause the cells to 
arrest in G1 [69]. This arrest would limit the increased load for protein synthesis 
required if the cell was to exit G1 and commit to a full turn of the cell cycle.

While PERK reduces the protein load in the EnR from new proteins for folding, 
the EnR must still remove remaining unfolded, misfolded, or damaged proteins. 
Many of these activities are coordinated through the IRE1α and ATF6 signaling 
arms. Upon release from GRP78, the ATF6 protein (90  kDa) translocates to the 
Golgi and is cleaved by site-1 and site-2 proteases to an active transcription factor 
protein (ATF6; 50 kDa) that binds to the 5′-CCAC[GA]-3′ component of the EnR 
stress response element-I sequence (ERSE; 5′-CCAAT-N9-CCAC[GA]-3′) and of 
the ERSE II sequence (5′-ATTGG-N-CCACG-3′) [70, 71]. Co-binding of NF-Y at 
the ERSE is required for transcription to be initiated [72]. Activation of IRE1α leads 
to the unconventional splicing of the native XBP1 unsliced (XBP1U) transcript that 
removes a 26 bp intron and creating an active XBP1 transcription factor (XBP1- 
spliced; XBP1-S). XBP1-S binds to the ESRE [73], a consensus cAMP responsive 
element (CRE)-like sequence (5′-GATGACGTG[TG]N(3)[AT]T-3′) [74], to a 
12-O-tetradecanoylphorbol 13-acetate)-response element (5′-TGAGTCAG-3′) 
[75], and within the long terminal repeat (LTR) of T-cell leukemia virus type 1 
(the Tax-responsive element) [76, 77] that also contains a CRE 
(5′-CAGGCGTTGACGACAACCCCT-3′) [78, 79]. Together, activation of ATF6 
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(50 kDa) and XBP1 (XBP1-S) regulates the expression of many of the chaperones 
needed to execute the protein elimination activities of an active UPR.

Degradation of targeted proteins occurs through an EnR-associated protein deg-
radation (ERAD) process that leads to protein ubiquitination and degradation 
through the ubiquitin proteasome [80]. Chaperone-marked proteins may also be 
degraded through components of a chaperone-mediated autophagy or macroautoph-
agy [67]. The products of protein degradation can be fed back into intermediate 
metabolism, providing an energy efficient means to assist the cell in recovering 
metabolic homeostasis. For example, recycling of amino acids released by degrada-
tion would reduce the need for their biosynthesis, whereas select other amino acid 
molecules could enter the TCA cycle to generate additional ATP.

 Regulation of the UPR in ER+ Breast Cancer

Previously, we proposed a mathematical modeling framework to capture how breast 
cancer cells respond to activation or inhibition of ER. This model, based on prior 
work from this and many other laboratories, invokes the coordinated regulation of a 
series of integrated modular functions including the UPR [81]. In principle, there 
are two forms of regulation of specific nodes in the UPR network. The first form of 
regulation is that captured in the canonical pathways—the regulation of individual 
UPR components in response to EnR (or mitochondrial) stress. A simple example 
of this form is the activation of IRE1α, ATF6, and/or PERK upon their release from 
GRP78. The second form of regulation is that driven by the ability of the ER to 
regulate directly genes within the UPR. An example of this regulation is the estro-
genic response of XBP1 by ER binding to estrogen responsive elements within the 
XBP1 gene promoter [82]. Moreover, XBP1 can act as an ER coregulator and 
improve the efficacy of gene transcription when driven by ER as discussed else-
where in this book [82].

Both forms of UPR regulation may be affected by the cellular context experi-
enced by a breast cancer cell. For example, signaling that drives endocrine resis-
tance is likely to be affected by cell-cell communication through juxtacrine 
interactions (such as gap junctions) and paracrine interactions that include the 
exchange of extracellular vesicles and/or secreted proteins [83, 84]. The breast 
tumor microenvironment is heterogeneous, dynamic [2, 85, 86], and therefore com-
plex. Multiple cell types are present in ratios that likely differ over time and in 
response to treatments [87]. Thus, the changing concentrations of hormones, growth 
factors, chemokines, cytokines, and other proteins secreted into the microenviron-
ment, and that can affect UPR signaling in the cancer cells, creates a dynamic and 
cell context-specific cancer cell-intrinsic system, where each cancer cell exists 
within a dynamic neoplastic ecosystem. For most antineoplastic drugs, it is the can-
cer cell intrinsic activities that are targeted and that execute an individual cell’s fate.

Studying such a complex and dynamic system, even using relatively simple 
in vitro systems, is challenging [88]. As described earlier in this book, computa-
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tional and mathematical modeling provides the opportunity to take a more systems- 
based approach [67]. The first framework for such studies includes several modular 
functions; the UPR is one of these modules [81]. Subsequently, we have begun to 
model small [45] and larger features of the endocrine responsive breast cancer cell 
system [89, 90]. For example, we built a phenomenological mathematical model of 
a small feature of the effects of Fulvestrant that comprised ER, IRF1, ATG7, and 
with proliferation as the output prediction [45]. The goal was to understand the role 
of IRF1, a putative tumor suppressor, in mediating the effects of Fulvestrant [42, 44, 
92]. The model predicted that further increases in IRF1 knockdown (but not for 
ATG7 knockdown) would affect cell proliferation. We tested the model predictions 
using higher concentrations of RNAi targeting IRF1 and ATG7. The modeling and 
experimental outcomes taught us that ATG7 knockdown activates both an IRF1- 
dependent and an IRF1-independent mechanism to affect cell death [45].

Many of the genes noted above, that others and we have implicated as single gene 
drivers of the resistance phenotype, interact to create features within the UPR net-
work. For example, UPR activation by GRP78 leads to increased splicing of XBP1, 
NFκB activation [48], and the regulation of degenerate signaling through the BCL2 
family (e.g., BCL2, BCL3, BCLW) to coordinately suppress apoptosis and activate 
prosurvival autophagy (through BECN1, mTOR, AMPK) [32, 35, 37, 38, 92].

Figure 8.1 shows the main interacting network modules, i.e., apoptosis, autoph-
agy, proliferation, UPR, cell metabolism, that comprise our current mathematical 
modeling framework. For endocrine responsiveness, signal flow is affected by 
endocrine therapies modifying cell metabolism, e.g., MYC regulation of glucose 
and glutamine to induce an energy deficit [47], G0/G1 arrest, and endoplasmic retic-
ulum stress activation of GRP78 to induce the UPR [32, 39] (activation of PERK, 
IRE1, ATF6). UPR induction likely reflects insufficient energy to support protein 
folding in the endoplasmic reticulum [60]. Hence, some endocrine therapies could 
also be considered to be antimetabolites. The classical antimetabolites like metho-
trexate and 5-fluorouracil are enzyme inhibitors that block the production of cellular 
metabolites. Aromatase inhibitor blockade of estrogen biosynthesis leads to a loss 
of ER activation that results in reduced cellular metabolism [29].

Prodeath UPR outputs including PERK →  CHOP →  caspase activation and 
apoptosis [32, 37, 40] are balanced against prosurvival UPR outputs, such as those 
received from the GRP78 → IRE1α arm following XBP1 splicing [34, 46, 48, 93] 
that induces NFκB and anti-apoptotic BCL2 family members [34, 36, 48]. Several 
prosurvival BCL2 family members sequester BECN1 (repress prosurvival autoph-
agy) [38, 94, 95] and may no longer be free to protect mitochondria (activate apop-
tosis). When there are sufficient prosurvival BCL2 activities, mitochondria are 
protected and prosurvival autophagy is driven independent of BECN1 [96] (if 
BECN1 is sequestered), for example, by GRP78 →  AMPK/mTOR [32], and/or 
some BECN1 remains active. Degradation products from autophagy can then feed 
intermediate metabolism and reduce the energy expense of attempting to recover 
metabolic homeostasis in the face of the energy deficit induced by an endocrine 
therapy. Overall, the sum of prodeath and prosurvival signals determines cell fate 
(survival vs. death; proliferation vs. arrest). Changing this balance by blocking 
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autophagy with the inhibitor chloroquine partially reverses antiestrogen resistance 
in vitro and in vivo and increases cell death in response to TAM or Fulvestrant [33].

