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The translation of messenger RNAs (mRNAs) into proteins is a key event in the regulation
of gene expression. This is especially true in the cancer setting, as many oncogenes and
transforming events are regulated at this level. Cancer-promoting factors that are translation-
ally regulated include cyclins, antiapoptotic factors, proangiogenic factors, regulators of cell
metabolism, prometastatic factors, immune modulators, and proteins involved in DNA repair.
This review discusses the diverse means by which cancer cells deregulate and reprogram
translation, and the resulting oncogenic impacts, providing insights into the complexity of
translational control in cancer and its targeting for cancer therapy.

ON THE IMPORTANCE OF TRANSLATIONAL
CONTROL IN CANCER

onsiderable resources are dedicated to mes-
Csenger RNA (mRNA) translation in normal
proliferating cells. Up to 20% of cellular energy
is used for protein synthesis, as compared with
15% for transcription and DNA replication,
and 20% for various cation pumps (Buttgereit
and Brand 1995). Moreover, the majority of
transcription is directed to the synthesis of ribo-
somal RNA (rRNA) and mRNAs encoding
ribosomal proteins, further increasing the ded-
ication of cellular energy to mRNA translation,
making it the most energy-demanding cellular
process (Rolfe and Brown 1997). The rapid and
continuous proliferation of highly malignant
cancers requires continuous protein synthesis
and increased ribosome content, further increas-

ing the energy consumption directed to protein
synthesis (Silvera et al. 2010). Most tumor cells
are under physiological stresses such as hypoxia
and nutritional deprivation that down-regulate
mRNA translation in normal cells but become
uncoupled from regulation as a part of the trans-
formation process, further stressing the cell.

In this article, we review how cancer cells
hijack the translational machinery for their
sustained proliferation, survival, and metastasis
(spread) to distant tissue sites, and how the
changes in activity and expression of distinct
translation factors confer cancer-specific trans-
lation of mRNAs. A brief overview of the scan-
ning mechanism of translation initiation and
the factors involved in this process is presented
in Figure 1, as discussed at length elsewhere
(Kwan and Thompson 2018; Merrick and Pavitt
2018).
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Figure 1. Overview of translation initiation. Initiation proceeds via a scanning mechanism, whereby the 40S
ribosomal subunit is recruited to the 5" extremity of the messenger RNA (mRNA) and scans the 5" untranslated
region (UTR) of the mRNA toward its 3’ end. When the anticodon of the initiator methionyl-transfer RNA
(tRNA) (Met-tRNA,;) base-pairs with the start codon, the 60S subunit is recruited and elongation begins with the
sequential addition of amino acids until a stop codon is reached and termination occurs. (Top) Formation of the
ternary complex (TC): eukaryotic initiation factor (elF)2—composed of o, B, and y subunits—GTP and
Met-tRNA;. elF2a can be phosphorylated by protein kinase R (PKR), PERK, GCN2, or HRI, responding to
different stresses such as double-stranded RN A, misfolded proteins, amino acid deficiency, and heme deficiency,
respectively. Phosphorylation of eIF2a leads to stabilization of the GDP-loaded complex with the guanine
nucleotide exchange factor eIF2B and reduced cycling to the active, GTP-bound TC, resulting in inhibition of
global protein synthesis and active translation of upstream open reading frame (uORF)-containing mRNAs such
as ATF4. TCs associate with the 40S ribosome and other initiation factors, forming the preinitiation complex
(PIC). (Middle) The eIF4F complex consists of the cap-binding protein eIF4E, the scaffolding protein eIF4G, and
the eIF4A helicase. The eIF4E-binding proteins (4E-BP1/2/3) sequester eIF4E and prevent its binding to eIF4G.
Similarly, PDCD4 sequesters e[F4A. Phosphorylation downstream from mammalian target of rapamycin
(mTOR) alleviates the inhibitory activity of PDCD4 and 4E-BPs, allowing for eIF4F complex formation, recruit-
ment of the 43S PIC and the initiation of translation. In addition, eIF4E can be phosphorylated by the MNKs.

