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survive these conditions to ultimately drive tumor progression. Tight control of mRNA translation is critical for
this response and the adaptation of tumor cells to such stress forms. This proceeds though a translational
reprogramming process which restrains overall translation activity to preserve energy and nutrients, but
which also stimulates the selective synthesis of major stress adaptor proteins. Here we present the different reg-
ulatory signaling pathways which coordinate mRNA translation in the response to different stress forms, includ-
ing those regulating elF2a, mTORC1 and eEF2K, and we explain how tumor cells hijack these pathways for
survival under stress. Finally, mechanisms for selective mRNA translation under stress, including the utilization
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1. Introduction

Tumors often grow within hostile microenvironments characterized
by different stress conditions such as hypoxia and nutrient deprivation
(ND) due to defective tumor vasculature, or genotoxic and oxidative
stress induced by rapid cell division or therapy [1-4]. Tumor cells
must manage these and other stresses, and their ability to respond to
each stress form will determine tumor progression and ultimately pa-
tient outcome. At the cellular level, the stress response relies on both en-
ergy preservation and the generation of an adaptive response, which
combine to maintain cell survival. However, the mechanisms of stress
adaptation proceed at the expense of tumor proliferation, representing
a dilemma for tumor cells during tumor progression.

One major path to adaptively respond to stress is through the tight
control of mRNA translation [2,4]. Indeed, mRNA translation is a highly
energy-consuming process [5] which is typically inhibited in response
to a number of stress forms in most tumor cells [1,2], allowing them
to preserve energetic balance. In addition to saving energy, reducing
overall mRNA translation prevents the synthesis of proteins that
would otherwise interfere with the adaptive stress response [6]. How-
ever, the global decrease in translation occurs in conjunction with the
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selective synthesis of specific proteins which are involved in the adap-
tive response to stress [1,2]. Reduced mRNA translation activity under
stress occurs predominantly at the initiation step [2,7], which is the
rate-limiting step of mRNA translation, but in few notable cases it occurs
at the elongation step [8-11]. In this review we will discuss how tumor
cells control overall protein synthesis in response to various stresses, as
compared to normal cells.

1.1. Stress signaling pathways and translational control

There are several highly conserved signaling pathways which con-
trol mRNA translation activity to couple overall translation rates to
rapid changes in the extracellular milieu, and which tumor cells hijack
to adapt to stress. These regulatory pathways orchestrate adaptive re-
sponses to stress by restraining overall translation and by stimulating
selective synthesis of stress adaptive proteins [1,2]. Historically, most
of the current understanding of translational control under cell stress
has been from earlier investigations of endoplasmic reticulum (ER)
stress and the unfolded protein response (UPR). ER stress is induced
by an accumulation of unfolded or misfolded proteins in the ER lumen
[12]. This leads to activation of the UPR, which collectively induces
three parallel signaling pathways to effectively decrease global mRNA
translation, degrade misfolded proteins, and increase synthesis of mo-
lecular chaperones and other factors in order to reduce ER stress and re-
gain protein folding homeostasis [12,13]. The UPR induces three main
effectors, namely the three ER transmembrane proteins, protein kinase
RNA-like endoplasmic reticulum kinase (PERK), activating transcription
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factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1), which collabo-
rate to reprogram gene expression to increase protein quality control
capacity through selective synthesis of chaperones, 78 kDa glucose-
regulated protein (GRP78)/binding immunoglobulin protein (BiP), X-
box binding protein 1 (XBP1), CCAAT-enhancer-binding protein homol-
ogous protein (CHOP), ATF4, and other factors, as has been expertly
reviewed elsewhere [12,14]. If ER stress is severe and the UPR cannot
compensate, this can lead to apoptosis, such as occurs with enhanced
protein synthesis rates accompanying rapid proliferative rates, or as a
result of high mutational burden in tumor cells. Indeed, ER stress is in-
duced following diverse stress forms [15-17], and is increasingly
viewed as a convergent downstream consequence of multiple stress
types [18]. Therefore we will not further discuss ER stress in this review,
focusing instead on other microenvironmental stress forms that can act
upstream to induce ER stress, including hypoxia and nutrient depriva-
tion, as well as oxidative and genotoxic stress.

Common to the regulation of mRNA translation under different
stress types, including ER stress, is the translation initiation factor, eu-
karyotic translation initiation factor 2« (elF2at). The activity of elF2a
is directly restricted by four stress-sensing kinases, namely PERK,
which as mentioned is activated under ER stress as part of the UPR, as
well as protein kinase RNA-activated (PKR), general control non-
derepressible 2 (Gecn2) and heme-regulated inhibitor (HRI), each of
which senses and responds to specific cellular stresses such as ER stress,
hypoxia, ND, and oxidative stress [1,15]. Activation of these kinases di-
rectly leads to phosphorylation of elF2q, in turn reducing the ability of
this protein to recruit methionyl-initiator tRNA to the 40S ribosomal
subunit, thus compromising the assembly of the translation initiation
complex [19]. Paradoxically, elF2ae phosphorylation favors the selective
translation of subsets of transcripts, depending on the stress type,
through alternative translation regulatory mechanisms (see below) [1].
Another common and critical regulator of mRNA translation under stress
is mammalian target of rapamycin complex 1 (mTORC1), which stimu-
lates cap-dependent translation initiation by preventing the binding of
elF4E binding protein (4EBP) to the translation initiation factor elF4E,
and by inducing the phosphoprotein 70 ribosomal protein S6 kinase
(p70S6K) which controls ribosomal protein S6 activity [20]. The
mTORC1 complex is inactivated by nutrient deprivation, hypoxia and ox-
idative and genotoxic stress through different mechanisms, which re-
stricts global protein synthesis [21]. However, the reduction in cap-
dependent translation activity that occurs as a consequence of mTORC1
inhibition promotes cap-independent translation to support selective
mRNA translation [22]. Finally, the other major regulator of protein syn-
thesis in response to stress is the eukaryotic elongation factor 2 (eEF2) ki-
nase (eEF2K) which directly controls the activity of the translation
elongation factor eEF2 [23-25]. In response to ND, hypoxia and oxidative
and genotoxic stress, eEF2K is activated, leading to phosphorylation and
inactivation of eEF2, in turn preventing protein synthesis [26]. This path-
way allows for the strict regulation of mRNA translation specifically at the
elongation step in response to cell stress.

1.2. Selective translation mechanisms under cell stress

Several alternative translation mechanisms have emerged to
circumvent the overall translation arrest that occurs under cell stress,
in order to support the selective synthesis of stress adaptive proteins
[1,2,4,27,28]. This translational reprogramming is exploited by tumor
cells to enhance their protection against stress [22,29,30]. One key
mRNA which undergoes selective translation is ATF4, a ER stress-
induced transcription factor that activates transcription of downstream
stress-response genes such as CHOP, components of the endoplasmic-
reticulum-associated protein degradation (ERAD) machinery, and
molecular chaperones [14,31]. Translational inhibition due to elF2a
phosphorylation leads to selective translation of ATF4, therefore
reprogramming gene expression under stress. Analysis of the mecha-
nism led to the identification of upstream open reading frames

(uOREFs) in the 5’ untranslated region (UTR) of the ATF4 message [27].
It is now estimated that ~50% of mammalian transcripts may possess
at least one uORF [32,33]. In general, under homeostatic conditions,
UuOREFs are inhibitory by preventing the scanning ribosomes from trans-
lating the main ORFs [34,35]. However, under stress conditions, for
some UORF-containing mRNAs, ribosomes can bypass the uORFs via a
reinitiation mechanism to allow translation of the main ORF [34-36].
Mechanistically, stress-mediated phosphorylation of el[F2c lowers the
pool of functional elF2, thereby allowing time for reinitiating ribosomes
to assemble a translation initiation complex after scanning past the
uORFs [34,35]. As a consequence, increased numbers of ribosomes are
available to initiate translation from downstream main ORFs.

