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Abstract

Following cell stress, a wide range of molecular pathways are initiated to
orchestrate the stress response and enable adaptation to an environmental or
intracellular perturbation. The post-transcriptional regulation strategies
adopted during the stress response result in a substantial reorganization of gene
expression, designed to prepare the cell for either acclimatization or
programmed death, depending on the nature and intensity of the stress. Funda-
mental to the stress response is a rapid repression of global protein synthesis,
commonly mediated by phosphorylation of translation initiation factor elF2a.
Recent structural and biochemical information have added unprecedented
detail to our understanding of the molecular mechanisms underlying this regu-
lation. During protein synthesis inhibition, the translation of stress-specific
mRNAs is nonetheless enhanced, often through the interaction between RNA-
binding proteins and specific RNA regulatory elements. Recent studies investi-
gating the unfolded protein response (UPR) provide some important insights
into how posttranscriptional events are spatially and temporally fine-tuned in
order to elicit the most appropriate response and to coordinate the transition
from an early, acute stage into the chronic state of adaptation. Importantly,
cancer cells are known to hi-jack adaptive stress response pathways, particu-
larly the UPR, to survive and proliferate in the unfavorable tumor
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environment. In this review, we consider the implications of recent research
into stress-dependent post-transcriptional regulation and make the case for the
exploration of the stress response as a strategy to identify novel targets in the
development of cancer therapies.
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RNA in Disease and Development > RNA in Disease
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Translation > Translation Mechanisms > Translation Regulation
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1 | INTRODUCTION

Eukaryotic cells rely on the coordination of several complex and evolutionarily conserved molecular mechanisms to main-
tain homeostasis. Viral infection, exposure to UV light, oxygen deprivation, accumulation of misfolded proteins, and nutri-
ent scarcity are a few among the most common sources of perturbation of physiological homeostasis. When confronted
with a perturbating agent, cells initiate stress response pathways. The nature and intensity of the stimulus determine the
precise molecular events of the stress response; generally, however, an initial acute phase, characterized by translational
repression, prepares the cell for transition into a chronic, adaptive state. In certain circumstances, the adaptive response
may fail to overcome the perturbation and programmed cell death will ensue through one of several pathways, including
apoptosis and necrosis (Turlaro & Mufioz-Pinedo, 2016; Milisav, Polj$ak, & Ribari¢, 2017). The cell's ability to adapt to stress
is of considerable importance in several pathologies, including neurodegeneration and cancer (PoljSak & Milisav, 2012).

2 | POSTTRANSCRIPTIONAL EVENTS GOVERN THE STRESS RESPONSE

The stress response, in both its acute and chronic stages, is dependent on gene expression regulation processes occur-
ring at various stages in the life cycle of an mRNA. Several post-transcriptional strategies cooperate and affect each
other during the response, resulting in an intricate and multi-layered regulatory network (Figure 1).

For instance, the general inhibition of mRNA translation that is common in response to a spectrum of stresses must
be coordinated with the enhanced expression of genes that promote cell adaptation to a given perturbation. The selec-
tive translation of specific transcripts during translation inhibition is often achieved via the presence of RNA regulatory
elements that allow for translation to occur through alternative mechanisms. Moreover, localization of mRNA to trans-
lationally inactive cytoplasmic RNP granules, a prevalent and well-studied aspect of the stress response, was found to
be intimately connected with other stress-relevant processes such as alternative splicing and miRNA targeting
(Kucherenko & Shcherbata, 2018). Furthermore, across all post-transcriptional strategies, the fate of an mRNA is often
regulated with the assistance of RNA-binding proteins (RBPs) (Harvey et al., 2018; Harvey, Dezi, Pizzinga, & Willis,
2017). Interestingly, recent research highlights the importance of additional post-transcriptional strategies, such as the
regulation of tRNA abundance and fragmentation, previously underappreciated in the context of the stress response.
Following different stimuli, and even varying intensities of the same stress, multiple pathways combine to deliver dis-
tinct overall outcomes. However, certain stresses often arise as a consequence of others, and there is substantial overlap
among the responses to different types of perturbations. Central to the stress response is the global arrest and substan-
tial reprogramming of protein synthesis.

2.1 | Phosphorylation of eIF2: The central tenet of the integrated stress response

Translation of mRNAs into polypeptides occurs in three stages: initiation, elongation, and termination. Translation rep-
resents a rapid mechanism to modulate the proteome and, being estimated to account for ~30% of the total energy
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FIGURE 1 Summary of posttranscriptional regulation strategies during the stress response. (a) Regulation of ternary complex formation
through phosphorylation of eIF2a. eIF2 is an heterotrimer consisting of subunits a, 4, and y. Subunit y contains the binding sites for GDP/GTP.
During the integrated stress response (ISR), phosphorylation of the regulatory subunit o results in impaired formation of the ternary complex and
consequent inhibition of protein synthesis. (b) Regulation of eIF4F complex formation through 4E-BPs. In unstressed conditions, 4E-BPs are
present in their mTOR-mediated phosphorylated form, unable to bind 4E that can then engage in the formation of the eIF4F complex. During
stress, unphosphorylated 4E-BPs sequester eIF4E away from 4F formation, thus impairing translation initiation. (c) Translation elongation is
regulated through phosphorylation of eEF2, mediated by eEF2K, which is in turn negatively regulated by mTOR in unstressed conditions and
activated upon stress. (d) Formation of stress granule is triggered upon translation inhibition. (e) Several 5 UTR regulatory elements can affect
translation. (f) tRNAs are targets of translation regulation through modulation of their abundance, modification, and fragmentation

consumption in mammalian cells (Buttgereit & Brand, 1995), its arrest results in significant energy saving. During
translation initiation, a crucial step is the formation of an active ternary complex composed by the initiation factor
elF2, a GTP molecule, and a charged initiator methionine tRNA (Met-tRNA;™"). In conjunction with eIF3, elF1,
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elF1A, and elF5, the ternary complex binds the 40S ribosomal subunit, thus forming the 43S pre-initiation complex
(PIC). For the majority of mammalian transcripts under unstressed conditions, recruitment of the 43S PIC onto the
mRNA requires binding of the eIF4F complex—consisting of the cap-binding protein eIF4E, the RNA helicase eIF4A,
and the scaffold protein eIF4G—to the m7G cap at the 5’ end. eIF4B and eIF4H also bind to the eIF4F complex to aid
the helicase activity of eIF4A. The resulting complex is the 48S PIC and this mode of translation initiation is commonly
referred to as cap-dependent initiation. The 48S PIC then scans the mRNA 5’ untranslated region (UTR) for an appro-
priate start codon based on complementarity with Met-tRNA;"*'. During scanning, hydrolysis of eIF2-bound GTP is
induced with the assistance of eIF5, which functions as a GTPase accelerating protein (GAP). Upon start codon recogni-
tion, joining of the 60S ribosomal subunit and release of the initiation factors are catalyzed by eIF5B. In order to later
engage with another round of translation initiation, eIF2-GDP is recycled into eIF2-GTP, a process catalyzed by the
guanidine exchange factor (GEF) eIF2B (Sonenberg & Hinnebusch, 2009).