MECHANISMS OF DEREGULATED
AND SELECTIVE mRNA TRANSLATION
IN CANCER

mRNAs and limited translation initiation fac-
tors, the translation of specific mRNAs for
which ribosome recruitment is inefficient will
be disproportionately affected by changes in

Mathematical modeling has predicted that,
given constant rates of ribosome elongation on

the level or activity of initiation factors (Lodish
1974). In principle, this basic model helps ex-
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plain a number of aspects of translational dereg-
ulation in cancer cells discussed here, including
how changes in factors involved in the transla-
tion of most mRNAs can yield specific advan-
tages. This model predicts that cancer cells are
particularly well equipped to promote angio-
genesis, survival, and proliferation, even in times
of high physiological stress. This can be achieved
through a variety of complex molecular alter-
ations that increase selective translation of
poorly translated mRNAs, including increased
expression or availability of certain translation
initiation factors, and increased activity of
signaling pathways regulating them (reviewed
in Silvera et al. 2010; Ruggero 2013; Bhat et al.
2015; Truitt and Ruggero 2016; de la Parra et al.
2017). Some of the many ways by which this can
be achieved are described below and summa-
rized in Figure 2.

Gain/Loss of Initiation Factors

Aberrant expression of translation initiation
factors was the first mechanism to be identified
by which cancer cells deregulate translation,

Translational Control in Cancer

shown originally by the ability of overexpressed
eukaryotic initiation factor (eIF)4E to transform
NIH 3T3 cells in vitro (Lazaris-Karatzas et al.
1990). Several initiation factors were subse-
quently found to be overexpressed in human can-
cers, as discussed below and shown in Figure 2.

elF4F Complex Formation

Ribosomes are recruited to the 5" end of the
mRNA via the eIF4F complex, which consists
of eIF4E, elF4G, and eIF4A (Fig. 1). The enzy-
matic component, elF4A, provides the helicase
activity required to unwind secondary struc-
tures present in mRNA 5’ untranslated regions
(UTRs), a process that is vastly enhanced by
binding to eIF4G and eIF4E (Feoktistova et al.
2013). Considering that oncogenic mRNAs tend
to have long and stable 5'UTRs, they are partic-
ularly sensitive to the activity of eIF4A and the
formation of eIF4F (Kozak 1987; Chu and Pel-
letier 2015; Gandin et al. 2016). All three eIF4F
subunits can be deregulated in cancer cells, their
genomic loci have all been shown to be ampli-
fied in human tumors, and they are all targets of
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Figure 2. Cancer inputs and outputs. Summarized view of the oncogenic lesions feeding into the translational
machinery (cancer inputs, fop) and of the resulting advantages conferred by aberrant translation, with examples
of regulated mRNAs (cancer outputs, bottom). (Center) Schematic of translation, as shown in Figure 1.
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the MYC oncoprotein (Silvera et al. 2010; Rug-
gero 2013; Bhat et al. 2015). eIF4E and eIF4G act
as classical oncogenes, their overexpression re-
sulting in transformation in vitro (in cell cul-
ture) and in vivo (in animals) (Lazaris-Karatzas
et al. 1990; Fukuchi-Shimogori et al. 1997; Rug-
gero et al. 2004; Silvera et al. 2009). Importantly,
it was recently shown by using a mouse model of
haploinsufficient levels of eIF4E (loss of one al-
lele) that a 50% reduction of eIF4E levels does
not limit general protein synthesis and embry-
onic development in the eIF4E*'~ mouse, which
is quite remarkably viable. However, e[F4E*'~
cells and mice are highly resistant to cellular
transformation and tumorigenicity, even when
driven by a powerful oncogene such as Hras-
V12 (Truitt et al. 2015). eIF4E overexpression
in cancer cells is therefore highly specific for
oncogenic transformation.