Other uORF-containing mRNAs are also selectively translated under
stress, such as GADD34, CHOP and ATF5 [34,37,38]. For some mRNAs,
translation proceeds via a re-initiation mechanism such as for ATF4,
which is regulated by two uORFs in its 5’'UTR. However, other mRNAs
such as GADD34 are regulated by a single uORF, thus precluding the
use of a re-initiation mechanism [37]. How can scanning ribosomes by-
pass a regulatory uORF within a 5’'UTR? It has been proposed that the
single uORF within the 5’UTR may use a leaky scanning whereby scan-
ning ribosomes may under certain conditions circumvent the AUG start
codon of the uORF and proceed to initiate translation at the main ORF
[14]. Alternatively, a recent paper revealed that density regulated protein
(DENR) and multiple copies in T-cell lymphoma-1 (MCT-1) factors can
promote re-initiation of uORFs, thus providing another mechanism of
uORF ribosome bypass [39]. Moreover, it was shown that DENR and
MCT-1 factors are required for proliferation and control translation of a
subset of uORF-containing mRNAs [39]. It remains to be seen whether
DENR and MCT-1 proteins have a wider role in the translation of other
UuORF-containing mRNAs during cellular stress. In contrast, some uORFs
are selectively translated under specific conditions such as genotoxic
and oxidative stress, although the mechanisms remain unknown [8,40].

Another key mechanism of alternative translation in response to
stress is through cap-independent translation using an internal
ribosome-entry site (IRES). Such elements are present in the 5'UTRs of
specific transcripts such as cellular inhibitor of apoptosis protein-1
(cIAP1), X-linked inhibitor of apoptosis protein (XIAP), and p53. These
elements allow direct recruitment of ribosome subunits without requir-
ing the presence of certain cap-dependent initiation factors such as
elF4E [1,6,41]. Even though some authors support that 3-5% of all cellu-
lar mRNAs may contain IRES elements [42], their ability to support effi-
cient translation in eukaryotes is still a matter of debate [43-45]. Under
stress conditions when cap-dependent translation is blocked (due to
mTORC1 inhibition), cap-independent translation may become preva-
lent [2,22]. Together, such mechanisms allow tumor cells to synthesize
proteins required for stress adaptation, even though overall translation
is attenuated [46-48]. In this review, we will focus on translational con-
trol that occurs under stress forms induced within the tumor microen-
vironment, namely hypoxia, nutrient deprivation, and oxidative and
genotoxic stress. For these stress forms, each of which can induce ER
stress, we will describe their impact on overall translation activity as
well as the signaling pathways which link stress sensing to the control
of mRNA translation. Finally, the selective translation mechanisms
employed under each of stress type will be presented.

2. Control of translation under hypoxia

The translational response to prototypical stress forms is exempli-
fied by growth of cells under reduced oxygen tension, or hypoxia, and
so we will first discuss the effects of hypoxia on tumor cell mRNA
translation.

2.1. Tumor hypoxia

Hypoxia is a common feature of the tumor microenvironment and
one which tumors must manage in order to progress. At early stages
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of cancer, when tumors are avascular, hypoxia occurs as a consequence
of limitations in oxygen diffusion within the tumor milieu [3,49]. At
later stages, tumors remain intermittently under hypoxia as the devel-
oping tumor vasculature is highly abnormal and leaky [3,49]. As a result,
areas of extreme hypoxia (less than 0.02% O,) to moderate hypoxia
(0.5-1% 0,) are typically found within the same tumor tissues [50].
Hypoxia exerts a selective pressure on tumor cells to favor the emer-
gence of hypoxia-resistant tumor cells. These latter cells are defective
in apoptosis, and concomitantly acquire resistance to chemo- and
radio-therapy [51,52]. In addition, the level of hypoxia in tumors is asso-
ciated with poor prognosis [50], together supporting the notion that
hypoxia contributes to tumor aggressiveness. A well-described adaptive
response of tumor cells to hypoxia is the induction of hypoxia-inducible
factor 1o (HIF1at), whose levels are upregulated in most tumors as
compared to normal tissues [53,54]. This transcription factor induces
metabolic reprogramming for supporting survival under hypoxia, as
well as stimulating neoangiogenesis and tumor invasion [55]. As will
now be discussed, another major component of the adaptive response
of the tumor cell to hypoxia is through the control of mRNA translation.

2.2. Effects of hypoxia on overall translation rates

Hypoxia exerts significant effects on the control of mRNA translation
by affecting rates of overall translation. Given that hypoxia lowers ATP
production [56] and that mRNA translation is a highly energy-
consuming process [5], its rate needs to be properly reduced to preserve
energy under conditions of low oxygen levels [57]. Such a response is
critical to promote survival of both tumor and normal cells subjected
to prolonged hypoxia [58,59]. When considering how hypoxia might
impact overall translation rates, it is important to distinguish the effects
of moderate (0.5%-1% O,) from those of severe hypoxia (<0.02% O,).
Indeed, severe hypoxia induces a rapid inhibition of overall translation
(i.e. 1-4 h) in both tumor and normal cells [60-63]. Specifically, a 40-
60% reduction in protein synthesis rates is observed as little as 1 h fol-
lowing severe hypoxic treatment. In contrast, under moderate hypoxia,
the translation rate is only affected after prolonged treatment (i.e. 20—
24 h) [61]. In addition, while normal cells exhibit translation arrest
upon moderate hypoxia, tumor cells show a wide array of responses. In-
deed, few tumor cells are refractory to the translation block induced
under these conditions [64], whereas in most tumor cells examined
the translation rate is inhibited (by 40% to 80%) by moderate hypoxia
[64-66]. As discussed above, overall translation is primarily blocked at
the initiation step under hypoxia, as assessed by polysome profiling
and the inhibition of the elF2a translation initiation factor (see
Section 2.3) [60,62,67]. Translation elongation may also be inhibited in
addition to initiation, based on the moderate retention of polysomes
in tumor cells in response to hypoxia [60,62,67] and on the inhibition
of the main translation elongation factor, eEF2, under these conditions
(see Section 2.3).

2.3. Signaling pathways impacting mRNA translation and cell survival
under hypoxia

Specific signaling pathways induced by hypoxia, following distinct
kinetics, contribute to block mRNA translation both at the initiation
and elongation steps, to promote cell survival and to support tumor
growth under hypoxia. Here, we will discuss more specifically these sig-
naling pathways in the context of tumor cells.

2.3.1. PERK-elFP2a

During the early phase of the hypoxic response, elF2a rapidly be-
comes phosphorylated in tumor cells, leading to a block of translation
initiation. Under severe hypoxia, el[F2ac phosphorylation occurs ex-
tremely rapidly (in less than 1 h) [60,63,67], while under moderate hyp-
oxia this occurs at later time points (by 6 h) [63,65]. Inhibition of e[F2c
activity through its phosphorylation by PERK is a critical step leading to

mRNA translation arrest in response to severe hypoxia [29,60,61,63,68].
The PERK-elF2a pathway is thought to be induced by reactive oxygen
species (ROS) under hypoxia [68], and independently of HIF1«x [63]. In-
deed, moderate hypoxia leads to increased intracellular ROS [69,70],
and antioxidant treatment prevents elF2ac phosphorylation under
these conditions [68] (Fig. 1A). How ROS specifically induces PERK re-
mains unknown, although induction of increased misfolded protein
load and UPR activation is a possibility.

Induction of the PERK-elF2cx axis is exploited by tumors to favor cell
survival and tumor growth under hypoxia. Thus, blocking either PERK
or elF2a phosphorylation prevents survival of K-Ras¥!?-transformed
mouse embryonic fibroblasts (MEFs) and U373 glioblastoma cells
under both moderate and severe hypoxia [29,30], and inhibition of
this axis significantly reduces growth of tumor xenografts in mice [29,
46]. The latter is associated with higher rates of cell death in hypoxic re-
gions of tumors [29,30], supporting the notion that the PERK-elF2«x axis
supports tumor resistance to hypoxic conditions in vivo. In keeping with
this, elF2a phosphorylation was found to be higher in breast, lung and
liver tumor samples as compared to corresponding normal tissues [71].
The basis for PERK-elF2a-mediated protection under hypoxia may rely
on the ability of el[F2ac phosphorylation to inhibit overall mRNA transla-
tion, thus preserving ATP levels and reducing accumulation of misfolded
proteins and preventing ROS overload, as well as by promoting selective
translation of adaptive stress response transcripts (see Section 2.4)
(Fig. 1A).

