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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.
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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, 
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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-

1  Introduction: The Unfolded Protein Response



10

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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