Translation initiation in cancer cells can also
be regulated by phosphorylation of eIF4F com-
ponents. For example, eIF4E phosphorylation
by MNKI and MNK2 kinases has been shown
to promote tumor development and dissemina-
tion (Topisirovic et al. 2004; Wendel et al. 2007;
Furic et al. 2010; Robichaud et al. 2015; Proud
2018), and is elevated in human lung, breast,
and prostate cancers, among others (Fan et al.
2009; Graft et al. 2009; Ramon y Cajal et al.
2014). Multiple phosphorylation sites exist on
elF4G, not all of which have known functions,
although Ser1186 phosphorylation is thought to
regulate MNK recruitment, and thus phosphor-
ylation of eIF4E (Raught et al. 2000; Dobrikov
etal. 2011). MNK-mediated phosphorylation of
elF4E has also been shown to be involved in
translational reprogramming that drives resis-
tance to tamoxifen in estrogen-receptor-positive
breast cancer (Geter et al. 2017). The mecha-
nism underlying translational regulation by
elF4E phosphorylation is poorly understood,
but is thought to involve initiation factor recy-
cling (Scheper and Proud 2002; Proud 2018).
This hypothesis is based on the requirement of
elF4G and eIF3 for MNK recruitment and the
decreased affinity of eIF4E for the cap resulting
from its phosphorylation (Pyronnet et al. 1999;
Scheper et al. 2002; Slepenkov et al. 2006; Walsh
and Mohr 2014).

Another regulatory mechanism involves se-
questration of initiation factors to prevent eIF4F
complex formation. Thus, eIF4A can be seques-
tered by the tumor suppressor programmed
cell death 4 (PDCD4), the loss of which is asso-
ciated with cancer cell invasion and poor patient
survival in some cancers (Proud 2018). The
exact role of PDCD4 in cancer remains to be
established and better characterized (Yang
et al. 2003, 2004; Wang et al. 2008; Meric-Bern-
stam et al. 2012; Modelska et al. 2015). Using a
similar mechanism, the 4E-BPs, which compete
with eIF4G for binding to eIF4E, are thought
to act as tumor suppressors by inhibiting cap-
dependent translation (Alain et al. 2012). 4E-BP
expression can be lost, as in pancreatic cancer, or
its function impaired by inhibitory phosphory-
lation (Martineau et al. 2014). In contrast, 4E-
BP expression is increased in the setting of stage
III nonmetastatic esophageal, breast, and pros-
tate cancers, in which it is proposed to oppose
metastasis, but lead to the development of large
locally advanced tumors (Salehi and Masha-
yekhi 2006; Braunstein et al. 2007; Coleman
et al. 2009; Graff et al. 2009). Thus, the role of
the 4E-BPs in cancer may be more complex than
originally thought.

Ternary Complex Formation

The ternary complex (TC) is composed of eIF2,
GTP, and the initiator methionine transfer RNA
(tRNA) (Fig. 1). Deregulated TC formation in
cancer cells is a complex issue that has led
to different, occasionally conflicting findings
regarding the role of eIlF20. phosphorylation
(Koromilas 2015). On the one hand, it is gener-
ally thought that increased eIF2a. phosphoryla-
tion grants cancer cells a heightened ability to
respond to stress conditions encountered along
the path to malignancy, by promoting the trans-
lation of upstream open reading frame (UORF)-
containing stress-response mRNAs such as
ATF4 (Robichaud and Sonenberg 2017; Sendoel
etal. 2017; Wek 2018). Accordingly, overexpres-
sion of eIF2o. or one of its kinases, protein
kinase R (PKR), has been shown to promote
transformation in some contexts, although the
mechanism remains unclear (Wang et al. 1999;
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Rosenwald et al. 2001; Kim et al. 2002; Rosen-
wald et al. 2003; Ye et al. 2010). On the other
hand, long-term elF2a phosphorylation pro-
motes apoptosis, and has prompted research
into the development of cancer therapies that
promote the activity of eIF2a kinases or the in-
hibition of elF20. phosphatases (Schewe and
Aguirre-Ghiso 2009; Denoyelle et al. 2012; Ha-
mamura et al. 2014). These results indicate that
the outcome of eIF20. phosphorylation in cancer
cells is highly context specific, perhaps related to
disease site or underlying driver mutations, and
may change over time (Silvera et al. 2010).