The assembled 80S ribosome, which now presents the Met-tRNA; paired with the start codon in the P-site and the
second codon in the Asite, is then capable of decoding the message in the elongation stage, with the assistance of elonga-
tion factors. eEF1 directs the appropriate aminoacyl-tRNA to the A-site while, following peptide bond formation, eEF2
promotes the translocation of the peptidyl-tRNA from the A-site to the P-site. In addition, eIF5A, originally thought to be
an initiation factor, acts as an elongation factor by promoting peptide bond formation (Dever & Green, 2012). Finally,
when an in-frame stop codon (UAA, UAG, or UGA) is encountered, the translation machinery embarks on a termination
process ending with the release of the polypeptide and recycling of ribosomal subunits (Dever & Green, 2012).

The initiation factor eIF2 is central to the regulation of translation in response to stress, and phosphorylation of its
a subunit is the key event in an elaborate regulatory network known as the integrated stress response (ISR) (Figures 1a
and 2). When phosphorylated, eIF2 exhibits increased affinity for its GEF elF2B, resulting in the “sequestration” of the
latter (Pavitt, 2018). This is likely coordinated via the shuttling of eIF2 through cytoplasmic foci to which eIF2B local-
izes, known as eIF2B bodies (Campbell, Hoyle, & Ashe, 2005; Hodgson, Varanda, Ashe, Allen, & Campbell, 2019). As a

Integrated stress reponse (ISR)

M chop HRI PKR GON2
Heme Viral infection, Nutrient
deficiency unmodified tRNAs limitation

Nucleus 2

i Cytoplasm
Phospho- \x //
elF2.GDP
GADD34

@®
i "2 t‘t FIGURE 2 Summary of the
integrated stress response. Following
Protem synthesus different stress stimuli, the eIF2a

Sélecn\;e which will sequester eIF2B thus

protein synthesns

complex
leading to inhibition of protein

SG formatlon
kinases are activated via
elF2.GTP autophosphorylation and
®‘b dimerisation. The kinases
@a» subsequently phosphorylate elF2aq,
Ternary

synthesis, translation of stress-
Translatlon

inhibition specific transcripts such as

transcription factor ATF4, and stress
Stressed  Unstressed granule formation



PIZZINGA E . A 50f22
s U WIREs _\\/] LEY_|_Sf2

consequence, formation of the ternary complex, and therefore translation initiation, is limited. This regulation is con-
ventionally defined as global since it affects the majority of eukaryotic transcripts. Since the levels of eIF2B are limiting
in cells, partial phosphorylation of elF2a is sufficient for translational arrest (Pavitt, 2018; Siekierka, Manne, & Ochoa,
1984). Recent studies have revealed the structural details of the interaction between elF2 and eIF2B in yeast and in
humans (Adomavicius et al., 2019; Gordiyenko, Llacer, & Ramakrishnan, 2019; Kashiwagi et al., 2019; Kenner et al.,
2019). In both organisms, two molecules of eIF2 bind opposite sides of an eIF2B hetero-decamer. In yeast, the com-
plexes formed by eIF2B with either eIF2 or phospho-eIF2 show only minor structural differences; in humans, however,
elF2 binds eIF2B at a different binding site compared to phospho-elF2 and to both complexes in yeast, with nucleotide
exchange occurring on the opposite side of the hetero-decamer (Adomavicius et al., 2019; Gordiyenko et al., 2019;
Kashiwagi et al., 2019; Kenner et al., 2019). It has been proposed that this alternative binding site arose in vertebrates
to allow for more efficient nucleotide exchange, possibly at the expense of the stability of eIF2B (Gordiyenko et al.,
2019). Interestingly, when elF2 is phosphorylated, eIF2B binds both the GTP- and the GDP-associated forms, suggesting
that it might participate in a “failsafe” mechanism aimed at making translation inhibition during stress faster and more
secure (Jennings, Kershaw, Adomavicius, & Pavitt, 2017). After start codon recognition, e[F2-GDP is released in com-
plex with eIF5, which, independently from its GAP activity, also functions as a GDP dissociation inhibitor, providing
an additional mechanism to regulate the availability of eIF2 for ternary complex formation (Jennings & Pavitt, 2010).
elF2B, as well as functioning as a GEF, promotes elF5 disassociation from eIF2-GDP (Jennings, Zhou, Mohammad-
Qureshi, Bennett, & Pavitt, 2013). Moreover, somehow counterintuitively, elF2B competes with tRNAM® for binding of
elF2, thus reducing the rates of TC formation. Remarkably, however, when the TC is in complex with eIF5, eIF2B is
unable to either displace eIF5 or compete with tRNA;M®* binding to eIF2 (Jennings et al., 2017; Pavitt, 2018). eIF5 and
elF2B therefore work in competition to regulate eIF2 recycling, and it has been proposed that varying eIF2B and eIF5
levels or activity in different cell types could be associated with variable sensitivity to the phosphorylation of elF2a
(Pavitt, 2018; Pavitt & Ron, 2012), with potential implications for targeting the stress response in therapeutics.

The phosphorylation of eIF2a occurs at Ser51 and is catalyzed in mammals by four kinases: PKR-like ER kinase
(PERK), double-stranded RNA (dsRNA)-dependent protein kinase (PKR), heme-regulated eIF2a kinase (HRI), and gen-
eral control non-derepressible 2 (GCN2) (Figure 2). While the catalytic domains of the eIF2 kinases display high homol-
ogy, allowing them to work in a combinatorial manner and compensate each other in certain circumstances, their
regulatory domains are distinct, allowing them to respond to a variety of adverse conditions (Donnelly, Gorman,
Gupta, & Samali, 2013).

PERK, the ER-resident kinase involved in sensing the accumulation of unfolded proteins, will be discussed in fur-
ther detail in a subsequent section, PERK orchestrates the translational response during different stages of the UPR.

PKR is primarily activated during viral infection, through binding to dsSRNAs or other viral RNAs (Bou-Nader, Gor-
don, Henderson, & Zhang, 2019). However, PKR may also be regulated by cytoplasmic tRNAs that lack post-
transcriptional modifications and by mitochondrial tRNAs (Nallagatla et al., 2013), suggesting that it might function as
a sensor of mitochondrial integrity (Bou-Nader et al., 2019; Kim et al., 2018). Moreover, PKR has been shown to regu-
late the response to DNA damage (Bergeron et al., 2000; Peidis, Papadakis, Muaddi, Richard, & Koromilas, 2011) and
ER stress (Nakamura et al., 2010).

HRI is responsible for sensing the scarcity of heme during erythropoiesis (J.-J. Chen, 2014) and regulates the
response to oxidative stress in blood cells (Suragani et al., 2012). However, HRI is also functional in non-blood cells,
where it's been implicated in the response to arsenite (McEwen et al., 2005), although the extent and details of this
involvement remain unclear.