In the context of endocrine resistance, those cells that can use this integrated, 
UPR-focused system to adapt to the stress of the treatment will survive. While many 
cells will be surviving but growth arrested [28], at least initially, the ability to epi-
genetically reprogram an upregulated stress response network that includes the 
UPR could allow their progeny, once they are able to resume cell cycling, to already 
exhibit an endocrine-resistant phenotype. Evidence of an epigenetic component of 
resistance has been obtained from both cell line and animal models of endocrine 
resistance [97].

The model in Fig. 8.1 is adaptive and does not require mutations to explain endo-
crine resistance. Nonetheless, mutations in the PIK3CA (34.5%), PTEN (2.3%), 

Autophagy 
↑

Apoptosis 
↓

Cell Metabolism

Proliferation
↓ Activated

Unfolded Protein Response

Fig. 8.1 Simple representation of the five cell function modules that sense and execute the coor-
dinated response to an endocrine therapy in ER+ breast cancer cells. The unfolded protein response 
is a central module that can coordinate actions performed by each of the other four modules (apop-
tosis, autophagy, cell metabolism, proliferation). The endocrine therapy reduces intracellular 
energy reserves such that protein folding cannot be completed and the UPR is triggered. The UPR 
manages the balance between proliferation, apoptosis, and prosurvival autophagy. Hence, cells 
arrest in G0/G1 and the energy need to synthesize proteins to make a full copy of the cell is elimi-
nated. Apoptosis is prevented while autophagy attempts to recover metabolic homeostasis through 
recycling damaged, misfolded, and unfolded proteins and excess/unnecessary organelles. 
Concurrently, the UPR also reduces the rates of transcription and translation to lower the overall 
energy demand for protein folding, while increasing the production of new chaperone proteins to 
manage the degradation of existing damaged, misfolded, and unfolded proteins. If homeostasis is 
reacquired, the breast cancer cell will survive and may eventually acquire sufficient energy to exit 
G0/G1 and reinitiate proliferation. Any long-term modifications to cellular signaling may also be 
epigenetically reprogrammed to ensure the survival and proliferation of parent and daughter cells. 
If homeostasis is not regained, the prolonged loss of organelles and proteins from sustained UPR 
and autophagy activation renders cell survival untenable. The block on apoptosis is released and 
the cell enters a programmed cell death fate, where there is sufficient energy. If there is insufficient 
energy to execute a programmed cell death, the cell may die from a more necrotic form of death
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and AKT1 (1.4%) genes occur in ER+ breast cancers [98], with ESR1 mutations 
arising in response to prolonged treatment with an aromatase inhibitor. For ESR1 
mutations, it is not immediately clear why these are not widespread in primary 
tumors or with acquired resistance to antiestrogens. One possibility is that, since ER 
can become constitutively activated by growth factor signaling [99, 100], this event 
may be more prevalent, and arise earlier, than mutational events in ESR1. The most 
common ESR1 mutations appear to be insufficient to drive full resistance to an 
antiestrogen [29]. This observation may reflect the domains of the ER protein 
affected by these mutations, which could alter antiestrogen responsiveness [101]. 
However, the changes produced by these mutations may be insufficient to overcome 
the structural and functional changes in the ER protein conferred when an antiestro-
gen is still able to bind. For SERDs, the mutations may not substantially affect the 
ability of these drugs to target the ER protein for degradation.

Mutations in PIK3CA, PTEN, and AKT also appear inadequate to explain endo-
crine resistance fully [98]. The explanations here are different from those for ESR1 
mutations. Feedback activation is known for inhibition of PI3K-AKT signaling 
[102], dampening the ability of the signaling to drive some downstream activities in 
the network. Moreover, the signaling affected here represents only one small com-
ponent of the overall UPR network or relates primarily to only one of the replace 
features therein (Fig. 8.1). Redundancy could also make activation of this feature of 
network topology less important, such that other modules adapt to the signal from 
the mutations to limit the impact of the signaling affected by the mutant proteins. 
Thus, UPR network redundancy and signaling degeneracy within network modules 
may explain why mutations are relatively rare in ER+ breast cancers. While muta-
tions are not necessary for resistance, in some cells specific mutations could increase 
the likelihood that altered signaling in one area of the network increases the proba-
bility that changes elsewhere will tip the balance in favor of cell survival over cell 
death. In contrast, epigenetic events may be critical for maintaining an adapted 
resistant phenotype once this has been acquired [97]. This observation is consistent 
with the concurrent changes in transcriptional reprogramming and chromatin 
remodeling that occurs with stress [64].

When placed in the context of normal mammary gland biology, activation of the 
UPR in response to the proteotoxic stress induced by an endocrine therapy is entirely 
logical. During lactation, the breast synthesizes, folds, and secretes large amounts 
of proteins during the production of milk. Balancing the prodeath and prosurvival 
signaling in favor of cell survival is likely pre-programmed into the mammary tis-
sues of all mammals. The coordination of cell survival signaling by the UPR (such 
as activation of BCL2) and of the means to provide the energy for cell survival (such 
as induction of macroautophagy) helps to ensure that the excessive energy demands 
of protein production and folding do not trigger inappropriate cell death during 
lactation [103]. Thus, breast cancer cells stressed by an endocrine therapy may also 
be pre-programmed to use the same UPR-coordinated activities to survive and pro-
liferate [104].
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 Conclusions and Future Prospects

The UPR plays a significant role in coordinating the response of ER+ breast cancer 
cells to the stresses of an endocrine therapy. The overall response system is likely 
more complex than is described in this chapter. Much remains to be understood 
regarding the balance of regulatory and integrative signaling that can be concur-
rently affected by ER-mediated signaling (cell context specific) and through the 
effects of the stress that can activate the UPR through its canonical signaling activi-
ties. Nonetheless, several of the genes listed in this chapter are likely to be good 
candidates for targeted interventions. For example, others have noted the potential 
of targeting GRP78 in cancer [105]. Identifying the most effective targets, and/or 
how drugs may be combined to shut down UPR network function in cancer cells 
safely and effectively, may prove difficult and require a greater understanding of the 
dynamical nature of the UPR network and its inherent redundancies and degenera-
cies. Cell context differences are likely critical if combinatorial drug regimens are 
to avoid significant host toxicity due to concurrent UPR inhibition in normal cells. 
Multiscale modeling may offer one approach to address these complexities; more 
complicated mathematical models of the UPR network seem essential in this regard.

One area of focus in the context of resistance will be to improve our understand-
ing of how the UPR controls the various redundant cell death functions available. 
This chapter has discussed primarily apoptosis and autophagy but other related 
mechanisms exist including necroptosis, ferroptosis, and pyroptosis. Signaling to 
control and execute these cell death pathways is often highly integrated, with net-
work pathways sharing common nodes but with different edges.

The role of the UPR in controlling the execution of cell fate decisions in cancer 
and normal cells clearly requires further study. The UPR may be a relatively ancient 
stress response [106] but only by applying the most modern and powerful tools 
available are we likely to uncover all of its secrets.
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Chapter 9
Outside the Endoplasmic Reticulum:  
Non- Canonical GRP78 Signaling

Katherine L. Cook

Abstract Glucose-regulated protein 78 is best known for its protein chaperone 
activities and as acting as a molecular switch controlling the unfolded protein 
response signaling pathway within the endoplasmic reticulum. GRP78 binds to the 
three arms of the unfolded protein response rendering each pathway inactive. In the 
presence of unfolded or misfolded proteins, GRP78 unbinds from the three signal-
ing arms, thus enabling UPR activation. However, GRP78 is ubiquitously localized 
within other cellular compartments and has varied molecular signaling functions 
depending upon its localization. GRP78 is found on the cell membranes to control 
cellular growth and differentiation pathways, GRP78 is found on mitochondria, 
GRP78 regulates cellular energetic pathways and metabolism, GRP78 controls 
apoptosis and cell death pathway signaling, GRP78 modulates autophagy, and 
GRP78 affects immune cell activities. We will review the pleiotropic activities of 
GRP78 outside of its normal UPR functions and discuss GRP78 signaling in cancer 
in this book chapter.