2.3.2. mTORC1

Another mechanism to block translation in tumor cells under
hypoxia is through mTORC1 inhibition [72,73]. During prolonged hyp-
oxia (i.e. 4-16 h), mTORC1 becomes inactivated in response to severe
hypoxia [60,74]. MTORCT1 inhibition leads to a mRNA translation block-
ade at the initiation step [47,68,74]. Different mechanisms account for
hypoxia-mediated inhibition of mTORC1 activity. Tuberous sclerosis 1
and 2 (TSC1/TSC2), which are negative regulators of mTORC1 (for re-
view [75]), are required for this process, as both are necessary to block
p70S6K and 4EBP1 phosphorylation under hypoxia [60,68,73]. The
TSC1/TSC2 complex is controlled by regulated in development and
DNA damage response 1 (REDD1), which is required for mTORC1 inhi-
bition under hypoxia [73], and whose gene transcription is upregulated
by HIF1a in response to hypoxia [73,76] (Fig. 1A). More specifically,
REDD1 activates TSC2 by sequestration of 14-3-3 proteins, leading to
stabilization of the TSC2 protein [77]. In addition, the energy sensor
AMP-activated protein kinase (AMPK) is activated by hypoxia where
it restrains mTORC1 activity in both pre-tumorigenic and tumor cells
[68,78]. AMPK blocks mTORC1 activity by activating TSC2 [79], on
one hand, and also by inhibiting the mTORC1 subunit Raptor [80]
(Fig. 1A). In contrast, hypoxia-induced mTORC1 inhibition is indepen-
dent of AMPK in normal cells [73]. The basis for this difference remains
unexplained and warrants further investigation. Another mechanism,
independent of TSC2 and REDD1 or AMPK, has been proposed in
which mTORC1 blockade under hypoxia occurs through promyelocytic
leukemia (PML). More specifically, PML interacts with mTOR under
hypoxia, leading to accumulation of the latter in the nucleus, therefore
preventing its activity in the cytoplasm [81] (Fig. 1A). Finally, it was
shown that prior to mTORC1 inhibition, elF4E activity is blocked under
severe hypoxia through a 4EBP1-independent mechanism [60]. Under
these conditions, elF4E is predominantly localized to the nucleus,
preventing its association with the cytoplasmic translation machinery,
potentially due to the action of its transporter 4E-T [60] (Fig. 1A).
Thus, multiple mechanisms converge to block translation initiation
under hypoxia in tumor cells.

The control of mTORC1 activity under hypoxia influences the surviv-
al response but with different outcomes in normal versus tumor cells.
Whereas mTORC1 inhibition reduces survival of normal cells under
hypoxia [74], it supports the emergence of tumor cells that are resistant
to hypoxia. For example, REDD1 overexpression (to force mTORC1
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inhibition) enhances tumor cell protection under hypoxia [76]. Con-
versely, failure to inhibit mTORCI1, such as after TSC2 knockdown or
p70S6K overexpression, increases sensitivity of various tumor cells to
hypoxia [82,83]. Furthermore, this phenotype is dependent on transla-
tional arrest downstream of mTORC1 inhibition, given that p70S6K
overexpression or 4EBP1 knockdown (both of which uncouple
mTORC1 inhibition from attenuating translation) decreases resistance
of tumor cells to hypoxia [58,82]. Moreover, mTORC1 activity is poorly
detected in hypoxic regions of tumors in vivo, in contrast to normoxic re-
gions of tumor xenografts and human tumors [74,78]. As with the PERK-
elF2a pathway, the protective effect of mTORC1 inhibition in tumor cells
under hypoxia appears to maintain ATP levels [82] as well as redox bal-
ance [76,83] (Fig. 1A), although the exact advantages to the hypoxic
tumor cell remain to be determined. Moreover, under moderate hypoxia,
while most cells exhibit mTORC1 inhibition [72,73], some tumor cells are
refractory to this blockade [64,78], due to mutations in negative regula-
tors of mTORC1 such as phosphatase and tensin homolog (PTEN) or
TSC1, leading to sustained mTORC1 activity under hypoxia [64,74].
How this contributes to tumor selection for aggressive phenotypes re-
mains unknown, and warrants further investigation to determine
whether mTORC1 should be targeted in such refractory tumor cells.

2.3.3. eEF2K-eEF2

In addition to the PERK-elF2ac and mTORC1 pathways, which regu-
late translation initiation, eEF2, the major regulator of mRNA translation
elongation, is also strongly affected by hypoxia. In most cells, severe and
moderate hypoxia lead to very rapid phosphorylation of eEF2 (within
~15 min) [64,84-86]. Phosphorylation of eEF2, which leads to its inacti-
vation, contributes to hypoxia-induced translation shut down by
restraining the elongation step of translation [64]. A number of mecha-
nisms have been reported to account for the inactivation of eEF2 in re-
sponse to hypoxia (Fig. 1B). One mechanism relies on the stabilization
of its kinase, eEF2K, upon hypoxia, through inhibition of eEF2K degrada-
tion [64]. In addition, AMPK, which phosphorylates eEF2K at residue Ser-
398 to activate it [87], as discussed in Section 3.2, contributes to in-
creased eEF2K activity and eEF2 phosphorylation in response to
prolonged hypoxia [68]. Moreover, under acute hypoxia, eEF2 phosphor-
ylation is induced independently of AMPK by prolyl hydroxylases (PHD),
which are O, sensors that get inactivated under hypoxia [88]. Indeed,
forced expression of PHD2 attenuates eEF2 phosphorylation under
acute hypoxia through an unknown mechanism [86]. The fine control
of eEF2 activity under hypoxia may be important for tumor cell survival,
as it was shown that targeted inhibition of eEF2 in normal tissues pro-
vides protection against hypoxia in vivo [59]. How this facilitates cell sur-
vival is unknown, and remains to be demonstrated in tumor cells.

2.4. Selective mRNA translation under hypoxia

Another observed phenomenon under hypoxia is that of selective
mRNA translation. As discussed above, whereas most transcripts are
poorly translated under hypoxia, specific transcripts can escape transla-
tional repression. The use of polysomal fractionation combined with mi-
croarrays technology allowed to identify few dozen transcripts whose
translation is upregulated in tumor cells in response to hypoxia [62,65,
67]. Several mechanisms facilitating selective translation have been de-
fined for a limited number of transcripts.

24.1. elF4E2 and elF4E1

While mTORC1 is predominantly inhibited under hypoxia in most
tumor cells, limited protein synthesis remains under these conditions.
One mechanism results from increased activity of e[F4E2, a paralog of
elF4E, which supports selective cap-dependent translation initiation
under moderate hypoxia [66]. Under these conditions, HIF2a is induced
and binds to a specific element in the 3’UTR of some transcripts and thus
recruits e[F4E2 to allow selective translation initiation of those tran-
scripts (Fig. 1C). Transcripts activated through this mechanism include
epidermal growth factor receptor (EGFR), platelet-derived growth fac-
tor receptor alpha (PDGFRA) and insulin-like growth factor 1 receptor
(IGF1R); therefore this mechanism of selective translation may be im-
portant for supporting proliferation under hypoxia [66]. However, in
tumor cells in which mTORC1 is not blocked under hypoxia (see
above; [64]), another mechanism for selective translation has been pro-
posed. In such cells, elF4E1 is still active under hypoxia and its expres-
sion is maintained by HIF1a which controls elF4E1 transcription [89].
In this context, e[F4E1 may potentially promote translation of specific
transcripts such as c-Myc, cyclin D1 and elF4G1 under hypoxia, which
can be critical for driving proliferation under hypoxia [89].

2.4.2. uORFs

Another important mechanism for selective mRNA translation under
hypoxia is through the deployment of uORFs as an alternative transla-
tion initiation mechanism. Under hypoxia, uORF-mediated translation
is enhanced due to an increase in elF2a phosphorylation by PERK [90].
Transcripts possessing uORF in their 5'UTRs, such as ATF4, CHOP and
GADD34 components of the UPR and ER stress response [27,37], are
translationally induced under hypoxia in both tumor and normal cells,
which is dependent on elF2a phosphorylation [36,60,62,91]. More spe-
cifically, ATF4, which is a transcription factor acting as a major down-
stream mediator of the PERK-elF2« axis (for review [31]), is critical
for supporting cell survival under hypoxia and for promoting tumor
growth. Indeed, targeted inhibition of ATF4 severely compromises sur-
vival of both tumor and normal cells under hypoxia [29,71,92], and pre-
vents growth of tumor xenografts [93]. The ability of ATF4 to favor
survival under hypoxia relies on its direct control of genes involved in
autophagy, such as microtubule-associated protein 1 light chain 3 beta
(LC3B) and unc-51 like autophagy activating kinase 1 (ULK1), and po-
tentially of genes involved in anti-oxidative stress response (see
below), including cystathionase [30,92,94,95]. Such transcriptional regu-
lation contributes to preserve ATP levels and anti-oxidant capacity
under hypoxia [30,92] (Fig. 1A). In vivo, ATF4 upregulation was detect-
ed in hypoxic regions of tumor xenografts, which was not observed
when elF2a. phosphorylation was prevented [29]. In addition, ATF4
was found to be overexpressed in various tumor types (breast, brain,
cervix and skin) compared to the respective normal tissues [29,91].