The most ancient of the eIF2a kinases, GCN2, is responsible for sensing amino acid shortage (Hinnebusch, 1984). It
was originally proposed that the main mechanism by which GCN2 could sense amino acid starvation was by binding to
deacylated (uncharged) tRNAs. This hypothesis is consistent with the observation that GCN2 possesses a His-tRNA
synthetase-like domain that interacts with several uncharged tRNAs and that is essential for activation of the kinase
(Wek, Zhu, & Wek, 1995). A system based on the binding of GCN2 to deacylated tRNAs would be in line with the bac-
terial stringent response, in which uncharged tRNA binds to the acceptor site in the ribosome and recruits RelA, which
in turn synthesizes the alarmone nucleotide (p)ppGpp (Zhu, Pan, & Dai, 2019). However, recent work has shown that
phosphorylation of elF2a by GCN2 in vitro is increased by ~20-fold in the presence of ribosomes compared to
deacetylated tRNAs (Inglis et al., 2019). Accordingly, GCN2 was found to interact with the ribosomal complex P-stalk
and to be activated by stalling ribosomes (Darnell, Subramaniam, & O'Shea, 2018; Inglis et al., 2019). Although the pre-
cise mechanism by which this activation is restricted to stress conditions in vivo is still unclear, these observations sug-
gest a mechanistic link between the control of translation elongation and the control of translation initiation.
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2.2 | Additional translation regulatory mechanisms are targeted in the stress response

In addition to eIF2a phosphorylation, stress influences translation through several other pathways, among which we
can highlight a few notable examples. The Ser/Thr protein kinase mechanistic target of rapamycin (mTOR), which in
mammalian cells is found in two distinct complexes, mMTORC1 and mTORC?2, integrates a diverse array of extracellular
and intracellular regulatory signals, with potentially hundreds of proteins influencing its activity. In its active form,
which is promoted by positive signals such as nutrients and growth factors, mTORC1 enhances protein synthesis
through phosphorylation of the S6 kinases 1 and 2 (S6K1, S6K2) and of eIF4E-binding proteins (4E-BPs)(Saxton &
Sabatini, 2017). S6K1 and S6K2, in their phosphorylated and active form, phosphorylate several targets, positively
affecting translation in a variety of manners. For example, phosphorylation of eIF4B results in increased translation ini-
tiation (Holz, Ballif, Gygi, & Blenis, 2005; Shahbazian et al., 2006), while PDCD4, a suppressor of eIF4A activity, is
targeted for degradation upon phosphorylation (Dorrello et al., 2006). The 40S ribosomal protein S6 (rpS6) is also phos-
phorylated by S6K1 and S6K2, although it would appear that this event results in a reduction of protein synthesis, possi-
bly as a way to counterbalance the stimulatory effects of other S6K targets (Ruvinsky & Meyuhas, 2006).

On the other hand, upon phosphorylation by mTOR, 4E-BPs become unable to bind eIF4E, which can therefore
participate in translation initiation as part of the eIF4F complex (Figure 1b). Scarcity of amino acids or glucose, as well
as other hostile conditions such as low oxygen, low energy, high ROS levels, and DNA damage, result in the inactiva-
tion of mTOR, with a consequent reduction in the level of phosphorylation of its target proteins (Saxton & Sabatini,
2017). In their stress-induced dephosphorylated status, 4E-BPs sequester eIF4E, thus inhibiting cap-dependent transla-
tion. However, up to 20% of capped mRNAs can be translated in a cap-dependent yet eIF4E-independent manner via
DAPS5, an eIF4G homolog that does not bind to eIF4E but instead interacts with eIF3d to mediate initiation (de la Parra
et al., 2018). It seems plausible that this alternative model of cap-dependent translation might be important in the stress
response, especially in light of recent reports about the prominence of eIF3-dependent translation in the adaptation to
ER stress (Guan et al., 2017).

Translation elongation is also a critical target for regulation during the stress response (Figure 1c). The elongation
factor eEF2 can be phosphorylated by its kinase eEF2K; this phosphorylation interferes with eEF2 binding to the ribo-
some and elongation rates are slowed as a result (Carlberg, Nilsson, & Nygard, 1990; Proud, 2015). Cold shock and oxi-
dative stress, as well as high levels of Ca®*, trigger the activation of eEF2K, which is in contrast regulated negatively by
mTOR (Dever & Green, 2012; Knight et al., 2015; Proud, 2015), and the activity of eEF2 can also be modulated through
the binding of RBPs (R. Harvey et al., 2017).

In addition to targeting translation factors, protein synthesis can be regulated through the formation of cytoplasmic
membrane-less foci known as stress granules (SGs) (Figure 1d), which contain translationally inactive mRNAs and vari-
ous RBPs. The RBPs found in SGs often contain intrinsically disordered regions (IDRs) that promote SG formation
through a phenomenon termed liquid-liquid phase separation (LLPS) (Molliex et al., 2015; Niewidok et al., 2018;
Riback et al., 2017; Sfakianos, Whitmarsh, & Ashe, 2016). Recent studies have described SGs as liquid droplets con-
sisting of a solid core, harboring proteins and mRNAs, and an aqueous shell, the content of which is unclear (Jain
et al., 2016; Niewidok et al., 2018). Although the precise function of SGs is still uncertain, they have long been consid-
ered sites of mRNA storage since they appear to contain mRNAs in a translationally repressed state. However, it has
been proposed that the outer shell might increase the efficiency of enzymatic reactions via molecular crowding, possibly
enhancing stress-related reactions (Sfakianos et al., 2016). Although some core components of SGs have been identified,
for example, G3BP1 and TIA-1, the combination of proteins present in SGs is highly dependent on the stress stimulus
(Aulas et al., 2017; Harvey et al., 2017). For example, S6K1 and S6K2 localize to SGs and regulate their formation dur-
ing mild, but not acute oxidative stress (Sfakianos et al., 2018). Conversely, there does not appear to be a specific
requirement for mRNA entry into the granules and the mRNA composition mostly does not differ depending on the
stress (Khong et al., 2017). However, a recent study identified a notable exception in SGs that form following treatment
with elF4A1l-inhibitor hippuristanol, which appear to contain a different subset of mRNAs compared to heat shock- or
arsenite-induced SGs (Padrén, Iwasaki, & Ingolia, 2019). A possible explanation for this difference could be that
mRNAs are recruited to SGs depending on their interaction with eIF4A1, which is disrupted by hippuristanol. Alterna-
tively, the difference might be due to hippuristanol-triggered SGs being independent of e[F2a phosphorylation, in con-
trast with SG formation triggered by most other stresses. Moreover, SGs are enriched for longer mRNAs and mRNAs
that are less efficiently translated; while transcripts associated with ER and mitochondrial membranes were less likely
to localize to SGs (Khong et al., 2017). Importantly, recent studies suggest that stress-induced methylation (m°®A) in the
5" UTR and 5 terminal coding region of mRNAs can promote LLPS (Anders et al., 2018; Ries et al., 2019), but repel
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some RBPs such as G3BP1 (Edupuganti et al., 2017). It has therefore been proposed that, while IDR-containing RBPs
promote the nucleation of the solid core, LLPS of the outer phase might involve dynamic mRNA modifications (Anders
et al., 2018).