Keywords Breast cancer · Obesity · Therapeutic resistance · Autophagy · 
Mitochondria · Metabolism · Immunity · Macrophage · CD47

 GRP78, Protein Chaperone of the Unfolded Protein Response

The unfolded protein response (UPR) is an endoplasmic reticulum (EnR) stress 
pathway activated when the cell undergoes certain stressors that result in the 
 accumulation of unfolded or misfolded proteins in the lumen of the endoplasmic 
reticulum. Hypoxia, nutrient deprivation, genetic mutation resulting in protein 
aggregates, and certain drugs can activate UPR [1]. Initially, the overall goal of UPR 
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is cytoprotective by correcting the protein folding and reducing protein load in the 
endoplasmic reticulum; however, an extended duration of UPR signaling promotes 
cell death. The three UPR signaling arms include PKR-like endoplasmic reticulum 
kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring 
enzyme 1 (IRE1). These signaling molecules are held inactive in the EnR through 
binding with glucose-regulated protein 78 (GRP78). In the presence of unfolded 
proteins, GRP78 unbinds enabling UPR activation. PERK phosphorylates eIF2α 
resulting in the halt of cap-dependent protein translation and induces ATF4 tran-
scription. Extended PERK signaling induces pro-apoptotic CHOP (DDIT3) tran-
scription to promote cell death. IRE1 activation results in both endonuclease and 
kinase activities. IRE1 unconventionally splices a 26 base pair intron out of X-box 
binding protein 1 (XBP1) mRNA in the cytosol resulting in the highly active tran-
scription factor XBP1-S.  Once activated, IRE1 also phosphorylates the mitogen 
activated protein kinase (MAPK) c-Jun terminal kinase (JNK). Elevated JNK phos-
phorylation can promote cell death. Unbound from GRP78, ATF6 translocates from 
the EnR to the Golgi complex where it is cleaved by site 1 and site 2 proteases to 
form a highly active transcription factor, to promote the transcription of protein 
chaperones (GRP78 and GRP94) and XBP1, hence feeding back into the UPR sys-
tem [1].

Glucose-regulated protein 78 (GRP78), also known as binding immunoglobulin 
protein (BiP) or heat-shock protein family A, member 5 (HSPA5) was originally 
independently characterized as a glucose deprivation-sensitive broad specificity 
molecular chaperone localized to the EnR [2, 3]. GRP78 is a member of the heat- 
shock protein 70 subfamily and contains two major domains, an N-terminal ATPase 
domain and C-terminal peptide substrate binding domain. GRP78 chaperone activi-
ties are therefore dependent on cellular energetic capacity [4]. GRP78 biological 
activities are multifunctional. GRP78 facilitates folding and assembly of nascent 
peptides, reduces peptide misfolding, prevents polypeptide aggregation, targets 
misfolded proteins for proteasome degradation, and acts as a molecular switch for 
UPR signaling [5, 6]. While GRP78 is most known for these EnR activities, GRP78 
pleiotropic functions outside the EnR participate in a wide variety of cell signaling 
processes and will be further discussed in the following sections.

 GRP78 in Breast Cancer and Therapeutic Responsiveness

The unfolded protein response signaling components are often found upregulated 
in cancer. Elevated XBP1 is found in human breast cancer tumors and is associated 
with hypoxia and aggressiveness [7–10]. Overexpression of GRP78 is reported in 
breast cancer cell lines and in malignant breast tumors but not benign breast lesions 
[11–13]. Moreover, elevated XBP1 and GRP78 expression correlates with endo-
crine therapy resistance in ER+ breast cancer [1, 9, 11]. Overexpression of 
GRP78 in MCF-7 and LCC1 tamoxifen sensitive breast cancer cell lines induced 
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therapeutic resistance to antiestrogen therapies [11]. Overexpression of GRP78 in 
MCF7-BUS cells (an ER+ estrogen dependent breast cancer cell line) resulted in 
the inhibition of estrogen deprivation-induced apoptosis, implicating elevated 
GRP78 expression in aromatase inhibitor resistance [14]. In a rat DMBA model of 
mammary carcinogenesis treated with tamoxifen, tumors that initially responded to 
antiestrogen therapy then lost therapeutic efficacy over the course of treatment 
(acquired resistance) had elevated GRP78 protein levels when compared with 
tumors from untreated rats, tumors that responded to therapy (complete response), 
or tumors that never responded to tamoxifen (de novo resistance), giving further 
evidence of the impact of GRP78 overexpression in promoting therapeutic resis-
tance [11]. Targeting either XBP1 or GRP78 was sufficient to restore endocrine-
targeting therapy responsiveness in resistant ER+ breast cancer cell lines [9, 11]. 
Furthermore, targeting GRP78 in  vivo using an antisense morpholino restored 
tamoxifen sensitivity in resistant ER+ tumors and potentiated therapeutic respon-
siveness in tamoxifen sensitive tumors [15]. Inhibition of GRP78 reduced tumori-
genesis in a spontaneous MMTV- induced breast cancer model. GRP78 
heterozygosity correlated with reduced micro- vascular density and prevented 
endothelial cell migration, implicated GRP78 targeting as an anti-angiogenic ther-
apy [16, 17]. Others have shown elevated GRP78 reduces relapse-free survival 
after Adriamycin-based adjuvant chemotherapy for the treatment of breast cancer, 
implicating GRP78 in doxorubicin resistance [18]. Furthermore, GRP78 overex-
pression attenuated gemcitabine chemosensitivity in breast cancer cells through 
modulation of pro-oncogenic AKT signaling [19]. Interestingly, in patients that 
received taxane therapy the opposite effect was observed; GRP78 expression cor-
related with a positive response to adjuvant taxane- based chemotherapy in breast 
cancer patients [20]. These data suggest that GRP78 regulation of therapeutic 
responsiveness is drug mechanism dependent.

 GRP78 Regulates Apoptosis

With the bulk of literature implicating GRP78  in the development of therapeutic 
resistance, the link between GRP78 and cell death pathways (such as apoptosis) has 
been investigated. Transmembrane EnR GRP78 can localize with the effector cas-
pase, pro-caspase-7 and prevent activation of the apoptotic cascade. Mutation of the 
ATP binding domain of GRP78 prevented GRP78 binding to procaspase-7, thereby 
losing the protective effect of GRP78 overexpression on mediating etoposide resis-
tance [21]. Knockdown of GRP78 in endocrine therapy resistant breast cancer cell 
lines expressed high levels of cleaved caspase-7 and cleaved PARP (activated form), 
demonstrating upregulation of apoptosis mediated by GRP78 targeting [11]. 
Moreover, overexpression of GRP78 in endocrine therapy sensitive breast cancer 
cell lines inhibited therapy-induced cleavage of caspase-7 and PARP, preventing the 
activation of apoptosis [11]. Outer surface EnR GRP78 was also shown to interact 
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with pro-apoptotic Bik and antiapoptotic BCL2 mitochondrial apoptosis regulating 
proteins. GRP78 can sequester Bik, preventing Bik-mediated release of BCL2 pre-
venting and blocking mitochondrial-induced apoptotic signaling [14, 22]. 
Supporting the antiapoptotic role of GRP78, knockout of GRP78 promoted tissue 
caspase cascade and cell death [23, 24]. Moreover, in cancer models knockdown of 
GRP78 impeded tumor growth and elevated tumor apoptosis, clearly demonstrating 
the link between GRP78 and apoptosis [16, 23, 25, 26].

 GRP78 Controls Autophagy

Autophagy is a cellular pathway of “self-eating” whereby a cell can digest and 
recycle old or damaged organelles and proteins. This process involves the forma-
tion of a LC3-positive double membrane vesicle around cellular cargo, lysosomal 
degradation of the cargo, and the release of the recycled nutrients from the autopha-
gosome to fuel metabolism. Autophagy is often found upregulated in many solid 
tumors and promotes therapeutic resistance [1, 27]. Targeting autophagy was 
shown to restore therapeutic sensitivity and promote therapeutic responsiveness 
[28, 29]. Since the initial goal of UPR activation is restoration of homeostasis, it is 
biologically pragmatic to integrate UPR signaling with autophagy as a mechanism 
to clear misfolded proteins. UPR pathway intersects with autophagic signaling at 
various stages: PERK activation of ATF4 promotes the transcription of autophagy-
related gene 12 (ATG12) [27], IRE1-mediated JNK activation modulates autopha-
gic signaling, unspliced XBP1 (XBP1-U) controls autophagy through regulation 
of FoXO1 [30], and ATF6-mediated regulation of autophagy critical protein death-
associated protein kinase-1 [31]. Literature also indicates a critical role of 
GRP78  in mediating autophagic signaling independent of its UPR and protein 
chaperone activities. Ovarian cancer HeLa cells were transfected with scrambled 
control or GRP78 siRNA and treated with tunicamycin, an inhibitor of 
N-glycosylation resulting in the accumulation of misfolded proteins in the EnR, to 
induce UPR signaling. GRP78 knockdown prevented EnR stress-induced LC3-
GFP puncta formation [32]. It was also shown that GRP78 inhibition prevention of 
autophagy was independent of PI3K and beclin-1 activities [32]. GRP78 was also 
shown to be critical for the induction of pro-survival endocrine therapy-induced 
autophagy in ER+ breast cancer [11, 33]. Targeting GRP78 regulated AMPK 
activity to control mTOR-regulated suppression of autophagy [11, 33]. The regu-
lation of the AMPK/mTOR signaling axis by GRP78 to control autophagy induc-
tion was also observed in rat pheochromocytoma (PC12) cells [34]. Moreover, 
overexpression of GRP78 led to elevated autophagy-related gene 9 (ATG9) protein 
levels [11], giving further support to the link between GRP78 and autophagy. 
Others showed in myeloma that GRP78 enhances protein aggregate incorporation 
into the autophagosomes, further supporting the crossover role of GRP78 regulat-
ing autophagy [35].
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 GRP78 on the Cell Surface