2.4.3. IRESes

The presence of potential IRES elements in the 5'UTRs of specific
transcripts allows cells to circumvent the blocking of cap-dependent
translation induced by hypoxia. Indeed, cap-independent (IRES-mediat-
ed) translation is increased by hypoxia in tumor cells, paralleling the in-
hibition of cap-dependent translation due to mTORC1 inactivation [47].
More specifically, hypoxia induces translation of major hypoxia adap-
tive factors such as HIF1a, vascular endothelial growth factor (VEGF),

Fig. 1. Translational control under hypoxia. A, elF2ac and mTORC1 pathways respond to hypoxia to regulate mRNA translation. On one hand, hypoxia induces PERK to mediate elF2a phos-
phorylation (i.e. inhibition), shutting down overall translation (at the initiation step) to prevent ATP depletion and accumulation of misfolded proteins. In addition, elF2a phosphorylation
stimulates ATF4 synthesis through a uORF-based mechanism, supporting transcription of antioxidant and autophagy genes to prevent ROS overload and ATP depletion. Altogether, this
promotes cell survival in response to hypoxia. On the other hand, hypoxia inhibits mTORC1 activity through induction of AMPK, REDD1 or PML. Consequently, overall translation (at
the initiation step) is attenuated, which favors cell survival by preventing ATP depletion and accumulation of misfolded proteins. However, activation of 4EBP1 due to mTORC1 inhibition
leads to increased IRES-mediated translation of HIF1o and VEGF under hypoxia, which stimulates angiogenesis and cell survival. B, the eEF2K pathway responds to hypoxia to control
mRNA translation elongation. Hypoxia induces eEF2K activation, either through inhibition of prolyl hydroxylase 2 (PHD2), by induction of AMPK, or by stabilizing eEF2K. This leads to
phosphorylation and inhibition of eEF2 and thus restrains translation elongation. C, eIlF4E2 mediates selective translation under hypoxia. HIF2a is induced by hypoxia and recruits
elF4E2 to specific elements present in the 3'UTR of a subset of transcripts. This allows for the selective synthesis of proteins such as EGFR, PDGFRA and IGF1R, which support cell growth
under hypoxia. Gray arrows and bars indicate release from regulatory effects of upstream pathways.
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and VEGF & type I collagen inducible protein (VCIP) through IRESes [46,
47]. Moreover, it was proposed that 4EBP activation in response to hyp-
oxia and mTORC1 inhibition dictates a switch from cap-dependent to
cap-independent translation to support tumor growth and angiogenesis
[47] (Fig. 1A). Indeed, 4EBP overexpression increases growth of breast
tumor xenografts in correlation with higher blood vessel density and
enhanced VEGF IRES activity [47]. Of relevance, 4EBP expression was
found to be upregulated in advanced breast tumors compared to normal
tissues [47]. In addition, the IRES-mediated translation of VCIP, an
integrin binding protein involved in angiogenesis, is dependent on
PERK expression, and PERK-deficient tumors exhibit reduced functional
vessel formation [46]. However, others studies assessing IRES activities
of HIF1aw and VEGF using various assays showed only very low transla-
tion activity from these elements, suggesting that cryptic promoter ac-
tivity in constructs used for those studies may interfere [96,97]. Of
note, Young et al. confirmed that VEGF transcripts are selectively trans-
lated under hypoxia, even without significant IRES-mediated transla-
tion, suggesting that selective translation mechanisms other than IRES
sustain VEGF synthesis under hypoxia. The debate regarding the exis-
tence and efficiency of cellular IRESes is not restricted to the VEGF
IRES, and has been reviewed elsewhere [43-45].

3. Control of translation under nutrient deprivation

In addition to hypoxia, tumor cells are also often subjected to ND,
both at early stages of tumor development before the formation of
new blood vessels and at later stages due to the defective nature of
the tumor vasculature [3]. In addition, the high requirement of tumor
cells for specific nutrients such as glucose and glutamine [98,99] further
increases the state of nutritional depletion within the tumor microenvi-
ronment. Metabolic measurements in vivo have shown that a number
of tumor tissues exhibit a severe reduction in glucose levels compared
to normal tissues [100,101]. ND acts primarily as a barrier against
tumor development, by inducing cell cycle arrest and necrosis [102]. In-
deed, oncogenic activating mutations dramatically sensitize cells to ND,
while stimulating proliferation and protein synthesis [98,103,104]. This
is in part due to the inability of oncogene-transformed cells to both re-
strain energy-consuming (anabolic) processes (including protein syn-
thesis) and activate energy-generating (catabolic) processes in
nutrient-poor environments [98,103,104]. However, tumor cells have
evolved mechanisms to circumvent oncogene-induced hypersensitivity
to ND and to adapt to such stress conditions [71,105-107]. These mech-
anisms are critical for tumor expansion, and therefore represent poten-
tial therapeutic targets. At the cellular level, the response to ND
proceeds through a coordinated reprogramming of cellular metabolism
governed by the action of specific nutrient-sensing signaling pathways
[108]. This response includes the tight control of mRNA translation
through regulation of overall translation rates as well as through selec-
tive mRNA translation [4].

3.1. Overall translation rates under ND
Proper control of overall translation activity is essential for the sur-

vival response to ND. Indeed, failure to inhibit overall mRNA translation
under ND leads to cell death [103,105]. Restricting global protein

synthesis when nutrients are scarce is critical to preserve the energetic
balance, as protein synthesis is a highly energy-consuming process [5],
as well as to prevent synthesis of unwanted proteins interfering with
the adaptive response [104]. The combined deprivation of growth fac-
tors, glucose and amino acids leads to a severe and rapid block in overall
translation, indeed by more than 70% as compared to control conditions,
in both tumor and normal cells [ 104]. Similarly, withdrawal of glucose
or amino acids alone attenuates overall translation but with slower ki-
netics than when both nutrient types are depleted. Glucose starvation
reduces global protein synthesis by up to 50% in both normal and
tumor cells [84,109,110]. On the other hand, amino acid deprivation
leads to a similar decrease of protein synthesis rate as observed in
tumor cells [110-112]. As discussed in the next section, translation ar-
rest under ND is mediated at the initiation step by mTORC1 inhibition
[105,110]. However, translation elongation is also inhibited by nutrient
withdrawal through specific negative regulation of the eEF2 translation
elongation factor [105,113-115]. While a block at the elongation step
does not further reduce overall protein synthesis under ND, as initiation
is already inhibited, it is required to preserve cell survival under these
conditions [105], highlighting the complexity of regulating mRNA trans-
lation in the survival response to ND, as will now be discussed.

3.2. Signaling pathways impacting mRNA translation under ND

Few key nutrient sensing pathways are responsible for coordinating
the rate of protein synthesis under nutrient availability. Strict regulation
of these pathways is critical for promoting cell survival under nutrient
deprived conditions. Tumor cells exploit these nutrient sensing path-
ways for adapting to nutritional stress.

3.2.1. Gen2-elP2a

The activity of the translation initiation factor elF2« is tightly con-
trolled by nutrient levels, especially of amino acids. Indeed, el[F2c: is rap-
idly phosphorylated in response to amino acid starvation in tumor cells
(~1h)[111,116,117], exhibiting even a faster response in normal cells
(i.e. starting at 15 min) [27]. Reports also describe the induction of
elF2a phosphorylation in response to glucose starvation at later time
points (i.e. 10-24 h) in both tumor and normal cells [71,109], most like-
ly due to indirect effects (see below). Inhibition of elF2ct in response to
amino acids or glucose starvation contributes to reduced global protein
synthesis induced under these conditions, given that elF2a activity is
absolutely required for assembly of the translation initiation complex
[19].