2.3 | Escaping translation repression: The role of RNA elements in the expression of
stress-specific genes

As described above, the stress-induced repression of protein synthesis is often considered global, as it involves the
majority of transcripts. However, crucially, translation of a subset of stress-specific mRNAs is maintained or enhanced,
very often by exploiting the presence of specific cis-acting elements within their 5 UTRs (Figure 1le) (Leppek, Das, &
Barna, 2018).

For example, upon phosphorylation of eIF2q, the translation of certain transcripts containing upstream open read-
ing frames (uORF) within their 5 UTR is increased. Two of the best defined examples are the mammalian transcription
factor ATF4 and its yeast homolog GCN4, which promote the transcription of important stress-related genes such as
the apoptosis-mediator CHOP (Fawcett, Martindale, Guyton, Hai, & Holbrook, 1999; Harding et al., 2000) and the
elF2a phosphatase GADD34 (Ma & Hendershot, 2003). Upstream of its coding regions, ATF4 contains two uORFs, with
the second uORF overlapping with the start of the protein-coding sequence, and the first uORF functioning as a
positive-acting element that promotes ribosome scanning and re-initiation at downstream sites. In absence of stress,
when eIF2a is not phosphorylated and the ternary complex forms rapidly, the overlapping uORF is translated and the
protein-coding region is bypassed, thus the ATF4 protein is not synthesized. Under stress conditions, due to the slower
turnover of ternary complex, the 40S subunit will scan through the overlapping uORF and reinitiate translation at the
start codon of the ATF4 coding sequence (Harding, Novoa, et al., 2000; Lu, Harding, & Ron, 2004; Vattem &
Wek, 2004).

Start-codon recognition is aided by elF1 which mediates disassociation of the 43S complex from non-AUG
codons, AUG codons in non-favorable contexts, and AUG codons too close to the 5 end (Pestova & Kolupaeva,
2002). mRNAs with very short 5 UTRs are therefore normally excluded from translation. However, the TISU (trans-
lator initiator of short 5 UTR) element, normally positioned very close to the m7G cap and present in several tran-
scripts associated with mitochondrial activity and energy metabolism, allows for cap-dependent but scanning-free
translation initiation of transcripts with short 5° UTR (Elfakess & Dikstein, 2008). Although the molecular details of
this process are not completely understood, it is possible that the TISU element makes the AUG context more favor-
able for the formation of the 48S and the subsequent joining of the 60S subunit, possibly by binding ribosomal pro-
teins RPS3 and RPS10e and with the assistance of eIF1A (Haimov et al., 2017). In response to energy deprivation,
TISU-containing transcripts bypass eIF4E inhibition and continue to be translated, enabling cells to cope with the
stress (Sinvani et al., 2015).

Another class of 5 UTR elements, known as internal ribosome entry site (IRES), allow for cap-independent initia-
tion. Since their initial discovery in viral RNAs (Jang, Pestova, Hellen, Witherell, & Wimmer, 1990; Pelletier &
Sonenberg, 1988) more than 100 IRES elements have been described in eukaryotic mRNAs, very often within tran-
scripts implicated in the stress response (Hellen & Sarnow, 2001; Qin & Sarnow, 2004; Spriggs, Bushell, Mitchell, &
Willis, 2005). IRES-containing transcripts are regulated through a variety of mechanisms, often via RBPs acting as IRES
trans-acting factors, or ITAFs (Godet et al., 2019; Spriggs, Bushell, & Willis, 2010). For example, PTB was found to be
required for the function of many viral and mammalian IRESs (Mitchell et al., 2005).

Moreover, in conditions of oxygen deprivation—commonly known as hypoxia—cells can partially circumvent eIF4E
inhibition through a complex formed by hypoxia-inducible factor 2a (HIF2a), the RNA-binding protein RBM4, and
elF4E2, an eIF4E homolog with lower affinity for 4E-BPs (Uniacke et al., 2012). This complex selectively promotes
translation of mRNAs containing an RNA hypoxia-responsive element (tHRE). After binding to the rHRE, the HIF2a-
4E2-RBM4 complex engages the 5’ cap and recruits eIF4A, thus priming the mRNA for active translation. Among the
mRNA targets of this alternative mode of translation are transcripts encoding proteins that have been implicated in the
adaptive response to hypoxia (Uniacke et al., 2012). This example further illustrates how specific transcripts can be sub-
jected to differential control through the combinatorial binding of trans-acting regulatory factors, including RBPs. Inter-
estingly, RNA modifications have also been found to affect translation following stress. For example, heat shock and
UV irradiation enhance m°A modifications in the 5 UTR of transcripts, which can trigger elF3-mediated cap-
independent translation (Meyer et al., 2015).
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Remarkably, mRNAs are not the only RNA species that play an active role in the stress response. For example, ribo-
somes containing 2'O-methylated rRNA were found to be involved in the translation of several IRES-bearing transcripts
(Erales et al., 2017; Marcel, Catez, & Diaz, 2015).

Moreover, tRNAs are also regulated in a variety of manners during the stress response.

3 | STRESS-INDUCED REGULATION OF TRNA AND TRNA FRAGMENTS
3.1 | tRNA abundance and modifications

The rate of protein synthesis can be altered by coordinating the availability of cognate aminoacyl tRNAs for elongating
ribosomes with the specific codon usage of an mRNA (Gingold & Pilpel, 2011). tRNA abundance can be regulated at
the level of transcription, pre-tRNA processing and maturation, or aminoacylation, and mature tRNAs may also accu-
mulate in the nucleus in response to stress (Huang & Hopper, 2016). Recent research has focused on how the “econ-
omy” of tRNA availability and mRNA codon usage is regulated in response to stress or other stimuli. In response to
oxidative stress, hyperosmotic stress, and heat shock, the abundance of subsets of tRNAs has been shown to change in
yeast, possibly in order to increase the relative translation efficiency of specific transcripts encoding proteins required
for adaptation to stress (Torrent, Chalancon, de Groot, Wuster, & Madan Babu, 2018). tRNAs can also undergo retro-
grade transport to the nucleus, both in normal conditions, as part of their maturation or quality control, and during
nutrient deprivation (Dhakal et al., 2019; Kramer & Hopper, 2013; Ohira & Suzuki, 2011; Shaheen & Hopper, 2005).
Following oxidative stress, nuclear accumulation seems to be tRNA-specific (Schwenzer et al., 2019), raising the possi-
bility that the translation of codon-biased mRNAs can be regulated by changes in the subcellular distribution of tRNA.
The structural and functional status of tRNA molecules is regulated through extensive posttranscriptional modifica-
tions, mediated by epitranscriptomic writer enzymes (de Crécy-Lagard et al., 2019; Schimmel, 2018). The tRNA antico-
don loops are a particular hotspot for modifications, predominantly at position 34, the “wobble” base (Boccaletto et al.,
2018), where they allow for decoding of synonymous codons and restrict pairing with noncognate codons (Agris,
Vendeix, & Graham, 2007). Remarkably, in yeast cells exposed to oxidative stress, an increase in methylation of the
cytosine in position 34 of tRNALe“(SAA) molecules results in selective translation of stress-response transcripts con-
taining a TTG codon (Chan et al., 2012). Treatment with different alkylating agents also results in specific tRNA modifi-
cation patterns (Chan et al., 2015). In mammals, a specialized tRNAS® containing a 5-methoxycarbonylmethyluridine
(mcm°U) at the wobble base decodes the rare amino acid selenocysteine, which is enriched in proteins involved in the
response to ROS. The mcm>U modification is mediated by the methyltransferase ALKBHS, which has been found to be
necessary for the response to ROS as well as for the growth of certain tumors (Begley et al., 2013; Endres et al., 2015).