Additional ways to modulate TC activity in
cancer cells have been less explored but include
overexpression of elF5 or its mimic proteins
(MPs), 5MP1 and 5MP2. When present in
excess, these proteins can bind to eIF2 and se-
quester it from the 40S ribosome (Singh et al.
2006, 2011). Similar to eIlF20. phosphorylation,
eIF2 binding by eIF5 or the 5MPs reduces global
protein synthesis but enhances translation of
uORF-containing mRNAs, including ATF4
(Kozel et al. 2016). This mechanism appears to
be important for the malignant properties of
some cancer types such as fibrosarcoma and
salivary mucoepidermoid carcinoma (Li et al.
2009).

elF3, Connecting elF4F and Preinitiation
Complexes

elF3 is a multisubunit complex that binds di-
rectly to eIF4G, bridging it to the preinitiation
complex (PIC) (Fig. 1), thus connecting mRNAs
with the 40S ribosomal subunit and allowing
scanning to occur (Hinnebusch et al. 2016;
Merrick and Pavitt 2018). Increased eIF3 levels
should promote bridging mRNA to the PIC, and
therefore increase the rate of translation initia-
tion. This appears to occur when the a, b, and
¢ subunits of eIF3 are overexpressed, resulting
in increased levels of whole eIF3 complex, in-
creased global protein synthesis, and increased
translation of oncogenic transcripts (Zhang
et al. 2007). However, studies on eIF3 present
a more complex picture. Indeed, when overex-
pressed or silenced in immortalized cells, certain
individual subunits of eIF3 display oncogenic
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properties, while other subunits behave opposite-
ly, as tumor suppressors (Hershey 2015). Such
confusing results may arise from the nontransla-
tional roles of certain eIF3 subunits, such as
elF3a, which has been reported to bind to com-
ponents of the cytoskeleton (MacDonald et al.
1999; Lin et al. 2001), or eIF3f and eIF3i, which
have been proposed to regulate signal transduc-
tion pathways (Wang et al. 2013; Lee et al. 2016).
New roles for eIF3 in translation have also been
reported. These include binding to mRNA
structures in the 5UTR of such cancer-relevant
mRNAs as ¢-Jun and Btgl (Lee et al. 2015), or
even directly to the cap of the ¢-Jun mRNA (Lee
etal. 2016), opening new avenues of research on
elF3-dependent translation in cancer.

Translation Elongation and Termination

Although much of the scientific literature has
been focused on translation initiation, an under-
standing of oncogenic changes in elongation
and termination is emerging as well. For exam-
ple, a dominant role for the loss of inhibitory
regulation of elongation via eukaryotic elonga-
tion factor 2 phosphorylation by its kinase
(eEF2K) has been shown for intestinal tumor
formation (Faller et al. 2015; Proud 2018). Fur-
thermore, the increased availability of specific
tRNA isoaccepting species in cancer cells ap-
pears to play a role in tumorigenesis (Gingold
et al. 2014). Indeed, the speed of amino acid
incorporation during the elongation phase is
dependent on the availability of the correspond-
ing charged tRNA (Novoa and Ribas de Pou-
plana 2012). Several studies have reported
distinct translation programs in which prolifer-
ating undifferentiated cells and cancer cells
express tRNAs optimized to correspond to the
codon usage of pro-proliferative mRNAs (Pa-
von-Eternod et al. 2009; Gingold et al. 2014;
Topisirovic and Sonenberg 2014). Hence, in
cancer cells, the repertoire of available tRNAs
is thought to be reprogrammed such that the
species required for the translation of oncogenic
mRNAs are present at sufficient levels. In
addition, elongation can be deregulated in can-
cer via programmed -1 ribosomal frameshifting
(-1 RPF), a process by which sequence elements
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force elongating ribosomes back by one base,
leading to frameshifts, premature stop codons,
and nonsense-mediated mRNA decay (NMD)
(Dever et al. 2018; Karousis and Miihlemann
2018). This mechanism may explain the onco-
genic role of, for example, silent mutations
inducing frameshifting in tumor suppressors
(Sulima et al. 2017).