It was reported that sub-fraction of the cellular GRP78 protein load can localize to 
the plasma membrane in cancer cells [36]. While cell surface GRP78 levels are 
detectable in unstressed conditions in normal cells, EnR stress was shown to increase 
cell surface GRP78 expression [36]. Deletion of the GRP78 KDEL EnR targeting 
sequence prevents EnR stress-induced cell surface localization of GRP78. Taken 
together, these data suggest that stress-induced protein chaperone induction may 
overwhelm the KDEL EnR targeting machinery allowing a “leaky” phenotype 
enabling increased cell surface expression of GRP78. Due to the highly proliferative 
nature of cancer cells requiring an elevated EnR capacity for protein synthesis and 
folding, “leaky” KDEL targeting may inherently enhance cancer cell surface GRP78 
levels. In support of this hypothesis, analysis of the plasma membrane proteome in 
A549 lung cancer cells identified an abundance of chaperone proteins including 
GRP78 [37]. Moreover, data demonstrated that cell surface GRP78 exists as a 
peripheral protein through its interaction with GPI-anchored proteins and other cell 
surface proteins [38]. While the function of cell surface GRP78 is still being eluci-
dated, emerging studies highlight the important role of cell surface GRP78 in signal 
transduction.

Hormone resistant breast and prostate cancer cell lines expressed elevated cell 
surface GRP78. Moreover, EnR stress inducing agents increased GRP78 localiza-
tion to the cell membrane. Cell surface GRP78 was able to complex with PI3K 
signaling to promote PIP3 formation. Mutation of GRP78 at the N-terminus region 
resulted in decreased co-localization of cell surface GRP78 with the p85 subunit of 
PI3K, resulting in the inhibition of PIP3 generation [39]. Targeting cell surface 
GRP78 would then inhibit PI3K signaling to suppress therapeutic resistance.

Cell surface localization of GRP78 interacts with various signaling molecules to 
induce proliferation and promote the metastatic cascade. Localization of GRP78 to 
the cell membrane stimulates breast cancer cell proliferation and increases meta-
static potential through regulation of STAT3 signaling [40]. Moreover, GRP78 on 
the cell surface was also shown to interact with α2-macroglobulin to promote growth 
and metastasis in prostate cancer cells [41]. GRP78 was also shown to complex with 
teratocarcinoma-derived growth factor-1 (Cripto-1) on the cell membrane to control 
transforming growth factor- β (TGF-β) signaling and proliferation [42]. Moreover, 
Cripto and GRP78 are highly expressed in metastatic prostate cancer and co- 
expression of both Cripto and GRP78 correlates with poor survival in prostate can-
cer [43]. The regulation of TGF-β by GRP78 may result in tumor initiation and 
represent an early stage of tumorigenesis regulated by EnR stress.

The regulation of GRP78 on the cell surface may not only affect cell proliferative 
signaling pathways but also may modulate apoptosis. Induction of EnR stress by 
tunicamycin or treatment with cytotoxic chemotherapeutic agent, doxorubicin, 
resulted in the recruitment of GRP78 to the cell membrane in triple-negative breast 
cancer cells. The blockade of cell surface GRP78 by an anti-GRP78 antibody 
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p revented CHOP-mediated apoptosis and drug-induced cell death [44]. Others 
showed that cell surface GRP78 on endothelial cell interacts with tumoral Kringle 5 
to mediate the anti-angiogenic and pro-apoptotic activities when exposed to hypoxic 
or cytotoxic stressed cancer cell [45, 46]. Furthermore, analysis of cell surface 
GRP78 protein levels in human breast tumors early stage operable patients, in 
patients before systemic neoadjuvant chemotherapy, and in patients following neo-
adjuvant chemotherapy indicated that cell surface GRP78 was a potential positive 
prognostic marker of response to chemotherapy and improved disease-free survival 
[47]. These data suggest that cell surface GRP78 localization results in multifaceted 
and sometimes opposing signaling induction that may be context (cell type, drug, or 
stressor specific) dependent.

 Secreted GRP78 Function

In many solid tumors, including breast, gastric, prostate, and colon cancer, GRP78 
can be secreted into the microenvironment and may play an important role in medi-
ating drug resistance [48–51]. Secreted GRP78 inhibited the anti-angiogenic activi-
ties of bortezomib [52]. Secreted GRP78 was shown to activate epidermal growth 
factor receptor (EGFR) signaling in hepatocellular carcinoma cell lines to promote 
resistance to sorafenib [50]. Moreover, secreted GRP78 promoted differentiation of 
bone marrow mesenchymal stem cells to cancer-associated fibroblasts to facilitate 
tumor stability and growth [53]. Therefore, secreted GRP78 may enhance tumor 
growth and facilitate drug resistance.

 GRP78 on the Mitochondria

It was demonstrated that while GRP78 generally localizes to the EnR in quiescent 
cells and is associated with other EnR markers such as calnexin and protein 
disulfide- isomerase, when cells are treated with a calcium ionophore (A23187) or a 
EnR Ca2+-ATPase inhibitor (thapsigargin) to induce UPR signaling GRP78 local-
ization shifts to the mitochondria [54]. In sub-mitochondrial fractionation studies, 
EnR stress promoted GRP78 localization to the mitochondria intermembrane space, 
inner membrane, and matrix, but not the outer membrane [54]. The cellular function 
of mitochondrial GRP78 localization under EnR stress is still under investigation. 
However, it can be speculated that under EnR stress, mitochondrial GRP78 localiza-
tion may promote cell survival through mitochondrial membrane interactions and 
may mediate pro-survival mitochondrial bioenergetics. Indeed, others demonstrated 
that under EnR stress, GRP78 retrotranslocation from the EnR to the mitochondria 
is associated with clusterin co-trafficking and stabilizing the mitochondrial mem-
brane integrity to reduce stress-induced apoptosis [55]. Further studies indicate that 
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mitochondrial GRP78 plays an integral role in stabilizing AAA domain containing 
3A (ATAD3A)/WASF3 tumor metastasis promoting complex at the mitochondrial 
membrane [56], giving evidence supporting pro-survival signaling of mitochondrial 
GRP78 localization.

 GRP78 Regulates Cellular and Mitochondrial Metabolism

Recent work has demonstrated a novel role of GRP78 in regulating lipid metabo-
lism. In a metabolomics analysis, knockdown of GRP78  in breast cancer cells 
resulted in the accumulation of polyunsaturated fatty acid metabolites [15]. 
Inhibition of GRP78 modulated AMPK activity, reduced phosphorylation of acetyl- 
coA carboxylase, and inhibited mitochondrial carnitine palmitoyltransferase 1A 
(CPT1A) protein levels [11, 15]. GRP78-regulated CPT1A inhibition prevented 
mitochondrial import of fatty acid metabolites to serve as substrates for β-oxidation, 
resulting in decreased overall cellular bioenergetics and an accumulation of fatty 
acid metabolites in the cytosol. The elevated cytosolic lipid metabolites served as a 
catalyst for elevated lipid peroxidation and reactive oxygen species generation pro-
moting cell death [15]. GRP78-mediated regulation of β-oxidation may then result 
in a shift of mitochondria bioenergetics. This was recently shown in Soto-Pantoja 
et al., where targeting GRP78 in macrophages resulted in a bioenergetic shift effect-
ing macrophage polarity [57]. Transfection of mouse macrophage cell line RAW 
264.7 with GRP78 siRNA elevated cellular lipid content accumulation, reduced 
mitochondrial oxygen consumption rates, and reduced basal extracellular acidifica-
tion rate [57].