3.2 | tRNA fragments

Fragments generated from pre-tRNAs and mature tRNAs, collectively known as tRNA-derived small non-coding RNAs
(tsncRNAs), have also been implicated in the response to cell stress, as well as in several other biological processes (Fu
et al., 2009; Kawaji et al., 2008; Thompson, Lu, Green, & Parker, 2008). Among the sub-groups of tsncRNAs, which
have been extensively reviewed elsewhere (Shen et al., 2018), it is the role of tRNA-derived stress-induced halves
(tiRNAs) that is most relevant and well-studied with respect to the stress response (Fu et al., 2009). In mammals, the
secreted ribonuclease angiogenin (ANG) mediates cleavage of mature tRNAs within the anticodon loops to produce
tiRNAs as either 5 or 3’ halves (Fu et al., 2009). In response to stress, ANG is transcriptionally upregulated (Kishimoto
et al., 2012; Pereira, Liao, Neale, & Hendershot, 2010), leading to the accumulation of tiRNAs (Thompson et al., 2008;
Yamasaki, Ivanov, Hu, & Anderson, 2009). This induces the formation of stress granules and reduces global protein
synthesis in a phospho-eIF2a-independent manner (Emara et al., 2010; Yamasaki et al., 2009). Specifically, 5’ tiRNAA®
and 5 tiRNAY® displace the eIF4F complex, thus preventing cap-dependent translation initiation (Ivanov, Emara,
Villen, Gygi, & Anderson, 2011). Both stress granule formation and translational repression activities are dependent on
the presence of a 5' terminal oligoguanine (5 TOG) motif on the tiRNAs (Lyons, Achorn, Kedersha, Anderson, &
Ivanov, 2016). Since 5 TOG-containing tiRNAs do not affect cap-independent translation, it has been hypothesized that
IRES-containing mRNAs might be exempted from this tiRNA-mediated repression, which would thereby redirect pro-
tein synthesis toward stress survival strategies (Lyons, Fay, Akiyama, Anderson, & Ivanov, 2017). The translational
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silencer protein YBX1 (YB-1) associates with tiRNAs and was initially thought to assist in the inhibition of translation
initiation (Ivanov et al., 2011). However, more recent studies have detailed the role of YBX1 as being fundamental for
tiRNA-induced stress granule formation, but not for translational repression (Lyons et al., 2016). Interestingly, YBX1
might also be acting as a tumor suppressor upon interaction, in a sequence-specific manner, with a class of tsncRNAs
that contain CU-box motifs and competitively displace endogenous oncogenic transcripts from YBX1 resulting in their
destabilization and consequent post-transcriptional suppression (Goodarzi et al., 2015).

In addition to being crucial for the correct functioning of tRNAs in several ways, some post-transcriptional tRNA
modifications also affect ANG-mediated tRNA cleavage in response to stress. For example, in various tRNAs methyla-
tion of cytosine carbon-5 (m°>C) is catalyzed at position 38 by DNMT2 and at positions 48 and 49 by NSUN2. These
modifications protect against stress-induced ANG-mediated tRNA cleavage (Blanco et al.,, 2014; Goll et al., 2006;
Schaefer et al., 2010) and deletion of DNMT2 or NSUN?2 results in accumulation of tiRNAs and increased sensitivity
to thermal and oxidative stress (Blanco et al., 2014; Schaefer et al., 2010). Furthermore, NSUN2 and other m°C RNA
methyltransferase family members are repressed in response to oxidative stress, leading to site specific loss of m°C in
tRNAs which in turn affects the biogenesis of tRNA fragments. In particular, there is an increase in tRNA fragments
derived from tRNACMCTO), which reportedly act to repress protein synthesis and adapt cell cycle progression to the
early stress response (Gkatza et al., 2019). Although as yet unproven, it is probable that post-transcriptional tRNA
modifications also modulate the functionality of tsncRNAs and it would be informative for future studies to address
this possibility (Goodarzi et al., 2015). In some of these studies, it may be that the levels of transfected tiRNAs exceed
physiological levels, which would have artifactual effects on translation. Only a minor fraction (<5%) of the tRNA
pool is cleaved (Anderson & Ivanov, 2014), with the abundance of specific 5’ tiRNA species being comparable to the
most prevalent miRNAs (Cole et al., 2009); however, the transfection efficiency of tiRNAs can be variable. Future
research will hopefully shed a light on the biological significance of tiRNAs and other tsncRNAs in the stress
response.

In conclusion, a role for tRNA abundance, modification, and fragmentation in regulation is starting to be delineated
(Figure 1f). However, to understand the broader relevance of tRNAs and tsncRNAs in the context of response and adap-
tation to cellular stress, several questions remain to be addressed. For example, although correlations between transla-
tion efficiency and tRNA abundance have been identified, little is currently known about the underlying regulatory
mechanisms. To address this question, it would be necessary to be able to discern the portion of charged from
uncharged tRNA. The spatiotemporal organization of tRNAs in response to stress is also a promising area to investigate.
Moreover, it remains to be fully understood why only specific subsets of these tiRNAs are functional and how these spe-
cific tiRNAs mechanistically reprogram cellular translation (Lyons et al., 2017). The scope of future research in the field
will obviously rely on the development of new and improved research tools. At present, multiple different methods
have been published that allow for the quantification of tRNAs via high-throughput sequencing (Cozen et al., 2015;
Gogakos et al., 2017; Pang, Abo, Levine, & Dedon, 2014; Shigematsu et al., 2017; Zheng et al., 2015), but a direct com-
parison among them is not yet available and there is currently no consensus about a gold standard in the field. Analysis
of tRNA sequencing data also presents some challenges: for example, different alignment approaches can yield different
estimates of tRNA abundance from the same reads (Wu, Yao, Ho, Lambowitz, & Wilke, 2018). Moreover, current align-
ment methods do not account for errors in cDNA due to tRNA modifications at defined positions. However, develop-
ments in mass spectrometry-based RNA sequencing (Oberacher, Mayr, & Huber, 2004) and nanopore sequencing may
provide complementary or alternative methods to quantify and characterize tRNA which do not rely on cDNA (Smith,
Abu-Shumays, Akeson, & Bernick, 2015).