An area that is underexplored is aberrant or
altered regulation of termination in the cancer
setting. However, termination at premature stop
codons can be a cancer driver if it occurs as a
result of somatic mutations in tumor-suppres-
sor genes (Bordeira-Carrico et al. 2012), result-
ing in NMD of the corresponding transcript
(Karousis and Mihlemann 2018). NMD can
be prevented by using aminoglycosides or small
molecule drugs that promote readthrough of
premature stop codons. Clinical introduction
of such a small molecule inhibitor for the treat-
ment of Duchenne muscular dystrophy, known
as Translarna (ataluren) (Welch et al. 2007; Fin-
kel et al. 2013) could be useful in the oncology
setting, although its level of efficacy remains to
be established.

Two initiation factors with confusing, mul-
tiple roles in mRNA translation are also associ-
ated with altered translational regulation in
cancer cells. One is elF6, a ribosomal subunit
anti-association factor that prevents aberrant in-
teractions between the 40S and 60S ribosomal
subunits. eIF6 must be displaced from the ribo-
some for the final step of 60S ribosome biosyn-
thesis in the nucleolus, and it can promote 80S
ribosome disassembly in the cytosol by prevent-
ing the reassociation of post-termination 60S ri-
bosomes, thereby impairing further rounds of
initiation with prolonged sequestration (Ceci
et al. 2003; Brina et al. 2015). Thus, eIF6 may
play multiple roles in deregulating translation.
Aberrant elF6 expression has been observed in
colorectal, and head and neck cancers, in which it
accumulates in the nucleolus (Sanvito et al. 2000;
Rosso et al. 2004). In contrast, reduced eIF6
levels have been shown to prevent oncogene-
induced transformation and delay lymphoma-
genesis (Gandin et al. 2008; Miluzio et al. 2011).

The second translation factor that has mul-
tiple oncogenic activities is eIF5A. eIF5A was

originally described as an initiation factor im-
portant for the formation of the first peptide
bond during elongation, but has since been
found to play a role in the elongation of poorly
translated tripeptide regions in mRNAs: pro-
lines, glycines, and/or basic residues (Benne
et al. 1978; Gutierrez et al. 2013; Mathews and
Hershey 2015; Pelechano and Alepuz 2017;
Dever et al. 2018). More general roles in elonga-
tion and translation termination have also been
proposed based on the accumulation of stalled
ribosomes in cells lacking eIF5A in yeast (Pele-
chano and Alepuz 2017; Schuller et al. 2017).
There is considerable interest in eIF5A, as both
of its isoforms are overexpressed in a variety
of cancers, including pancreatic, hepatic, colon,
lung, and ovarian, and have been linked to the
metastatic capacity of cancer cells (reviewed
in Mathews and Hershey 2015). As the only
known mammalian protein containing a hypu-
sine modification, eIF5A is an attractive target,
since its activity can be abrogated by inhibiting
the enzymes catalyzing the hypusination (Naka-
nishi and Cleveland 2016).

Changes in 5’ and 3'UTR Length
and Composition in Cancer Cells

Sequence and structural motifs present in
mRNAs determine their intrinsic translational
efficiency and their ability to be regulated
by trans-acting factors such as microRNAs
(miRNAs), RNA-binding proteins, and initia-
tion factors (Truitt and Ruggero 2016; Duchaine
and Fabian 2018). These motifs tend to be over-
represented in oncogenic mRNAs, conferring
tight translational regulation (Kozak 1987). Fur-
thermore, mutations in these noncoding motifs
have been found to significantly modulate the
expression of proto-oncogenes (Diederichs et al.
2016). Increased secondary structure in the
5'UTR was one of the first cis-acting elements
to be identified that affect the rate or efficiency
of cap-dependent mRNA translation initiation
(Sonenberg et al. 1981). Subsequently, studies
have shown that oncogenic mRNAs typically
possess stable 5'UTR structures and, according-
ly, show greater dependence on eIF4F. These
include mRNAs encoding MYC, ornithine de-
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carboxylase (ODC), a number of cyclins and
cyclin-dependent kinases, among others (Dar-
veau et al. 1985; Grens and Scheffler 1990;
Rosenwald et al. 1993).