Inhibition of GRP78 also regulated sterol regulatory element binding protein-1 
and -2 (SREBP1/SREBP2) transcription and some of the downstream target genes 
[15]. SREBP1 is a master regulator of glucose metabolism and lipogenesis, while 
SREBP2 modulates cholesterol biogenesis. SREBP1 modulates fatty acid synthase 
(FASN), ACSL, and SCD1 transcription. SREBP1 and SREBP2 are held inactive in 
the EnR membrane, similarly to ATF6, and translocate to the Golgi complex to be 
cleaved by site1/site2 proteases for full activation. Overexpression of GRP78 was 
shown to sequester SREBP1 and -2 to the EnR preventing translocation and thereby 
inhibiting SREBP1 and -2 activities [58]. However, GRP78 silencing was also 
shown to inhibit SREBP1 and -2 activation by reducing the protein SCAP which is 
necessary for SREBP1 and -2 packaging and transport to the Golgi complex [15]. 
Therefore, both overexpression and inhibition of GRP78 may affect lipogenesis 
through inhibition of SREBP1 and SREBP2.

Direct physical interaction between endoplasmic reticulum membranes and 
mitochondrial outer membranes was shown to effect mitochondrial biological func-
tion [59]. The creation of an EnR-mitochondrial signaling axis enables cross-talk 
between stress and metabolism. Recently, mitochondrial-associated EnR membrane 
localization of GRP78 was shown necessary for the correct folding of the 
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mitochondria- localized steroidogenic acute regulatory protein (StAR) [60]. StAR is 
required for cholesterol transport into the mitochondrial to serve as the building 
blocks for steroidogenesis. StAR absence is lethal: inhibition of StAR prevents 
 steroid synthesis resulting in salt imbalance and death [61]. Knockdown of GRP78 
reduced StAR protein levels and activity [60], giving further evidence of interplay 
between GRP78 and mitochondrial metabolic pathways.

 Obesity-Mediated Breast Cancer, UPR, and Immunity

Over 2.1 billion people worldwide are considered overweight or obese [62]. Obesity 
also is an epidemic in the USA, as over 60% of women are overweight or obese (a 
body mass index of over 30). Several studies have demonstrated a strong link between 
obesity and a greater risk of developing breast cancer by as much as 50% in post-
menopausal women [63, 64]. Moreover, obesity is associated with worse overall sur-
vival in TNBC premenopausal women [65–67]. Studies have reported a threefold 
higher breast cancer mortality rate in obese women and it is estimated that 3 out of 10 
breast cancers may have been prevented if the women were not overweight, indicat-
ing an important role for obesity in the etiology of breast cancer [63]. Results from 
the Breast International Group (BIG) I-98 study indicate that obese women treated 
with tamoxifen had a poorer overall survival when compared to healthy weight 
women, implicating a causal link between obesity and endocrine therapy resistance 
[68]. However, loss/mutation of ERα expression only occurs in a minority (15–20%) 
of resistant breast cancers, suggesting regulation of other key molecular signaling 
pathways as the predominate driver of endocrine therapy resistance [69, 70].

Obesity is also a predictor of poor response to chemotherapy. Other studies 
investigating the impact of obesity on women breast cancer patients receiving neo-
adjuvant anthracycline-based chemotherapy indicated higher BMI was associated 
with worse pathological complete response. Moreover, obese patients were more 
likely to have hormone negative tumors, implicating obesity in both TNBC tumori-
genesis and the development of doxorubicin resistance [65, 71, 72].

Literature indicates a possible role of increased circulating estradiol (which would 
not easily explain increased TNBC risk), elevated leptin, and modulated insulin 
growth factor signaling as molecular mechanism(s) of obesity-mediated breast can-
cer risk, albeit these signaling pathways only explain in part how obesity promotes 
tumorigenesis [73, 74]. We previously showed that diet and obesity impact UPR 
signaling components in a murine DMBA model [75]. Consumption of a high fat diet 
elevated GRP78 protein levels in mammary glands and tumors of female C57/Bl6 
mice, implicating UPR signaling as a possible driver of obesity-mediated breast can-
cer. Literature also demonstrated that obesity upregulated GRP78 protein levels in 
the subcutaneous and visceral fat of obese diabetic human patients [76]. Elevated 
GRP78 expression in adipocytes predicted endometrial cancer progression and 
patient survival [77], suggesting endoplasmic reticulum stress and GRP78 protein 
levels in fat deposits as a driver of cancer progression. Moreover, waist circumfer-
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ence was positively correlated with ATF6 and GRP78 expression in circulating 
immune cells [78]. Our group recently showed that UPR signaling differentially 
affects macrophage polarity to modulate breast cancer cell clearance and immune 
checkpoint therapy responsiveness [57]. Taken together these data suggest that obe-
sity may elevate immune cell UPR signaling to promote dysfunction and reduce 
immunosurveillance enabling tumor survival and drug resistance. Therefore, obesity 
may directly stimulate EnR stress to elevate GRP78 protein levels to predispose 
tumors to therapeutic resistance or obesity may indirectly promote cancer cell sur-
vival by preprograming immune cells enabling avoidance of immune cell detection.

 GRP78/CD47 Signaling Axis Regulates Immunity

CD47 is a widely expressed receptor that regulates phagocytic activity when it 
engages its counter-receptor, SIRPα, on macrophages. During normal homeostatic 
conditions, expression of CD47 on erythrocytes prevents their phagocytosis for 
which this receptor is known as a “don’t eat me” signal [79]. CD47 overexpression 
is associated with poor prognosis in cancer. This may be due, in part, as the expres-
sion of CD47 receptor allows bypassing of innate immune mechanisms to clear 
tumor cells [80]. CD47 also acts as a receptor to its ligand thrombospondin-1 
(TSP1). Binding of TSP1 to CD47 profoundly inhibits the nitric oxide (NO) signal-
ing pathway affecting cell survival and many physiological functions [80].

Studies previously demonstrated in cancer models that the regulation of CD47’s 
phagocytic activity results with the counter-regulation of “eat me” signals such as 
the EnR localized protein, calreticulin [81]. Blockade with anti-human CD47 anti-
body in cancer cells enhances phagocytic activity by the regulation of calreticulin 
and pro-immunological cell death protein high mobility box group 1 (HMBG1) 
[81]. UPR signaling was previously implicated in the regulation and processing of 
calreticulin, but until recently a connection to CD47 was not clear. We demonstrated 
that targeting GRP78 re-established sensitivity to antiestrogen therapy in a murine 
model of breast cancer [15]. This was associated with a regulation of lipid metabo-
lism, downregulation of CD47, and upregulation of HMGB1 gene expression. 
Moreover, we observed increased macrophage infiltration to the tumor. This was the 
first instance of a connection between CD47 and the UPR pathway [15]. Recent 
studies correlate CD47 and GRP78 expression with reduced relapse-free survival in 
breast cancer patients, particularly in the development of endocrine therapy resis-
tance, where co-expression of GRP78 and CD47 is positively correlated with recur-
rence in ER+ breast cancer patients treated with endocrine-targeting therapies [82]. 
Expression of CD47 alone was not associated with a poor prognosis in breast cancer 
[82]. Interestingly, when analyzing survival patterns by receptor expression sub-
types, co-expression of CD47 and GRP78 negatively correlated with survival in 
ER+ but not in ER− breast cancer cases, suggesting a possible estrogen effect. 
Antiestrogen resistant LCC9 breast cancer cells expressed higher cell surface CD47 
levels, when compared with the parental antiestrogen therapy sensitive LCC1 cell 

9 Outside the Endoplasmic Reticulum: Non-Canonical GRP78 Signaling



190

line, as determined by flow cytometry [82]. Previous studies showed that LCC9 
breast cancer cells express elevated GRP78 protein levels when compared with 
LCC1 cells [11], thereby confirming co-regulation of GRP78 and CD47 in vitro. 
Using these cell line pairs, we showed knockdown of GRP78 resulted in a decrease 
in cell surface CD47 expression in both these cell lines further demonstrating a 
direct connection between these two proteins [82]. While the mechanisms of these 
interactions remain unknown, examination of LCC9 orthotopic tumors (where 
CD47 is highly expressed [15]) shows decreased expression of TSP1. However, 
targeting GRP78 resulted in an increase of TSP1 expression in  vivo [82]. Since 
TSP1 alone has been shown to regulate macrophage cytolytic activity against cancer 
cells [83], it is possible that the TSP1/CD47 interaction regulates macrophage 
 infiltration through interplay with GRP78. In a recent study, our group showed that 
UPR signaling regulated macrophage polarization and responses to immunotherapy 
[57]. Whether these interactions also involve CD47 is unknown; however, other 
studies showed that CD47 is involved in macrophage differentiation [84]. Aside 
from modulating the innate immune response, CD47 has also been implicated in the 
regulation of adaptive responses against tumors [85]. While currently unknown, it is 
reasonable to hypothesize that the harsh conditions of the tumor microenvironment 
may promote immune UPR signaling leading to the dysregulation of both innate 
and adaptive immune functions regulated in part by CD47 expression and interac-
tion with its ligands.