Phosphorylation of el[F2a in response to amino acid depletion occurs
through the Gen2 kinase in both tumor and normal cells [27,71,116,
118]. Gen2 becomes phosphorylated and directly activated by accumu-
lation of uncharged tRNAs following amino acid starvation [119]
(Fig. 2A). In response to glucose starvation, both Gen2 and PERK medi-
ate e[F2a phosphorylation, at least in normal cells [71]. However, the ef-
fect of glucose deprivation is indirect as in these conditions Gcn2 is
induced by an indirect reduction in specific amino acids, and PERK is ac-
tivated by accumulation of misfolded proteins (ER stress) [71]. The
Gen2-elF2o axis exerts a protective effect against amino acid depletion
in tumor cells, given that targeted disruption of Gecn2 or inhibition of
elF2ac phosphorylation severely compromises cell survival when

Fig. 2. Translational control under nutrient deprivation. A, elF2cc and mTORC1 pathways respond to nutrient deprivation to regulate mRNA translation. On one hand, amino acid starvation
(AA strv) induces Gen2 which mediates elF2a phosphorylation (i.e. inhibition), shutting down overall translation at the initiation step to prevent ATP depletion. In addition, elF2c phos-
phorylation leads to the selective synthesis of the amino acid transporters Cat-1 and SNAT2 (via IRESes), and of ATF4 (through a uORF-based mechanism) which drives transcription of
asparagine synthetase and of autophagy genes. This preserves and recycles amino acids. Together with the reduction in overall translation, this promotes cell survival in response to amino
acid starvation. On the other hand, mTORCT1 activity is inhibited by nutrient deprivation through distinct regulatory pathways: i) amino acid starvation (AA strv) prevents RagGTPase ac-
tivation which is normally required for mTORC1 activity; ii) growth factor starvation (GF strv) blocks PI3K-Akt and Ras-MEK-Erk pathways activation therefore releasing TSC1/2 inhibi-
tion; iii) glucose starvation (Glc strv) activates AMPK which stimulates TSC1/2 as well as inhibiting mTORC1 more directly. As a consequence of mTORC1 inhibition, overall translation (at
the initiation step) is restricted, which favors cell survival by preventing ATP depletion under nutrient deprivation. B, the eEF2K pathway responds to nutrient deprivation to control mRNA
translation elongation. EEF2K is activated by nutrient deprivation through distinct regulatory pathways: i) amino acid starvation (AA strv) inhibits mTORC1 activity, thus releasing
p70S6K-mediated inhibition of eEF2K; ii) growth factors starvation (GF strv) blocks the Ras-MEK-Erk pathway, releasing p90RSK-mediated blockage of eEF2K; iii) glucose starvation
(Glc strv) activates AMPK due to increases in the intracellular AMP:ATP ratio. This leads to phosphorylation and inhibition of eEF2, thus restraining translation elongation to promote
cell survival under nutrient deprivation. Gray arrows and bars indicate release from regulatory effects of upstream pathways.
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amino acids are depleted [71]. This has relevance for tumor survival and
development in vivo, as targeted inhibition of Gecn2 prevents growth of
tumor xenografts in immunocompromised mice, which is associated
with reduced blood vessels and lower VEGF levels within tumor tissues
[71,120]. Expression of Gen2 is specifically upregulated in a number of
human tumor types compared to corresponding normal tissues [71,
120]. In addition, high phosphorylated levels of Gen2 were detected in
colon and breast tumor tissues in contrast to corresponding normal tis-
sues [71]. Altogether, these suggest a model whereby tumor cells ex-
ploit the Gen2-elF2ae axis to adapt to nutrient deprived conditions in
order to support tumor progression. This function likely relies on the
ability of the Gen2-elF2a axis to block global protein synthesis to pre-
serve energy and to stimulate selective translation of mediators of the
nutrient stress response such as ATF4 (see Section 3.3).

3.2.2. mTORC1

The mTORC1 complex is a central hub for integrating the levels of
available nutrients to the control of protein synthesis. The activity of
mTORCT is distinctly regulated by growth factors, glucose, and amino
acid levels through different upstream regulatory mechanisms [20]
(Fig. 2A). Growth factors lead to mTORC1 activation by induction of
the PI3K-Akt and Ras-MEK-Erk pathways which both inactivate TSC1
and TSC2 (for review [21]). Given that activating mutations found in a
number of tumors (such as in RAS or PTEN) support constitutive activa-
tion of these signaling pathways, mTORC1 activity may be maintained in
the absence of growth factors in tumors. Under glucose-deprived condi-
tions, ATP levels are depleted leading to mTORC1 inhibition in both
tumor and normal cells [79,105,121]. This is mediated by AMPK,
which is directly activated by increases in the ratios of AMP:ATP and
ADP:ATP (for review [122]). In response to reduced glucose levels,
AMPK blocks mTORCT activity by activating TSC2 [79] and by inhibiting
Raptor [80] (Fig. 2A). Amino acid levels are other key regulators of
mTORC1 activity (for review [123]). Amino acids stimulate Rag GTPases
activation through complex regulatory mechanisms, which in turn re-
cruit mTORC1 to the lysosomal surface where it interacts with its activa-
tor, Rheb [124,125]. Consequently, withdrawal of amino acids leads to
rapid mTORCT1 inhibition, as observed in both tumor and normal cells
[125-130].

Reduced mTORC1 activity following ND directly contributes to the
mRNA translation block observed under these conditions, and is critical
for cell survival under ND. Cells with overactive mTORC1 (such as TSC2
—/— MEFs) fail to restrict overall translation under glucose starvation,
which leads to an ATP crisis and ultimately to cell death [103,131,
132]. Strikingly, chemical inhibition of global protein synthesis in
TSC2 —/— cells reduces glucose starvation-induced cell death by pre-
serving the ATP balance [103,132] (Fig. 2A). In addition, failure to re-
strict mTORC1 activity under glucose starvation leads to inadequate
stimulation of p53 synthesis, which exerts pro-apoptotic functions
under these conditions [131]. Altogether, these data support the notion
that proper control of mRNA translation in response to glucose depriva-
tion through inhibition of mTORC1 is critical for cell survival. In keeping
with this, targeted inhibition of TSC2 sensitizes Rb mutant tumor cells,
such as Saos-2 osteosarcoma, DU145 prostate tumor and MDA-MB-
468 breast tumor cells, to nutrient deprived conditions [83]. The inabil-
ity to block mTORCT1 in vivo correlates with reduced growth of tumor
xenografts from Rb mutant tumor cells [83], consistent with mTORC1
inhibition being important for the development of at least some tumors
within a nutrient-deprived tumor microenvironment.

3.2.3. eEF2K-eEF2

Another major nutrient sensing node that regulates protein synthe-
sis is the eEF2K-eEF2 pathway. Activity of the eEF2K is controlled by
various nutritional signals through distinct upstream signaling path-
ways (for review [26]) (Fig. 2B). Growth factors block eEF2K activity
through the action of the Ras—-MEK-Erk-p90RSK pathway, whereas
amino acids prevent eEF2K activity by stimulating the mTORC1-

p70S6K pathway [115]. In response to glucose depletion, AMPK medi-
ates direct activation of eEF2K through its phosphorylation on residue
Ser-398 [87]. This further emphasizes the fundamental role of AMPK
in coupling energy levels to translation control, as it regulates both
translation initiation (through mTORC1) and translation elongation
(through eEF2K) in response to ND. The activity of eEF2K is induced
by ND both in normal and tumor cells, leading to eEF2 inactivation
and inhibition of translation elongation [105,113-115]. However, initial
oncogenic activation such as through RAS mutations or oncogenic tyro-
sine kinases such as ETV6-NTRK3 (EN), prevents eEF2K activation under
ND, as constitutive activation of Ras sustains the Erk—-p90RSK pathway
under these conditions [105]. In addition, oncogenic Ras and EN restrict
eEF2K induction by unexpectedly preventing AMPK activation in re-
sponse to ND [105]. Remarkably, following cellular adaptation to
nutrient-deprived conditions, Ras- or EN-transformed cells restore acti-
vation of eEF2K under ND through re-induction of AMPK [105].