mRNA sequence elements found in the
5" and 3'UTRs other than length and stability
can also regulate the efficiency of translation.
For example, enhanced dependence on eIF4E,
but not eIF4A, was shown for the translation
initiator of the short 5UTR (TISU) element
found in certain mRNAs (Elfakess et al. 2011;
Kwan and Thompson 2018). This is in contrast
to mRNAs containing internal ribosome entry
sites (IRESs) that are cap-independent, but
more highly dependent on eIF4G and elF4A
(Komar and Hatzoglou 2011). mRNAs can con-
tain alternative initiation codons and inhibitory
ORFs upstream of the canonical initiating AUG,
which can severely hamper normal start site
identification by the 43S PIC. These sequence
elements are enriched in oncogenic transcripts
(Kozak 1987). However, under periods of stress,
including oncogenic stress (hypoxia and nutri-
tional deprivation), some mRNAs with uORFs
show selectively increased translation resulting
from increased elF2a. phosphorylation (Hinne-
busch et al. 2016; Wek 2018). Additionally,
structural or sequence motifs in some 5'UTRs
mediate the recruitment of RNA-binding pro-
teins that modulate mRNA translation. One
well-investigated example is that of the trans-
forming growth factor B (TGF-p)-activated
translation (BAT) element, which regulates the
translation of certain mRNAs involved in the
epithelial-to-mesenchymal transition (EMT)
that promotes cell migration (Chaudhury et al.
2010). Finally, binding sites for miRNAs are
particularly common motifs that affect transla-
tion, in addition to mRNA stability, as are AU-
rich motifs. All of these elements have been
thoroughly reviewed elsewhere (Komar and
Hatzoglou 2011; Jonas and Izaurralde 2015;
Wurth and Gebauer 2015; Hinnebusch et al.
2016; Truitt and Ruggero 2016) and are de-
scribed by Duchaine and Fabian (2018).

The majority of identified cis-acting ele-
ments reduce mRNA translation efficiency, and
are found in various combinations in individual
oncogenic mRNAs, probably to govern and

Translational Control in Cancer

attenuate translation of mRNAs that have the
capacity to transform cells when overexpressed
(Mayr and Bartel 2009; Dieudonne et al. 2015).
Nevertheless, cancer cells often develop mecha-
nisms that bypass this stringent control. For
example, the genome-wide shortening of 5
and/or 3'UTRs is quite common in cellular
transformation, which eliminates the suppres-
sive RNA motifs (Mayr and Bartel 2009; Dieu-
donne et al. 2015). Alternative transcription
start sites downstream from the 5'UTR transla-
tion regulatory element are one such reported
mechanism. For example, initiating transcrip-
tion downstream from two inhibitory uORFs
in MDM2 results in increased translation of
the MDM2 mRNA and inhibition of p53 (Lan-
dersetal. 1997). Similarly, translation inhibitory
elements in the 3'UTR are sometimes eliminat-
ed by alternative polyadenylation in cancer
cells, producing shorter 3'UTRs lacking, for in-
stance, miRNA-binding sites and AU-rich ele-
ments that promote rapid mRNA decay (Mayr
2016).

Oncogenic Signaling

Most physiological signals, including stresses,
nutritional and growth factor stimulation, met-
abolic functions, and endocrine factors, among
others, are integrated through the translational
machinery (Robichaud and Sonenberg 2017).
The mammalian target of rapamycin (mTOR)
in particular plays a crucial role in translation
regulatory signaling (Fig. 1) by phosphorylating
the 4E-BPs to allow eIF4F complex formation,
and ribosomal protein S6 kinase (S6K), which,
in turn, regulates eIF4A via PDCD4 and eIF4B,
as well as eEF2K, to alleviate inhibition of elon-
gation (Raught et al. 2004; Dorrello et al. 2006;
Faller et al. 2015; Proud 2018). Many of the most
commonly mutated genes across many cancer
types encode key proteins that regulate signaling
pathways impinging on translation, including
PIK3CA, KRAS, PTEN, APC, and EGFR, among
others (Kandoth et al. 2013). Particularly inter-
esting is the case of the MYC oncogene, which
promotes almost all aspects of translation (re-
viewed in van Riggelen et al. 2010). Although
mRNA translation is far from the only effector