 Conclusion

While originally implicated as an endoplasmic reticulum localized protein, GRP78 
can be cytosolic, mitochondrial, located on the plasma membrane, and even secreted 
from certain cell types. GRP78 is a multifunctional protein that depending on cell 
stress levels may exist in multiple subcellular compartments impacting a plethora of 
signaling pathways to control cell fate. Literature indicated GRP78 may control 
apoptosis, autophagy, metabolism, cellular bioenergetics, immune cell activity, and 
immunosurveillance. GRP78 may therefore be an attractive target for the treatment 
of various cancer types to enhance cell death and prevent therapeutic resistance.
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Chapter 10
Autophagy in Neurodegenerative Diseases

Charbel Moussa

Abstract It is estimated that the prevalence of neurodegenerative diseases will 
overtake cancer incidence to become the second most common cause of death after 
cardiovascular disease. Many of these diseases are associated with the inappropriate 
accumulation of proteins that are toxic to neurons. Normally, the accumulation of 
these proteins would be prevented by the appropriate activation of autophagy, a key 
cellular function regulated by activation of an endoplasmic reticulum stress and the 
unfolded protein response. This chapter discusses the role of autophagy in neurode-
generative disease, with a detailed description of how autophagy is activated and 
executed.

Keywords Alzheimer’s disease · Apoptosis · Autophagic vacuole · 
Autophagosome · Beclin1 · Chaperone-mediated · CNS · Endosome · Lewy Body 
Dementia · Lysosome · Mitochondria · Neuron · Parkin · Parkinson’s disease · 
PINK1 · Post-mitotic · Tauopathy · Tyrosine kinase inhibitor

 Introduction

Autophagy is a normal cellular quality control mechanism involved in recycling 
materials and maintaining homeostasis. Activation of autophagy can promote either 
death or survival of cells. Changes in autophagy are seen in most neurodegenerative 
diseases. Dysfunction of autophagy in neurodegeneration is predominantly reflected 
as an accumulation of cytosolic vacuoles that are either too immature to be trans-
ported or unable to fuse with the lysosome for recycling. Neuronal death may be 
caused by arrest of autophagic flux, due to: disruption of clearance mechanisms of 
key neurotoxic proteins as a result of lack of maturation of vacuoles that sequester 
misfolded proteins; or inefficient fusion of autophagic vacuoles with the lysosome; 
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or loss of the degradative enzyme functions within the lysosome. Completion of 
autophagy through induction, maturation of vacuoles and fusion with the lysosome 
is thus indispensable for clearance of cellular debris. This chapter discusses the role 
of autophagy in neuronal survival and the impact of its failure on neurodegenerative 
diseases.

 Autophagy in Post-mitotic Neurons

Autophagy is a normal physiological process that includes formation of autophagic 
vacuoles and delivery to lysosomes for proteolytic degradation. Normal autophagy 
is a dynamic multi-step process that includes several compartments. Autophagy is 
generally initiated to form the sequestering phagophore [1], which develops into a 
double-membrane vacuole called the autophagosome [2]. Autophagosomes can 
mature to generate the amphisome via fusion with endosomes [3, 4], and the autol-
ysosome/autophagolysosome via fusion (of autophagosomes or amphisomes) with 
a lysosome [2]. Autophagy is a common quality control mechanism shared by 
mitotic and post-mitotic cells and it is frequently activated in cancer to accelerate 
clearance of unwanted oncogenes [5]. Drugs that can induce autophagy may halt 
mitotic cell division and tumor growth in cancer. Autophagy can degrade onco-
genes, tumor suppressor genes, damaged cytosolic components and organelles like 
the endoplasmic reticulum (ER), mitochondria and DNA to control mitotic division. 
Autophagy can also lead to self-destruction of cancer cells via promotion of apop-
tosis and activation of the tumor suppressor p53 in response to DNA and organelle 
damage (e.g., ER, Golgi) to arrest proliferation and promote survival. However, if 
DNA damage cannot be resolved, p53 triggers apoptotic death [6, 7]. Triggering 
various signaling mechanisms that mediate signaling via the late endosomal- 
lysosomal pathway increases autophagic degradation [8–10] and limits tumor 
growth. Malignant tumors spread into nearby tissues by cellular contiguity or 
metastasize via blood and/or lymphatic transport. The spread of toxic or misfolded 
proteins in neurodegeneration may be similar to the spread of metastatic cancer, as 
both pathologies spread from the place where they originate and lodge in nearby 
tissues. In mitotic cancer cells, cell division and apoptosis are mediated by signaling 
mechanisms via the endosomal (early and recycling) system [8]. Similarly, the 
spread of un-degraded neurotoxic proteins that can be secreted from dying neurons 
may rely on cellular contiguity and propagation of toxic or prion-like proteins, anal-
ogous to oncogenes, along neuroanatomical pathways [11], leading to progressive 
spread of disease and cell death.

Neurons are post-mitotic brain cells and their survival determines our entire 
mental, cognitive, motor, and other central nervous system (CNS) functions. 
Neurodegenerative diseases include a group of genetic and sporadic disorders that 
result from neuronal death and progressive CNS dysfunction. The CNS does not 
allow tissue regeneration so when post-mitotic neurons die, there is no replacement. 
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In neurodegeneration, failure of cellular quality control mechanisms leads to inef-
ficient protein degradation via the proteasome or autophagy [12], resulting in intra-
cellular accumulation of misfolded and toxic proteins. Consequently, neurotoxic 
proteins in CNS may be secreted from a pre-synaptic neuron across the synapse to 
invade post-synaptic neurons. Under normal conditions, excess proteins are recy-
cled via the endosomal-lysosomal system to prevent protein accumulation and/or 
secretion [8–10].

 Protein Accumulation in Neurodegenerative Diseases

Accumulation of toxic proteins including α-synuclein (Lewy bodies), beta-amyloid 
plaques, tau tangles, huntingtin, prions, and transactivation DNA/RNA binding pro-
tein (TDP)-43 are major culprits in neurodegeneration. These toxic proteins trigger 
progressive neurodegeneration leading to loss of CNS functions, including central 
and autonomic control. There is compelling evidence that toxic protein propagation 
from cell to cell [11] leads to onset and progression of neurodegeneration. Defects 
in autophagy are well recognized in neurodegenerative diseases [13–19] and are 
characterized by un-degraded or increased number of autophagic vacuoles [14, 15, 
20]. Neuronal accumulation of autophagosomes has been described in multiple 
brain disorders [21–23], including advanced stages [24] and animal models [25] of 
AD, suggesting reduced lysosomal clearance [26]. Dysfunction in autophagy is 
seen in several other neurodegenerative diseases [15, 27–29] including Parkinson’s 
disease (PD) and Lewy Body Dementia (LBD). α-synuclein accumulation in Lewy 
Bodies (LBs) may be caused by inadequate protein clearance via chaperone-medi-
ated autophagy and reduced lysosomal function [30–32].