4 | TRANSITIONING FROM ACUTE TO CHRONIC RESPONSE DURING ER
STRESS

As the first compartment involved in the secretory pathway, the endoplasmic reticulum (ER) is the site at which trans-
lation, folding, and initial sorting occur for proteins destined for other organelles or the extracellular space. This spatial
restriction creates a bottleneck in the protein production pipeline and, in certain circumstances, the protein folding load
in the ER exceeds its protein folding capacity, resulting in an accumulation of unfolded or misfolded proteins. This situ-
ation is commonly referred to as ER stress and it activates the unfolded protein response (UPR). Overexpression or
mutations in secreted proteins, as well as disturbances in calcium homeostasis, are common causes of ER stress; how-
ever, other types of stress also often result in ER accumulation of unfolded proteins. For example, during hypoxia,
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oxygen-dependent protein-folding processes are impaired, while perturbations in the redox state of the ER interfere
with disulfide bond formation (Grootjans, Kaser, Kaufman, & Blumberg, 2016). Excessive protein folding in the ER can
also lead to the formation of ROS, strongly linking the UPR with oxidative stress (Zeeshan, Lee, Kim, & Chae, 2016).

The UPR is activated in the ER via three evolutionary distinct branches, each dependent on one of three stress sen-
sors embedded in the ER membrane: inositol-requiring enzyme 1 (IRE1), protein kinase R (PKR)-like endoplasmic
reticulum kinase (PERK), and activating transcription factor 6 (ATF6) (Figure 3). In all cases, central to stress sensing
is the ER-resident chaperone BiP, also known as GRP78.

In order to reestablish the correct protein folding homeostasis, the UPR initiates mechanisms aimed at either reduc-
ing the protein folding load, for example by halting translation and degrading proteins and RNA, or increasing the pro-
tein folding capacity, through the upregulation of ER chaperones (Diaz-Villanueva, Diaz-Molina, & Garcia-Gonzilez,
2015). However, an unresolved but important question concerns how the response pathways are coordinated over time.

41 | PERK orchestrates the translational response during different stages of the UPR

In its early, acute phase, the UPR is characterized by a substantial repression of translation mediated by PERK-induced
phosphorylation of eIF2a (Harding, Zhang, Bertolotti, Zeng, & Ron, 2000). Interestingly, if PERK is inhibited over lon-
ger treatments, the levels of phospho-eIF2a decrease initially but are restored within 2 hr, hinting at a safety mecha-
nism that allows for other eIF2a kinases to substitute PERK during the chronic UPR (Guan et al., 2017). Translational
repression is then slowly relieved over longer treatments, as the cell gradually adapts to the stressful condition during a
phase that is generally thought of as the chronic UPR (Novoa et al., 2003). This adaptation is partly the result of the
upregulated expression of elF2a phosphatase GADD34 (Ma & Hendershot, 2003; Novoa et al., 2003). However,
throughout this recovery the levels of phospho-elF2u are reduced, but not depleted, suggesting that phosphorylation
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alone might not be sufficient to maintain the chronic UPR (Guan et al., 2017). Importantly, the chronic UPR is revers-
ible and does not necessarily commit cells to apoptosis, with cells being able to fully recover protein synthesis and
restore proliferation upon removal of the stress (Guan et al., 2017).

Several studies have integrated various high-throughput technologies—such as RNA sequencing, proteomics, ribo-
some footprinting, and protein occupancy profiling—to investigate transcriptional and post-transcriptional regulation
strategies across different stages of the UPR (Gonen, Sabath, Burge, & Shalgi, 2019; Guan et al., 2017; Reid, Chen, Tay,
Shenolikar, & Nicchitta, 2014; Rendleman et al., 2018). The remarkable concordance across these studies allows us to
identify some important trends, from which some intriguing hypotheses emerge.

Although translation is globally reduced as part of the stress response, transcripts that encode ER targets—such as
transmembrane proteins, glycoproteins, and disulfide bond-containing proteins—are predominantly affected, and their
translation remains repressed even after the global translational arrest is relaxed (Guan et al., 2017; Reid et al., 2014;
Rendleman et al., 2018). Spatial reorganization also appears to be crucial in the regulation of ER-target mRNAs, as they
were found to be released into the cytosol from the ER, together with a portion of their associated ribosomes, after only
30 min of ER stress (Reid et al., 2014). Surprisingly, while several of these transcripts are translationally stalled follow-
ing ER release, some are still partially translated in the cytosol, suggesting that the primary aim of this phenomenon is
to prevent these proteins from entering the ER rather than from being synthesized. Remarkably, the UPR-triggered
release seems to exempt a certain class of ER-associated transcripts, specifically those that encode proteins involved in
the degradation and removal of proteins from the ER (Reid et al., 2014). It is interesting that this exemption does not
extend to mRNAs encoding ER chaperones, suggesting that load-reducing strategies are likely to be given priority tem-
porally over strategies that increase protein-folding capacity (Reid et al., 2014). The mechanism by which this phenome-
non is regulated is currently not characterized, but it is likely to involve a finely tuned coordination of the interactions
between the ER, the ribosome, the nascent chain, and the RNA itself, as well as the modulation of the activity of RNA-
binding proteins.

PERK-dependent general translation repression during the early UPR is accompanied by an increase in the transla-
tion of ATF4 and hundreds of additional transcripts that, unsurprisingly, show an enrichment for the presence of 5’
UTR uORFs (Guan et al., 2017; Rendleman et al., 2018). However, several of the translationally upregulated mRNAs do
not contain uORFs, indicating that different mechanisms might influence transcript-specific translation regulation dur-
ing the UPR. In fact, TISU elements are found in the 5 UTR of several transcripts encoding mitochondria-localized pro-
teins, which are also significantly enriched among the upregulated mRNAs. These mitochondrial proteins are
predominantly involved in one-carbon metabolism, implying an association between ER stress and a shift in energy
metabolism. Moreover, an increase in translation was found to be accompanied by increased protein occupancy in the
3’ UTR of the transcripts, suggesting a partly unexplored role for RNA-binding proteins in the UPR (Rendleman
et al., 2018).

A significant increase in translation was also observed across different studies for transcripts encoding histones and
other DNA-binding proteins, suggesting that ER stress-related chromatin rearrangements may occur (Gonen et al.,
2019; Guan et al., 2017; Reid et al., 2014).

While the early UPR induction programme relies almost solely on an increase in translation of select mRNAs, in
the late UPR a considerable number of genes specific to the ER stress response, as well as genes involved in the biosyn-
thesis of amino acids, are upregulated coordinately at the transcriptional and translational levels (Gonen et al., 2019;
Guan et al.,, 2017; Novoa et al., 2003; Reid et al., 2014; Rendleman et al., 2018). A small number of targets are only
translationally upregulated during the chronic UPR (Guan et al., 2017; Rendleman et al., 2018). Surprisingly, however,
transcriptional and post-transcriptional regulation was found to be in discordance for several genes. For example, the
transcription of DNA repair genes is enhanced early in the response, whereas the translation of the corresponding tran-
scripts is paused. This phenomenon might be common across the response to different stresses, as the same pattern was
observed in cells subjected to oxidative stress (Rendleman et al., 2018). This has been proposed to be a case of
“transcriptional priming,” where cells induce bulk transcription of certain genes so that their translation can later be
fine-tuned depending on the outcome of the stress response, thus providing a certain degree of maneuverability in the
determination of cell fate (Rendleman et al., 2018).