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a032896 7


http://cshperspectives.cshlp.org/

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

Downloaded from http://cshperspectives.cshlp.org/ on August 7, 2024 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

N. Robichaud et al.

of these signaling pathways, its importance is
shown by the central role for “oncogenic trans-
lation” activity required to initiate and maintain
the transformed phenotype (Truitt and Ruggero
2016). For example, rapid inhibition of transla-
tion following inhibition of upstream kinases
such as AKT and KRAS occurs before any tran-
scriptional changes in models of glioblastoma
(Rajasekhar et al. 2003). Consequently, deregu-
lation of the translation machinery in response
to cancer drug treatment may well be an early
driver of drug resistance as a means of maintain-
ing and/or reprogramming cancer cell protein
synthesis (Ilic etal. 2011; Zindy et al. 2011; Alain
et al. 2012; Boussemart et al. 2014; Cope et al.
2014; Musa et al. 2016).

Is There a Cancer Ribosome?

It has long been discussed whether there
are cancer-specific modifications in ribosomes
themselves that could promote cancer-specific
mRNA translational reprogramming. Discovery
of “ribosomopathies,” a family of syndromes
caused by inherited mutations in genes encod-
ing ribosomal proteins and their regulators that
are characterized by initial defects in hemato-
poiesis, followed by increased cancer suscepti-
bility, supports this hypothesis (Sulima et al.
2017). However, the mechanism underlying
the oncogenic effects of these mutations is
unclear.

It is noteworthy that the stoichiometry of
ribosomal proteins and rRNA modifications,
such as methylation and pseudouridylation,
varies in cancer cells (Truitt and Ruggero
2016). This suggests that individual ribosomes
may possess unique modifications that alter
their ability to translate certain mRNAs with
respect to others. Whether such “cancer ribo-
somes” could promote the selective translation
of oncogenic mRNAs and/or restrict the syn-
thesis of tumor suppressors remains to be estab-
lished. However, in support of this model is
the finding that disruption of dyskerin, the en-
zyme-catalyzing pseudouridylation, or of small
nucleolar RNAs (snoRNAs) that guide dyskerin
to rRNA sites, are common in many cancers and
can impair the translation of mRNAs encoding

critical tumor suppressors, such as p53 and p27
(Truitt and Ruggero 2016). Most recently, the
existence of ribosome heterogeneity has recently
been shown in embryonic stem cells, in which
a distinct subset of mRNAs is preferentially
translated by different ribosome pools (Shi
et al. 2017).

Alternatively, the link between ribosomal
proteins, ribosomopathies, and cancer has been
attributed to nontranslational roles of compo-
nents of the translation machinery, mainly p53
stabilization (Gentilella et al. 2015; Zhou et al.
2015b). Thus, a subribosomal complex com-
posed of the 5S rRNA and ribosomal proteins
RPL5 and RPLI1I, binds to and sequesters
MDM?2, resulting in p53 stabilization and cell-
cycle arrest (Gentilella et al. 2015). The complex
forms when deregulated ribosome biogenesis
leads to the imbalance of ribosomal compo-
nents, as is the case in ribosomopathies (Genti-
lella et al. 2015). It is thought that somatic
loss of p53 signaling allows hematopoietic cells
to escape from the cell cycle arrest caused
by defective ribosome biosynthesis, resulting in
the cancer predisposition associated with ribo-
somopathies (Sulima et al. 2017).

SELECTIVE ONCOGENIC ADVANTAGES
OF DEREGULATED TRANSLATION

Proliferation and Apoptosis

A large body of research has shown translational
regulation of antiapoptotic factors, cyclins, and
cyclin-dependent kinases (Sonenberg 1994;
Silvera et al. 2010; Ruggero 2013; Teng et al.
2013; de la Parra et al. 2017). Although the
role of translation in cell proliferation and sur-
vival has historically been the focus of much of
the research in this field, other hallmarks of can-
cer are also regulated at the level of translation,
as delineated below (Fig. 2).