Impairment of the autophagic pathway could come from dysfunction in any of 
several steps of autophagy. Firstly, induction of autophagy can become detrimental 
when un-degraded autophagosomes accumulate and overwhelm the lysosome 
(Fig.  10.1). Inhibition of the mammalian target of rapamycin (mTOR) leads to 
induction of autophagy [33–35] and increases β-amyloid (Aβ) degradation by the 
lysosomal system [36]. mTOR inhibition attenuates Aβ levels in triple transgenic 
AD mice [37], suggesting mTOR involvement in autophagic induction. Conversely, 
accumulation of intraneuronal Aβ also increases mTOR activity [37] and accumula-
tion of autophagic vacuoles [38, 39]. Secondly, inefficient recognition of aggregate 
proteins or defective organelles has also been described in models of neurodegen-
eration [40], whereby molecular steps of autophagy are activated, but autophago-
some clearance due to inefficient fusion with the lysosome is defective [41]. In 
patients with AD, the levels of a key autophagy protein complex known as beclin-1 
are decreased [42], suggesting inefficient execution of beclin-dependent autophagy 
and increased Aβ and hyper-phosphorylated tau (p-tau) accumulation. Lentiviral 
delivery to express beclin-1 activates autophagy and improves neurodegenerative 
pathology in α-synuclein mouse models of PD [43] and AD [42]. Thirdly, the final 
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step of autophagy following induction and formation/maturation of  autophagosomes 
is lysosomal degradation. Aβ accumulates in the brain of AD mouse models and 
leads to defective proteolytic clearance, while enhancement of proteolytic degrada-
tion via the lysosome increases the rate of autophagic protein turnover [44].

 Fusion of Autophagic Vacuoles

It appears that tau malfunction is a common mechanism that underlies autophagic 
dysfunctions in neurodegeneration. In the adult human brain, tau exists as six pro-
tein isoforms that differ by the presence of either 0, 1, or 2 N-terminal inserts and 
either three (3R) or four (4R) microtubule binding repeats located at the C terminus 
of the protein [45, 46]. Microtubule Associated Protein Tau (MAPT) gene expresses 
tau, which binds to and stabilizes microtubules via its C-terminal repeats in a 

Fig. 10.1 (a) Electron micrographs of hippocampus from a normal human subject showing 
nucleus and cytosolic vacuoles. Asterisks (*) indicate pre-lysosomal vesicles (autophagosomes/
amphisomes) and (#) indicate fusing vesicles to form autophagolysosomes/autolysosomes under 
normal conditions. Electron micrograph of hippocampus from aged-matched Alzheimer’s patient 
showing (b) undigested autophagosomes in lysosomes (#) that accumulate debris and cell organ-
elles and (c) accumulation (*) of immature cytosolic vesicles indicative of either lack of fusion 
with the lysosomes (#) or overwhelming lysosomal clearance
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process regulated by phosphorylation [47]. More evidence is emerging about the 
relationship between tau modification and alteration of normal autophagy. 
Functional autophagy is negatively regulated by the serine/threonine protein kinase 
mTOR [48], which can be inhibited to activate autophagy and slow the progress of 
neurodegeneration [28]. Different mechanisms can lead to formation of autophago-
somes, including mTOR-dependent and mTOR-independent autophagy [49–51], 
and beclin-independent autophagy [52].

Autophagosomes recruit lysosomes via retrograde transport on microtubules, 
requiring an intact microtubule cytoskeleton and cytoplasmic histone deacetylase 
(HDAC6) to mediate the fusion of autophagosome with the lysosome [53]. Tau 
regulates HDAC6 function, resulting in decreased degradation of aggregated pro-
teins [54], suggesting that HDAC6 is a tau-interacting protein and potential modula-
tor of tau phosphorylation and accumulation [55]. Tau phosphorylation causes 
stabilization of microtubules [47]. Reduction of tau expression in cellular models of 
Niemann–Pick type C disease is associated with decreased induction and degrada-
tion of autophagic vacuoles [56, 57], supporting the notion that normal autophagy 
is dependent on trafficking along microtubules [53] and its impairment can cause 
neurodegeneration [58, 59]. Hyper-phosphorylation of tau leads to its dissociation 
from microtubules and aggregation [60], leading to alteration of tau protein function 
and impaired neuronal transport [60].

Inhibition of autophagy enhances tau aggregation and cytotoxicity, and lyso-
somal function contributes to degradation of tau [61–63]. Lentiviral expression of 
4R wild type tau or its mutants results in differential hyper-phosphorylation and 
aggregation [64]. The most direct evidence of the dependence of autophagic clear-
ance on intact tau-associated microtubules is introduction of Aβ into Tau−/− mice 
that results into secretion of intraneuronal Aβ, while co-expression of tau and Aβ 
together in the same mice results in less Aβ secretion and degradation of both tau 
and Aβ via the lysosome [65]. Tau-mediated stabilization of microtubules may facil-
itate organelles movement. Aggregation of mitochondria at the distal ends of axons 
in tau−/− primary neuronal culture suggests that movement of organelles is altered in 
these mice [66].

Tauopathies are pathologically characterized by accumulation of hyper- 
phosphorylated, insoluble aggregates of tau in neurons and glia of affected brain 
regions. In AD, neurofibrillary tangles (NFTs) comprised of insoluble p-tau are 
characteristic features, alongside extracellular plaques composed of Aβ peptide 
[67]. The increase of Aβ production, due to AD mutations, led to the development 
of the amyloid cascade hypothesis, where tau pathology is considered downstream 
of Aβ in the pathological cascade [68, 69]. The presence of NFTs correlates highly 
with the degree of dementia in AD suggesting a central role for tau in neuronal death 
[70]. Disruption in tau splicing is observed in both familial Fronto-Temporal Lobar 
Degeneration (FTLD) and Progressive Supranuclear Palsy (PSP), Corticobasal 
Degeneration (CBD), and Fronto-Temporal Dementia with Parkinsonism linked to 
chromosome 17 (FTDP-17) [71, 72]. These conditions are clinically manifest with 
dementia and Parkinsonism, and pathologically characterized by tau deposition 
[73–76].
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There are two historical examples of tau involvement in epidemic Parkinsonism: 
post-encephalitic Parkinsonism and the Parkinsonism/dementia complex (PDC) of 
Guam [77, 78]. Increased 4R tau is also detected in PD brain, mainly striatum, sug-
gesting that common mechanisms of increased expression underlie the association 
of tau gene (MAPT) with PD, PSP, and CBD [79]. Recent genome wide association 
studies (GWAS) identified MAPT as a genetic risk factor for PD [80]. However, 
inconsistent tau pathology in idiopathic PD makes the genetic link puzzling, espe-
cially as MAPT has not been identified as a risk factor in other GWAS of PD [81] 
or AD, where NFT pathology is extensive [82].

Why should variation in tau be a risk factor for a disease where tau pathology is 
not consistently observed, but not influence disease risk where tau deposition is 
prevalent? The effects of tau on pathological mechanisms in neurodegeneration may 
be a common denominator due to its role in neuronal transport and execution of 
autophagy. Some studies suggest that a loss of tau leads to neurodegeneration [83, 
84], cognitive dysfunction, and neuropathology similar to tauopathy in FTLD-17 
[83–85]. Other reports show that reduction of endogenous levels of tau abrogate 
amyloid-induced neuronal toxicity [86]. The effects of tau may be downstream in 
neurodegenerative pathologies, since transgenic animals over-expressing malfunc-
tioning tau (p-tau) or Tau−/− mice develop autophagic defects in response to 
α-synuclein or Aβ accumulation. Tau−/− mice provide an important insight into the 
role of tau as a neuronal microtubule associated protein involved in stabilization of 
axonal microtubules [87, 88], neuronal maturation [88], axonal transport [66], and 
long-term potentiation [89].