Therefore, the later stages of the stress response are not a simple amplification of the early UPR, nor should the
adaptive recovery of translation be considered merely a reversal of the initial inhibition. Rather, the chronic UPR seems
to encompass a profound reprogramming of the translational apparatus, with recent insights painting a surprising,
although possibly still incomplete, picture. For example, during the chronic UPR, the requirement for eIF2B appears to
be bypassed; it has been reported that depletion of the catalytic subunit of eIF2B, eIF2Be, impairs the early preferential
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translation of stress-responsive transcripts, but does not affect the later recovery of protein synthesis nor the translation
of the same genes (Guan et al., 2017). Moreover, evidence from the same study suggests that, during the chronic UPR,
translation initiation also seems to be at least partially independent of eIF4F. In fact, the recovery of translation is
affected only moderately by eIF4E depletion, inhibition of eIF4F assembly, or inhibition of eIF4A activity, which all sig-
nificantly impair translation initiation in unstressed cells. In addition, the association of eIF3 with mRNA and with the
ribosome is increased during ER stress, and depletion of certain eIF3 subunits differentially affects the translation of
specific stress-responsive transcripts. When co-treating the cells with a PERK inhibitor for the final part of an ER stress-
inducing treatment, these effects are reversed. Therefore, a model was proposed in which, during the chronic UPR,
translation initiation is switched, via activation of the PERK pathway, to a system where the critical role in the recruit-
ment of the mRNA to the 40S subunit is played by eIF3 (Guan et al., 2017).

4.2 | The intricate cooperation among the three branches of the UPR

While PERK acts mainly on global translation levels, and then indirectly on transcription via ATF4, the response
elicited by IRE1 and ATF6 occurs predominantly at the transcriptional level. The most evolutionarily conserved branch
of the UPR is activated by IRE1 (Cox et al., 1993), an ER-transmembrane endonuclease with the RNase domain facing
the cytoplasm. Upon ER accumulation of unfolded proteins, IRE1 undergoes trans-autophosphorylation and
dimerisation, and is then able to splice the Xbpl mRNA into Xbpls, which encodes the functional version of transcrip-
tion factor XBP1 (Calfon et al., 2002). Interestingly, cytoplasmic splicing not only provides the correctly spliced version
of Xbpl, but also increases its stability when paired with low levels of translation (Majumder et al., 2012). This results
in cytoplasmic accumulation of Xbpls mRNA during the early UPR, ready to be translated as soon as translational
repression is relaxed in later stages of the response (Majumder et al., 2012). After relocating to the nucleus, XBP1
enhances the transcription of its own gene as well as some ER-target genes including EDEM1 and chaperones of the
DnalJ/Hsp40 family (Acosta-Alvear et al., 2007). EDEM1, together with other proteins of the EDEM family, is involved
in the targeting of terminally misfolded glycoproteins for ER-associated protein degradation (ERAD), a process in
which proteins are retro-transported to the cytosol, ubiquinated, and degraded by the proteasome (Hwang & Qi, 2018).
Importantly, IRE1 activation also leads to promiscuous endoribonuclease activity, resulting in mRNA decay at the ER
membrane, a process called regulated IRE1-dependent decay (RIDD), which helps to further reduce the protein load in
the ER (Hollien et al., 2009; Hollien & Weissman, 2006).

The remaining arm of the UPR is activated when, upon accumulation of unfolded proteins, BiP disassociates from
ATF6 thus exposing its two Golgi localization sequences. As a result, ATF6 is relocated to the Golgi, where the trans-
membrane and luminal domains can be cleaved by Golgi-located Site 1 and Site 2 Proteases (S1P and S2P)(Hillary &
FitzGerald, 2018). The cytoplasmic domain is then released and can enter the nucleus, where it enhances the expression
of—among several other stress-related targets—EDEM1, ER-resident protein disulfide isomerase PDIA6, and BiP itself
(Shoulders et al., 2013; Vekich, Belmont, Thuerauf, & Glembotski, 2012). In addition to proteotoxic stress, the UPR can
be induced by an increase in sphingolipids or by general lipid bilayer stress (LBS). Although the main effectors—IREL,
ATF6, and PERK—are still involved, the method by which the stress is sensed and the downstream effects are different.
In response to LBS, ATF6 induces transcription of lipid biosynthetic and metabolic genes, but not ER chaperones
(F. H. Fun & Thibault, 2019; Tam et al., 2018). It has been proposed that these differences might be controlled through
post-translational modifications on ATF6, providing an important additional layer of regulation during the UPR (Tam
et al., 2018).

Several positive reinforcement mechanisms exist among the three branches of the UPR. For example, it has been
reported that both the expression of ATF6 and its relocation to the Golgi are enhanced by the PERK/ATF4 pathway
(Teske et al., 2011). In addition, ATF6 promotes transcription of Xbpl thus boosting the IRE1 arm of the UPR
(Yoshida, Matsui, Yamamoto, Okada, & Mori, 2001).

However, the PERK pathway also seems to have a restraining effect on the other two arms of the UPR by attenuat-
ing the induction of a set of ATF6 and XBP1 targets, particularly sterol and lipid biosynthesis genes, at both the tran-
scription and the translation levels (Gonen et al., 2019). ATF6-target PDIA6 might also play a role in limiting the levels
of IRE1 activation (Eletto, Eletto, Dersh, Gidalevitz, & Argon, 2014). In addition, in case of persistence of the ER stress
conditions, PERK seems to steer the cell response away from adaptive strategies (such as ERAD and RIDD) and toward
apoptosis by eliciting loss of activation of IRE1 through the phosphatase RPAP2 (Chang et al., 2018).
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The coordination among different UPR pathways is therefore very intricately regulated, in an effort to achieve an
appropriate and effective response. Aberrant regulation of the UPR, or an imbalance among the pathways, particularly
in situations that require the production and/or secretion of a large amount of proteins, can contribute to the pathogen-
esis of several diseases. For example, the IRE1 and PERK pathways need to be carefully balanced to avoid aberrant adi-
pocyte differentiation, while disruption of any of the UPR arms can lead to the insurgence of diabetic states (Wang &
Kaufman, 2012). Moreover, chronic PERK hyperactivation leads to neurodegeneration, and indeed compounds that
attenuate phospho-elF2a-mediated translational repression were found to have a neuroprotective effect on mice models
of dementia (Halliday et al., 2017). In general, the use of small molecules that target the UPR at different stages is cur-
rently being investigated at multiple levels and for a variety of diseases (Hetz, Axten, & Patterson, 2019). In particular,
since the UPR is critical for tumor cell proliferation and tumor growth, it represents a promising path to explore for
cancer therapeutics.