The activation of eEF2K and the subsequent block of translation
elongation are critical for promoting cell survival under nutrient-
deprived conditions (Fig. 2B). Indeed, targeted inhibition of eEF2K
leads to severe cell death under ND in both normal and tumor cells, as
well as in whole organisms [105]. Ras- or EN-transformed cells that
fail to activate eEF2K are hypersensitive to these stress conditions,
while eEF2K overexpression in these cells restores cell survival [105].
In addition, AMPK also promotes survival of tumor cells under ND by at-
tenuating both translation initiation (through mTORC1 blockage) and
translation elongation (through activation of eEF2K) [105]. This was
similarly observed following cell detachment, a stress condition leading
to both hypoxia and nutrient deprivation in which anoikis is prevented
in tumor cells by an AMPK-mediated block in translation initiation
[132]. Of note, the pro-survival function of eEF2K under ND occurs
even under conditions when mTORC1 and global protein synthesis are
already blocked through amino acid withdrawal [105]. This argues
that inhibition of translation at the initiation step is insufficient to sup-
port cell survival even though it restricts global protein synthesis, and
that blockade at the elongation step is also required. Instead, eEF2K-
mediated inhibition of translation elongation may help to preserve in-
tracellular protein homeostasis or prevent the synthesis of specific un-
wanted transcripts such as pro-apoptotic proteins [104]. Finally, both
eEF2K and AMPK activities are critical for tumor development in vivo.
Overexpression of eEF2K prevents caloric restriction-induced tumor ne-
crosis in tumor xenografts [105], and AMPK overactivation enhances
tumor growth in immunocompromised mice [133]. The clinical rele-
vance of eEF2K functions is highlighted by our recent findings that
eEF2K expression is upregulated in brain tumors compared to normal
tissues and that eEF2K expression positively correlates with poor prog-
nosis [105]. In keeping with this, high eEF2K activity was detected in
tumor tissues but not in normal surrounding tissues [105]. Remarkably,
eEF2K function is evolutionarily conserved as the Caenorhabditis elegans
eEF2K ortholog, efk-1, is required for maintaining worm viability when
nutrients are scarce [105]. Overall, eEF2K control of mRNA translation
elongation appears to be an essential pro-survival pathway under ND
which is hijacked by tumor cells to support their adaptation to nutri-
tional stress within the tumor microenvironment.

3.3. Selective translation mechanisms under ND

As with hypoxia, a number of transcripts escape the overall transla-
tion blockade induced by ND. Genome-wide analyses of mRNA transla-
tion have facilitated the identification of subsets of mRNAs which are
still translated under ND in normal in vivo tissues. Hundreds of
such mRNAs have been reported, with predominance for transcripts
whose products are involved in the electron transport chain and lipid
metabolism [134,135], highlighting the importance of translational
reprogramming of metabolism for the adaptive response to nutrient de-
prived conditions in vivo. A number of the identified transcripts possess
5'UTRs which are shorter and less structured, and this may support their
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preferential translation under ND [135]. In addition, mechanisms for se-
lective translation under nutrient-deprived conditions have been char-
acterized for specific transcripts in tumor and normal cells.

3.3.1. uORFs

Similar to the response to hypoxia, el[F2a. phosphorylation by differ-
ent kinases can stimulate translation of uORF-containing transcripts in
response to amino acid starvation. One well characterized uORF-
containing transcript is ATF4, whose translation is induced by the
Gcen2-elF2a axis following amino acid deprivation in both tumor and
normal cells [27,116] (Fig. 2A). Synthesis of ATF4 provides cells with
protection under this condition [71]. Indeed, inhibition of ATF4 expres-
sion severely restricts the survival of HT1080 fibrosarcoma and DLD1
colon adenocarcinoma cells, as well as MEFs under amino acid restricted
conditions [71,136]. In addition, ATF4 targeted inactivation prevents the
growth of human tumor xenografts in vivo [ 71], highlighting the impor-
tance of the Gecn2-elF2a-ATF4 axis for supporting tumor expansion
within the nutrient-deprived conditions of the tumor microenviron-
ment. The pro-survival function of ATF4 under amino acid deprivation
results from the activation of specific ATF4 target genes involved in
amino acid biosynthetic pathways, such as asparagine synthetase [71,
136,137] (Fig. 2A). Induction of asparagine synthetase by ATF4 under
these conditions is potentially critical for maintaining intracellular
levels of asparagine, an amino acid which supports proliferation of
some tumor cells [71]. Notably, asparagine synthetase overexpression
rescues the growth inhibition of ATF4-deficient tumor xenografts [71].
In response to amino acid starvation, and as a result of the induction
of the Gen2-elF2at axis, ATF4 also leads to transcriptional induction of
autophagy genes such as p62/SQSTM1, LC3B and beclinl [138]
(Fig. 2A). Potential autophagic degradation by ATF4 under amino acid
limited conditions may function to recycle amino acids [139]. Together
with the observed overactivation of Gen2 in tumors (see Section 3.2),
upregulation of ATF4 in various tumor types [29,91] further reinforces
the importance of this axis for tumor adaptation to nutrient-restricted
conditions.

In addition to ATF4, another important mediator of the response to
ND translationally controlled by a uORF is carnitine palmitoyltransferase
1 C(CPT1C). This transcript encodes an enzyme involved in fatty acid ox-
idation, a metabolic process which is critical for cell survival under glu-
cose deprived conditions [98,133]. In tumor cells, the main CPT1C ORF
gets translated in response to glucose deprivation, as the inhibitory
uORF is ineffective under these stress conditions, thus allowing the selec-
tive translation of CPT1C under glucose depletion [ 140]. This is important
for tumor adaptation to nutritional stress, as CPT1C was shown to medi-
ate survival of tumor cells under glucose starvation and to contribute to
tumor growth in vivo [107].

3.3.2. IRESes

Translation of specific transcripts in response to ND also proceeds
through cap-independent mechanisms. Specifically, synthesis of two
amino acid transporters, namely cationic amino acid transporter-1
(Cat-1) and sodium-coupled neutral amino acid transporter 2
(SNAT?2), is controlled by IRESes under ND. Translation of the lysine/ar-
ginine transporter cat-1 transcript is induced by amino acid or glucose
starvation through an IRES [111,141]. Under amino acid deprivation,
the translational control of the cat-1 IRES is dependent upon induction
of the Gen2-elF2ar axis in tumor cells [142] (Fig. 2A). It was proposed
that el[F2a phosphorylation may stimulate the synthesis of an IRES
trans-acting factor (ITAF) which stabilizes cat-1 IRES [143]. In contrast,
under glucose starvation, the PERK-elF2«x axis is responsible for induc-
tion of cat-1 IRES activity in tumor cells [141]. These studies highlight
the involvement of different stress sensing kinases such as Gcn2 and
PERK for regulating cat-1 cap-independent translation in response to
different types of nutrient stress conditions. In addition, the translation
of the neutral amino acid transporter SNAT2 transcript is governed by an
IRES which is increased under amino acid deprivation [48]. Similar to

the regulation of cat-1 IRES, phosphorylation of el[F2a by Gen2 in re-
sponse to amino acid deprivation induces SNAT2 IRES-mediated transla-
tion [48] (Fig. 2A).

Cap-independent translation can also serve to support selective
translation under growth factor deprived conditions. Indeed, the trans-
lation of the sterol regulatory element-binding transcription factor 1
(SREBP-1) mRNA is maintained in the absence of growth factors in
tumor cells, and this is mediated by an IRES [144]. Additionally, cap-
independent translation of the X-linked inhibitor of apoptosis protein
(XIAP) transcript supports the induced synthesis of XIAP under growth
factor starvation through an IRES, thus protecting cells from apoptosis
[145]. Translation regulation of these and other transcripts still to be
identified may preserve cell survival under nutritional stress, which
tumor cells could take advantage of.

4. Control of translation under oxidative and genotoxic stress

Maintaining redox state and integrity of the chromatin under condi-
tions of oxidative and genotoxic stress is essential for all biological or-
ganisms. Pathways that are impaired in the anti-oxidative stress and
DNA damage responses are linked to several human pathologies, in par-
ticular with ones that are associated with aging [146]. Furthermore, ox-
idative stress and DNA damage are implicated in the mechanism of
action of many anti-cancer drugs and their toxicities [147]. When cells
accumulate damaged macro- and other biomolecules, they often either
initiate apoptosis or repair programs. For example, the tumor suppres-
sor p53 is known to play a key role in this decision-making process
[148], as well as in promoting the expression of anti-oxidative stress en-
zymes [149]. It is therefore not surprising that cancer cells exploit
endogenous oxidative stress detoxification pathways in order to facili-
tate their resistance to therapy [150] or to inhibit apoptosis [151,152].
Indeed, a number of mechanisms that promote adaptation and toler-
ance to oxidative stress have been described, especially those that are
mediated by transcription factors such as NF-E2 related factor 2
(NRF2) and p53 which directly induce the expression of gene products
that function as anti-oxidants and promote cellular anti-oxidative stress
metabolic programs [153].