Variation at MAPT influences PD risk where tangles are not found consis-
tently, but has only a moderate influence on AD risk, where NFTs are a defining 
pathological feature [90]. Thus, amyloid accumulation may be responsible for 
neurodegeneration due to disruption of tau function that facilitates autophagy via 
axonal transport. Tau modification and cell death in lentiviral gene transfer animal 
models occur as a result of expression of intracellular Aβ [91] or α-synuclein [92], 
suggesting that tau modification is triggered by amyloid proteins that can destabi-
lize microtubules that provide the “railway” for autophagosomal transport to fuse 
with the lysosomes. While duplications and triplications of α-synuclein cause PD, 
and AD-type pathology exists in Down’s syndrome with triplication of the amy-
loid precursor protein (APP) gene [93], tau levels are high in tauopathy, AD, and 
PD post- mortem tissue [94]. Thus, increased levels of non-mutated tau can lead to 
p-tau and cause neurodegeneration. In FTLD, tau oligomers are toxic [95]. In AD, 
tau pathology correlates strongly with dementia and the extent of neuronal loss 
[96]. Furthermore, several studies show that tau is necessary for Aβ-mediated tox-
icity; for example, primary neuronal cultures from Tau−/− mice are resistant to Aβ, 
and crossing APP transgenic with Tau−/− mice reduces Aβ induced deficits [97, 
98]. These findings suggest that tau may be required to mediate the toxic events 
leading to protein accumulation or clearance of toxic proteins in 
neurodegeneration.
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 Maturation of Autophagic Vacuoles

Normal autophagy involves stepwise maturation of autophagosomes and fusion 
with both endosomal and lysosomal vesicles. Several molecules can regulate the 
maturation of autophagosomes, including the AAA ATPase SKD1, the small GTP 
binding protein Rab7, and the AD-linked presenilin 1 [99]. Autophagosome accu-
mulation could be due to lack of maturation, leading to inefficient fusion with lyso-
somes. Ubiquitination may facilitate recognition between components of the 
autophagic machinery [50, 100] and may promote autophagosome maturation [101, 
102]. The molecular steps of autophagy can be activated, but autophagosome clear-
ance remains insufficient, due to inefficient fusion with the lysosome [41]. 
Autophagy like proteins, called Atgs, are critical in determining autophagic vacuole 
formation [53]. Atg5, Atg7, and Atg12 determine the sequestering phagophore for-
mation [103–108]. Light Chain (LC)-3 protein is initially synthesized in an unpro-
cessed form, proLC3, but sequential ubiquitination-like reaction and conjugation of 
Atgs lead to its modification into LC3-II, which is a marker of mature autophago-
somes [109, 110]. LC3-II can also be localized to phagophores, the precursor of 
autophagosomes. Reduced turnover of autophagosomes can be due to inhibition of 
their maturation, leading to inability to fuse with the lysosome [111], which is evi-
dent in neurodegeneration (Fig. 10.1).

Parkin is an E3 ubiquitin ligase that facilitates proteasomal degradation of mis-
folded proteins [112]. Loss of function mutation, i.e., threonine to arginine 
(T240R) in the gene coding for the E3-ubiquitin ligase parkin, is associated with 
juvenile onset autosomal recessive PD [113, 114]. PD with parkin mutations, as 
well as some familial Fronto-Temporal Dementia with Parkinsonism linked to 
chromosome 17 (FTDP-17), often exhibits tau pathology, mainly in the striatum 
and basal ganglia [115–118]. Parkin is inactivated in the nigrostriatal regions of 
sporadic PD [119, 120] and decreased parkin levels are detected in AD brains 
[121]. In PD with parkin mutations, neuronal loss in the substantia nigra (SN) is 
found with LBs and tau positive astrocytes [122] or NFTs and argyrophilic astro-
cytes [116, 123]. A Dutch family of PD with parkin mutation shows tau pathol-
ogy, even in the absence of LBs and NFTs [115]. Different parkin mutations show 
tau pathology [124, 125], and a PSP patient who is a carrier of a single heterozy-
gous mutation (C212Y) of the parkin gene displays p-tau [124, 125]. In animal 
models lacking parkin, p-tau aggregates in the cortex and hippocampus [126]. 
Parkin over-expression attenuates Aβ and α-synuclein toxicity in human M17 
neuroblastoma cells over-expressing 4R wild type, but not P301L mutant tau 
[127]. Activation of autophagy improves dopaminergic cell survival in parkin 
deficient and tau over-expressing mice [128]. Parkin and PTEN-induced putative 
kinase 1 (PINK1) regulate mitophagy [129–132] and enhance autophagy in vitro 
[133]. Parkin ubiquitinates proteins of defective mitochondria and induces LC3 
and forms autophagosomes [100, 134–137]. Parkin ubiquitin ligase activity mod-
ulates beclin-LC3 mediated autophagy [138], consistent with the role of ubiquiti-
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nation in autophagic clearance mechanisms [100, 139]. Parkin activates 
beclin-mediated autophagy in triple transgenic AD mice [92]. These findings indi-
cate that parkin activation leads to autophagosome maturation and restoration of 
normal autophagy in neurodegenerative diseases.

The effects of neurotoxic proteins on normal autophagy and vice versa may not 
be straightforward. Expression of intracellular Aβ or α-synuclein leads to p-tau 
[91]. Additionally, α-synuclein or Aβ expression stimulates formation of autopha-
gic vacuoles similar to p-tau alone [64]. However, in some circumstances where 
microtubules are not completely dysfunctional, tau aggregates are removed by 
autophagy [140, 141]. Cytosolic accumulation of autophagic vacuoles in lentivi-
ral Aβ gene transfer models is similar to triple transgenic AD mice, which derive 
Aβ from APP and express the human mutant P301L tau [38]. This accumulation 
of vacuoles is likely due to reduced autophagic flux [142]. Some studies suggest 
that the phagophore sequestering membrane originates from stressed ER [143], 
which is required for autophagosome formation [144, 145]. Formation of autoph-
agic vacuoles in animals expressing Aβ with a signal peptide directed to the ER 
[91] shows impaired autophagy via lack of maturation of full double-membrane 
autophagosomes and ER fragmentation [38, 146–150]. However, parkin expres-
sion or activation via tyrosine kinase inhibitors leads to autophagosome matura-
tion and clearance via the lysosomes [38, 146–150]. These findings suggest that 
autophagosome maturation is indispensable for protein clearance in 
neurodegeneration.

There is some evidence to support the early steps of induction via deletion of 
autophagic components, including Atg7, that suppresses autophagy [58, 59]. LC3 
is believed to link ubiquitinated protein aggregates to the autophagosome for deg-
radation [101, 102]. Furthermore, beclin-1 activation is crucial to autophagic flux. 
Lower beclin levels are reported in brains from older individuals and patients with 
neurodegenerative diseases [151], whereas an increase in beclin-1 protein levels 
is associated with autophagic activity [42, 152]. Parkin activation facilitates 
autophagic degradation of intracellular protein inclusions in animal models 
in vivo. Loss of parkin activity impairs its interaction with beclin-1, thus reducing 
amyloid protein clearance in models of neurodegeneration [38, 147, 148, 153, 
154]. Functional parkin- beclin-1 interaction is reduced in neurodegeneration, 
suggesting that aging leads to parkin inactivation independent of disease causing 
mutations [147, 150, 155]. Tyrosine kinase inhibitors (TKIs) are effective and 
well-tolerated treatments for chronic myelogenous leukemia (CML) [156, 157]. 
TKIs nilotinib (BCR-ABL) and bosutinib (SRC-ABL) penetrate the brain and 
activate parkin [119, 147, 148], leading to interaction with beclin-1 and autopha-
gic protein clearance [38, 147, 148, 153–155]. Therefore, parkin effects on 
autophagosome maturation may be used as a therapeutic approach in neurodegen-
erative diseases.
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Parkin activity is regulated by associated proteins, post-translational modification, 
and self-regulation through intramolecular interactions [158]. Parkin modifies mito-
chondrial outer membrane proteins and promotes removal of dysfunctional mito-
chondria [159]. In response to mitochondrial depolarization, PINK1 phosphorylates 
Serine 65 in the Ubl domain of parkin [160], leading to activation. Recent structural 
analysis of parkin in an auto-inhibited state provided further insights into how phos-
phorylation and ubiquitination activate parkin [161, 162]. PINK1 modifies ubiquitin 
at Serine 65, which is homologous to the site phosphorylated in parkin Ubl domain 
[163–166]. Phosphorylation of both ubiquitin and parkin are necessary to overcome 
parkin auto-inhibition [166, 167], allowing parkin self-ubiquitination and recruit-
ment of substrates. Auto-ubiquitination activates parkin to subsequently recruit 
TDP-43 for ubiquitination [168]. The link between parkin ubiquitination and its E3 
ubiquitin ligase activity was demonstrated by several studies showing that regula-
tion of parkin ubiquitination affects its activity and stability [153, 154, 163–165]. 
Taken together, these findings provide evidence that parkin is a quality control pro-
tein that monitors physiological perturbations and regulates autophagy in neurode-
generation and beyond.

 Conclusion

Autophagic defects are well recognized as an underlying common mechanism in 
many neurodegenerative diseases. These defects are predominantly linked with pro-
tein accumulation that impairs the steps of normal autophagy, including maturation 
and fusion of autophagic vacuoles in neurons; or result from an overwhelmed lyso-
some that can no longer cope with increased protein production and misfolding.
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