5 | TARGETING THE STRESS RESPONSE IN CANCER THERAPY

Cells within the tumor microenvironment are exposed to severe sources of stress. Rapid proliferation creates a crowded
environment where cells have to survive in conditions of hypoxia, nutrient deprivation, metabolic dysfunction enhanc-
ing the generation of ROS, metabolic stress, and even mechanical stress (Chen & Xie, 2018; Liou & Storz, 2010; Wang
et al., 2017). The very fact that cancer cells are able to thrive within this environment shows an extraordinary capability
of adaptation. Crucially, cancer cells must sustain very demanding rates of protein production, which often results in
the accumulation of misfolded proteins in the ER and consequent activation of the UPR, as detailed above. Whereas
noncancerous cells shut down global protein synthesis to clear the backlog of misfolded proteins, cancer cells have
adapted to synthesize proteins in the presence of low level UPR activation by taking advantage of UPR regulatory mech-
anisms, such as the PERK pathway. For example, the phosphorylation of eIF2a drives the adaptive response in aggres-
sive prostate cancer (Nguyen et al., 2018) and translational reprogramming in malignant melanoma enhances ATF4
expression to promote metastasis and chemotherapeutic resistance (Falletta et al., 2017). Furthermore, ATF4 has been
shown to function cooperatively with the oncogene MYC to limit the expression of proteins that are targeted to the ER,
minimizing ER stress to levels that promote tumor survival and progression of lymphoma (Tameire et al., 2019).

Modulation and exploitation of the UPR has therefore been identified as a potential target leading to the develop-
ment of a number of different therapeutic compounds (Wang, Law, Castellano, & Law, 2018). Indeed, cancers charac-
terized by a high basal level of ER stress, like multiple myeloma (MM), are typically treated with proteasome inhibitors
to induce excessive ER stress and activate cell death pathways. Importantly, the absence of XBP1 was shown to enhance
MM chemotherapeutic resistance (Leung-Hagesteijn et al., 2013), suggesting that targeting different pathways simulta-
neously could be highly advantageous.

As PERK has been shown to be required for metastatic progression (Feng et al., 2017), PERK inhibitors have been
developed to specifically block the translational reprogramming capacity of tumor cells, although their clinical applica-
tion has been prevented by off-target toxicity that is likely due to the extensive and essential role of PERK in non-
cancerous secretory tissue such as the pancreas (Gao et al., 2012; Harding et al., 2001). However, direct targeting
downstream of PERK signaling, for example, at the level of e[F2a phosphorylation and translational reprogramming,
provides a window of opportunity for the development of novel therapies. As described earlier in the review, the phos-
phorylation of elF2a inhibits global protein synthesis and promotes translational reprogramming by sequestering its
GEF eIF2B. Relieving eIlF2B inhibition with the small molecule ISRIB (Sekine et al., 2015; Sidrauski et al., 2015)
reduces tumor cell adaptation to restrict growth and invasion of melanoma (Falletta et al., 2017) and aggressive prostate
cancer (Nguyen et al., 2018). While the targeting of eIF2a signaling with ISRIB has shown extremely positive antitumor
activity (Falletta et al., 2017; Nguyen et al., 2018), ISRIB only inhibits the ISR when eIF2a phosphorylation is below a
critical threshold (Rabouw et al., 2019) which is likely cell- and tissue-type specific. More importantly, the relatively
poor solubility of ISRIB is likely to limit its clinical application. Nonetheless, these studies illustrate that chemical
targeting of these pathways is a viable option to limit cancer cell proliferation and adaptation to stress, and more effort
must be made to identify other compounds that target these pathways.

Genome scale CRISPR-Cas9 screens are revolutionizing cancer research as they allow for the identification of
swathes of genes that appear critical for cancer cell survival and cell fitness, thus highlighting an array of potential ther-
apeutic targets (Behan et al., 2019; S. Chen et al., 2015; Yamauchi et al., 2018). Gene ontology (GO) annotation of genes
that are deemed essential for cancer cell fitness (Table S1) (Behan et al., 2019) shows that a number of these genes
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FIGURE 4 Schematic representation of GO
annotation of cancer fitness genes and RBPs.

(a) Number of cancer fitness genes (left box, data from
Behan et al., 2019) and RBPs (right box, data from
Queiroz et al., 2019; Trendel et al., 2019) annotated with
GO terms for UPR (purple), starvation (red), and
hypoxia (yellow/orange). The overlap between Venn
diagrams indicates the number of genes listed as both
cancer fitness genes and RBPs, annotated with each of
the GO terms mentioned above. (b) Heatmap showing a
subset of cancer fitness genes involved in the UPR

(y axis, n = 21 for GO:0030968) and their importance
across cancer types (x axis). Red = important for cancer
fitness; white = not important for cancer fitness. GO,
gene ontology; RBPs, RNA-binding proteins

(93 out of 7,470 cancer fitness genes) are associated with the cellular response to starvation, hypoxia, or the UPR
(Figure 4a) adding support to the notion that cancer cells are able to take advantage of evolutionarily conserved stress
response pathways to promote survival. The overlap was particularly striking for the UPR, where 20% of all the human
proteins included in the GO term (G0:0030968) were also found to be essential in the fitness screen. The apparent
requirement of the genes varies in different cancer types (Figure 4b), possibly reflecting tissue- and cancer-type specific
dependencies that could potentially be exploited for therapeutic intervention. However, due to the inherent issues asso-
ciated with this type of screens, it will be necessary to validate the findings of these studies at the single gene level.
Importantly, as extensively reviewed previously and reiterated in the sections above, RNA-binding proteins are



PIZZINGA E . A 15 of 22
i B WiREs_\W L E Y- Lo

emerging as critical regulators of the cell response to stress and of cancer adaptation (Harvey et al., 2017). Accordingly,
GO annotation of all proteins currently annotated as RBPs (taken from [Queiroz et al., 2019; Trendel et al., 2019])
shows that a number of RBPs have already been associated with the cellular response to starvation, hypoxia, or the
UPR (Figure 4a, Table S1), and at least half of these proteins were found to be essential in the cancer fitness screen
(Behan et al., 2019).

These observations contribute to the intriguing suggestion that cancer cells might rely on the modulation of the
expression or the RNA-binding activity of some stress-related RBPs, possibly to regulate specific mRNA translation/
repression. Therefore, the regulation of the RNA-binding activity of RBPs represents a potentially underappreciated
aspect of the cell adaptation response to stress and warrants further investigation and validation in the context of cancer
survival and proliferation.

6 | CONCLUSIONS

Considering the remarkable progress that has been made toward understanding the cell response to stress and the
related post-transcriptional regulation events, it is important to reflect on the important challenges that remain to be
addressed. In physiological conditions and in disease, different types of stress are likely to be encountered simulta-
neously, not least because one frequently arises as a consequence of another. Defining the extent of the overlap among
responses to different stimuli, as well as the cross-talk among distinct pathways within the same response, represents
another key challenge. Moreover, it is not yet completely clear how and when the transition among different phases of
the stress response is determined and what measures are undertaken to ensure that the cell maintains maneuverability
until the commitment to a specific fate.

Techniques that allow for the dynamic interrogation of the transcriptome, translatome, and proteome provide ever
increasing resolution into the molecular details underlying the complexity of the stress response. Similarly, as RBP-
isolating techniques (Castello et al., 2013; Queiroz et al., 2019; Trendel et al., 2019) become more sensitive and more
applicable to dynamic contexts, our understanding of the involvement of RBPs in the stress response will likely expand.
Since cancer cells are known to take advantage of the stress response in several ways, especially the UPR, in order to
proliferate in adverse conditions, improved understanding of these processes may inform the design of novel cancer
therapeutics.
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