An important aspect of the cellular response to oxidative and
genotoxic stress occurs at the translational level, whereby overall trans-
lation is restricted while the translation of specific subsets of messages
is promoted. As is the case with the other stress forms described
above, this translational response may facilitate rapid changes of the
cellular proteome to adapt to oxidative and genotoxic stress. Conse-
quently, tumor cells, by taking advantage of such translational
reprogramming, can acquire resistance to chemo- and radio-therapy.

4.1. Overall translation rates under oxidative and genotoxic stress

Global mRNA translation is profoundly reduced by oxidative and
genotoxic stress. More specifically, oxidative stress, such as H,0, or ar-
senite, induces a severe inhibition of global protein synthesis rates in
both tumor and normal cells [8,154-156]. In addition, genotoxic stress,
including etoposide, doxorubicin and UV treatments, leads to striking
reductions in overall translation activity in both tumor and normal
cells [9,40,157-163]. This block in global translation occurs at the initi-
ation step in a number of instances under oxidative and genotoxic stress
[154,155,162]. However, translation elongation is also attenuated in
some cases, such as in response to H,0, in yeast [8] or under doxorubi-
cin treatment in tumor cells (see Section 4.2) [9].

4.2. Signaling pathways and translational control under oxidative and
genotoxic stress

Translational control in response to oxidative and genotoxic stress
is orchestrated by specific signaling pathways, many of which are
also involved in the response to hypoxia and ND. These pathways
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accommodate overall translation activity, at both the initiation and
elongation steps, in response to oxidative and genotoxic stress which
may be decisive to preserve cell survival.

4.2.1. elF2c

In response to oxidative or genotoxic stress, elF2« is rapidly phos-
phorylated in both tumor and normal cells as shown for UV, arsenite,
doxorubicin and etoposide treatments [154,155,158,161,164,165],
thus contributing to translational arrest [154,155,158,160,161,164].
Gen2 is responsible for inducing elF2a phosphorylation and restraining
overall translation in both tumor and normal cells in response to UV
[158,160,161] (Fig. 3A). However, another report indicates the involve-
ment of the ER-resident kinase PERK in this process [164]. Under oxida-
tive stress such as arsenite treatment, HRI is activated to induce elF2a
phosphorylation and translational arrest [155] (Fig. 3A). Activation of
these kinases supports cell survival under stress as shown in normal
cells. In response to UV stress, apoptosis is enhanced when Gcn2 is lost
[160] and genetic deletion of HRI dramatically compromises survival
of MEFs under arsenite treatment [155]. In addition, elF2cc phosphory-
lation may prevent cell death under UV stress. Notably, in UV-stressed
cells, translational arrest by elF2ae phosphorylation decreases the syn-
thesis of nuclear factor of kappa light polypeptide gene enhancer in B-
cells (NFxB)-inhibitor alpha (IkBat), an inhibitor of NF«B, thereby lead-
ing to NFxB activation [160]. NF«B activation exerts a protective role
under UV stress [160], likely through transcriptional induction of anti-
oxidative stress genes [ 166]. In contrast, phosphorylation of e[F2ct in re-
sponse to doxorubicin, which occurs due to p53-mediated upregulation
of PKR, results in cell apoptosis along with translational inhibition [165]
(Fig. 3A). Notably, targeted inhibition of PKR renders HCT116 colon can-
cer cells more resistant to doxorubicin and etoposide in a tumor xeno-
graft model [165]. Overall, these studies indicate that different e[F2«
kinases become activated depending on the type of oxidative and
genotoxic stress, leading to distinct biological responses.

4.2.2. mTORC1

mTORC1 is inactivated in response to oxidative and genotoxic stress
in both tumor and normal cells, including H,0,, etoposide, cisplatin and
camptothecin treatments [162,167-169]. Different mechanisms ac-
count for the inhibition of mTORC1 under these stresses (Fig. 3B).
AMPK appears to be one critical factor for this process though its activa-
tion of TSC2, in turn leading to mTORC1 inhibition. Indeed, AMPK is ac-
tivated by oxidative and genotoxic stress following two distinct
mechanisms [167,168]. On one hand, AMPK is activated by the DNA
damage response kinase ataxia telangiectasia mutated (ATM) under ox-
idative stress [167]. On the other hand, AMPK is induced by Sestrin1 and
Sestrin2, which are themselves activated by p53 under genotoxic stress
[168] (Fig. 3B). An alternative mechanism has been proposed for TSC2-
mediated inhibition of mTORC1 in response to oxidative stress. Under
these conditions, TSC1/2 and Rheb are recruited to peroxisomes
through the peroxisomal biogenesis factors PEX19 and PEXS5, resulting
in mTORCT1 inhibition and activation of autophagy [169] (Fig. 3B). How-
ever, whether mTORC1 inhibition contributes to translation arrest
in vivo following oxidative and genotoxic stress needs to be further in-
vestigated. Finally, mTORC1 inhibition under oxidative stress was
shown to induce autophagy in MCF-7 breast tumor cells [167,169], sug-
gesting that negative mTORC1 regulation may contribute to cell survival

under these conditions. Further investigations are warranted to estab-
lish the impact of mTORC1 regulation on the survival response to oxida-
tive and genotoxic stress, and the involvement of mTORC1-mediated
translational control in such biological responses.

4.2.3. eEF2K

The eEF2K-eEF2 pathway is also reported to respond to various ox-
idative and genotoxic stress forms. Activity of eEF2K, as detected by
eEF2 phosphorylation, is induced by H,0,, doxorubicin and -y-
irradiation in tumor and normal cells [9,68,157]. AMPK, which is also in-
duced by genotoxic stress [167], is responsible of phosphorylating and
activating eEF2K under doxorubicin treatment [9] (Fig. 3C), following
similar mechanisms as characterized for the response to ND [87]. Nota-
bly, the eEF2K activation leads to a severe block in translation elonga-
tion in response to doxorubicin, which is a critical event for mediating
overall translation arrest in both tumor and normal cells [9,157]. Indeed,
targeted inhibition of eEF2K prevents overall translation inhibition
under these conditions, suggesting that elongation is potentially the
rate-limiting step of protein synthesis activity in the cellular response
to doxorubicin [9,157]. Furthermore, during recovery from DNA damage
(following release from doxorubicin treatment), translation elongation
is resumed as a direct consequence of eEF2K degradation, supporting
the re-initiation of global protein synthesis [9]. Thus, eEF2K is specifical-
ly targeted for proteosomal degradation following release from doxoru-
bicin treatment by its interaction with the Skp1-cullin-F-box protein
(SCF)-beta-transducin repeats-containing proteins (3TrCP) ubiquitin li-
gase complex [9]. Finally, the eEF2K pathway may potentially provide
tumor cells with enhanced resistance to chemo- and radio-therapy.
For instance, targeted inhibition of eEF2K was shown to sensitize breast
tumor cells to the action of doxorubicin in a tumor xenograft model
[170].

4.3. Selective translation mechanisms under oxidative and genotoxic stress

As described above for hypoxia and ND, several transcripts escape
the translation block induced by oxidative and genotoxic stress. Global
approaches such as polysomal fractionation combined with microarray
analysis showed that hundreds of transcripts are still translated under
UV treatment in tumor cells [40]. More specifically, the synthesis of sev-
eral major oxidative stress response regulators such as NF«B, p53 and
NRF2, is sustained under oxidative stress to support critical biological
responses under stress [160,171,172]. The selective translation of sub-
sets of transcripts under oxidative and genotoxic stress involve both
UORF- and IRES-mediated translational mechanisms.

4.3.1. uORFs

In response to oxidative and genotoxic stress, the uORF-regulated
transcript ATF4 is translated following elF2a phosphorylation in both
tumor and normal cells [ 173,174]. Induction of this e[F2a-ATF4 axis en-
hances resistance to y-irradiation in U373 glioblastoma cells and tumor
xenografts [30,174]. This protective effect relies on induction of specific
downstream ATF4 target genes involved in the antioxidant response, in-
cluding cystathionase, and in autophagy, such as lysosomal-associated
membrane protein 3 (LAMP3) [30,174] (Fig. 3A). In addition, a number
of other uORF-containing transcripts are translated in response to UV
treatment in tumor cells. For example, specific uORF-containing

Fig. 3. Translational control under oxidative and genotoxic stress. A, the elF2c pathway responds to oxidative and genotoxic stress to regulate mRNA translation. These stresses lead to
elF2a phosphorylation (i.e. inhibition) through distinct upstream kinases: i) UV activates Gen2, ii) arsenite treatment stimulates HR], iii) doxorubicin (dox) treatment induces PKR. As
a consequence, overall translation is shut down at the initiation step. In addition, e[F2ce phosphorylation stimulates ATF4 synthesis through a uORF-based mechanism, mediating transcrip-
tion of antioxidant and autophagy genes to prevent ROS overload. This transcriptional program supports cell survival in response to UV and arsenite. However, in response to doxorubicin,
elF2a phosphorylation leads to cell death. B, the mTORC1 pathway responds to oxidative and genotoxic stress. Activity of mTORC1 is inhibited by oxidative and genotoxic stress through
distinct regulatory pathways: i) oxidative stress induces PEX5/19 to recruit TSC1/2 and mTORC1 to peroxisomes; ii) oxidative stress also activates AMPK, downstream of ATM, to stimulate
TSC1/2; iii) genotoxic stress mediates p53 activation of Sestrin1/2 which in turn activates AMPK. As a consequence of mTORC1 inhibition, overall translation is restricted at the initiation
step in response oxidative and genotoxic stress. C, the eEF2K pathway responds to genotoxic stress to control mRNA translation elongation. EEF2K is activated by genotoxic stress through
induction of AMPK. This leads to phosphorylation and inhibition of eEF2, thus restraining translation elongation which may potentially favor cell survival under genotoxic stress. Gray ar-

rows and bars indicate release from regulatory effects of upstream pathways.



856 G. Leprivier et al. / Biochimica et Biophysica Acta 1849 (2015) 845-860

transcripts encoding DNA repair enzymes, including xeroderma
pigmentosum, complementation group A (XPA), excision repair cross-
complementation group 5 (ERCC5), and damage-specific DNA binding
protein 1 (DDB1), are efficiently translated under UV stress [40]. More-
over, this translational reprogramming is dependent on the activation of
the DNA repair regulatory kinase DNA-PKcs, which is upstream of Gcn2
under these conditions [40]. Such selective translation mechanisms may
facilitate DNA repair within tumor cells following UV treatment. Finally,
the transcript encoding arsenite-inducible regulatory particle-
associated protein (AIRAP) is translationally activated during arsenite
treatment through the relief of an inhibitory uORF [175]. Indeed, the
AIRAP transcript contains a single uORF in a non-optimal kozak context
which, under basal conditions, restricts the initiation of the downstream
main ORF [175]. However, under arsenite treatment, elF1 becomes
phosphorylated, leading to leaky scanning across the inhibitory uORF,
supporting enhanced translation from the main ORF [175]. Notably,
AIRAP exerts a protective function against the toxic effects of arsenite
[176].

4.3.2. IRESes

The c-MYC protein is a cancer associated transcription factor that is
activated by oxidative and genotoxic stress [177]. Work form the Willis
lab has demonstrated that following genotoxic stress, c-MYC is translat-
ed through a cap-independent IRES mechanism [178], and this process
plays a particularly important role in radio-resistance of tumor cells
under oxidative and genotoxic stress. Notably, the anti-apoptotic pro-
tein XIAP is upregulated under vy-irradiation through enhanced transla-
tion via its 5’UTR IRES, rendering tumor cells resistant to radiotherapy
[28,179]. Targeted inhibition of XIAP in myeloma cells compromises
cell survival in response to chemotherapeutic drugs, demonstrating
the importance of XIAP upregulation in tumor cell resistance to
chemo- and radio-therapy [180]. Several other anti-apoptotic proteins
are also translationally controlled by IRESes under oxidative and
genotoxic stress. These include BCL2-associated athanogene (BAG-1),
which promotes resistance of tumor cells to DNA damage-inducing
drugs [181] and whose synthesis is induced by an IRES under genotoxic
stress [182]. In addition, synthesis of cIAP1 and BCL2 are enhanced by
etoposide and arsenite treatments through IRES-mediated mechanisms
[183,184]. Together, the selective translational upregulation of these
anti-apoptotic proteins further supports a model whereby tumor cells
block apoptosis under oxidative and genotoxic stress conditions via se-
lective IRES-mediated translation.

Transcriptional master regulators of the oxidative and genotoxic
stress response such as p53 and NRF2 are also reported to be
translationally controlled though IRESes. Indeed, translation of p53 is
controlled by an IRES in response to oxidative and genotoxic stress.
The p53 transcript has a dual IRES structure that controls the translation
of full-length p53 and an N-terminally truncated isoform (A40p53)
from the same mRNA [185,186]. Polypyrimidine tract-binding protein
protein (PTB), an ITAF, stimulates IRES-mediated translation of p53 iso-
forms in response to doxorubicin, following PTB relocalization from the
nucleus to the cytoplasm [187]. This regulation is altered in the presence
of melanoma associated mutations in the p53 5’'UTR [188]. In addition,
human double minute 2 homolog (HDM2) and HDM4 (also known as
HDMX) act as other ITAFs which synergistically increase p53 IRES activ-
ity under DNA damage following HDMX phosphorylation by ATM [189].
Other ITAFs have been reported as controlling p53 IRES activity, such as
elF4G2 (also known as DAP5), Annexin A2 and PTB associated Splicing
Factor (PSF) [190,191]. NRF2 is another master regulator of the response
to oxidative stress that is translationally induced through an IRES under
oxidative stress [192-194]. While NRF2 synthesis is blocked under basal
conditions due to the presence of a highly structured inhibitory hairpin
element present in its 5/-UTR, its synthesis is enhanced by oxidative
stress through stimulation of an IRES element also present within its
5/-UTR [192]. IRES-mediated translation of NRF2 requires the binding
of the ITAF La autoantigen [194]. Synthesis of other transcription factors

is also induced by oxidative and genotoxic stress through IRES. This in-
cludes octamer-binding protein 4 (OCT4), which is synthesized upon
H,0, treatment in MCF-7 breast cancer and HepG2 liver carcinoma
cells [195], and runt-related transcription factor 2 (RUNX2), whose
translation is stimulated by mitomycin C [196]. Another transcription
factor, SREBP1, is translationally induced by H,0, through an IRES,
thus contributing to H,0, stimulation of lipogenesis [197]. This indi-
cates that SREBP1 IRES responds to different stresses, i.e. ND and oxida-
tive stress. All together, this supports a model whereby under oxidative
and genotoxic stress, IRES-mediated translation of key regulators and
pro-survival factors provide tumor cells with mechanisms for attaining
resistance to chemo- and radio-therapy.

5. Conclusions

The ability of tumor cells to respond and adapt to diverse stress con-
ditions encountered in the tumor microenvironment, such as hypoxia,
nutrient deprivation, and oxidative and genotoxic stress, is decisive for
the selection of more aggressive tumor clones, and thus for driving
tumor progression. The control of mRNA translation is a major strategy
employed by tumor cells to support their adaptation to stress. Strikingly,
the regulatory pathways which couple translation activity to the stress
response are common across each stress form described in this review,
and many of the involved pathways are inextricably linked to ER stress
and the UPR. This supports a model by which there is a common cellular
response to the many different stress conditions of the tumor microen-
vironment. Indeed, tumor cells hijack these common pathways to drive
a translation reprogramming process to support their survival under di-
verse stress forms. From a therapeutic point of view, this opens up the
possibility of targeting and neutralizing stress adaptive mechanisms
by preventing the induction of key common pathways. It is therefore
tempting to consider the major regulators of these pathways, including
elF2a kinases, ATF4, mTORC1, and eEF2K, as potential therapeutic tar-
gets in cancers. This warrants further studies to validate the use of
such targets to treat cancers. Of note, in the case of mTORC1, activation
of the protein will be warranted to interfere with tumor adaptation,
which counters current therapeutic strategies which aim to inhibit
mTORC1. Therefore the decision to either activate or inhibit mTORC1
to treat cancers should take into account the levels of stress within the
tumor microenvironment of the targeted cancers. Overall, a better un-
derstanding of how tumor cells exploit mRNA translation to ensure
their adaptation to stress holds great promise for developing new ther-
apeutic options in clinical oncology.
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