Angiogenesis

Tumor angiogenesis is an ongoing process of
continuous remodeling to accommodate tumor
growth and is promoted by a variety of transla-
tional mechanisms. The mRNAs encoding two
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major regulators of angiogenesis, VEGFA and
HIFlo, are translated via a variety of mecha-
nisms that ensure cancer cells” ability to adapt
to hypoxia. Thus, the translation of VEGFA and
HIFla mRNAs can be promoted by both cap-
dependent and cap-independent mechanisms,
via the use of IRESs, uORFs, and possibly other
noncanonical regulatory elements (Lang et al.
2002; Braunstein et al. 2007; Bastide et al.
2008; Arcondeguy et al. 2013). Although their
translation is associated with increased eIF4E
expression in human tumors (Nathan et al.
1997; Scott et al. 1998; Dodd et al. 2015), the
complex translational regulation of VEGFA
and HIFIoo mRNAs allows for their translation
to be maintained even in profound hypoxia and
nutrient deprivation. Interestingly, HIF1o binds
to the EIF4E promoter to promote its transcrip-
tion, suggesting the possibility that the response
to hypoxia could switch from an initial cap-in-
dependent mechanism to a cap-dependent one
(Yi et al. 2013).

Stress Responses

In addition to hypoxia, cancer cells must mod-
ulate translation in the face of a variety of other
stresses (Young and Wek 2016; Robichaud and
Sonenberg 2017). Interestingly, the responses
to diverse stressors share common regulatory
mechanisms. Thus, up to 49% of the transcrip-
tome, and essentially all mRNAs translated un-
der stress conditions, are regulated by elF2o.
phosphorylation, as they have been reported to
include uORFs. These mRNAs disproportion-
ately encode proteins involved in pathways
that allow cancer cells to adapt to their environ-
ment (Calvo et al. 2009; Andreev et al. 2015;
Young and Wek 2016; Wek 2018). Furthermore,
IRESs, mRNA methylation, and a variety of
noncanonical mechanisms of translation initia-
tion maintain protein synthesis in the face of
various stresses that inhibit cap-dependent
translation (Meyer et al. 2015; Zhou et al.
2015a; Lacerda et al. 2017; Robichaud and
Sonenberg 2017). How specific subsets of
mRNAs are selectively translated in response
to each stress is not well understood. Another
issue requiring further investigation relates to

Translational Control in Cancer

the fact that inhibition of general translation
associated with eIlF2a. phosphorylation, if per-
sistent, eventually causes cell death (Young and
Wek 2016; Robichaud and Sonenberg 2017).
Cancer cells may partially escape apoptosis be-
cause of the fact that elF2o. phosphorylation
promotes the translation of factors promoting
its dephosphorylation, resulting in a feedback
inhibitory loop (Andreev et al. 2015).

Emerging Oncogenic Advantages
of Deregulated Translation

Considering that most cancer deaths are caused
by metastatic dissemination, a key emerging
concept is the ability of cancer cells to deregulate
the translation of prometastatic factors such
as matrix metalloproteases, integrins, transcrip-
tion factors involved in the EMT, and GTPases
involved in migration (Silvera et al. 2009;
Nasr et al. 2013; Fujimura et al. 2015; Pinzaglia
et al. 2015; Robichaud et al. 2015). The impor-
tance of cancer-cell-specific translation in the
maintenance of cellular energy balance is also
becoming clearer, as energy status and protein
synthesis are regulated reciprocally to achieve an
equilibrium (Proud 2006; Morita et al. 2013;
Gandin et al. 2016; Miluzio et al. 2016; Robi-
chaud and Sonenberg 2017). In addition, the
interplay between translation and reactive oxy-
gen species (ROS) in cancer cells has recently
been revealed. Thus, components of the trans-
lation machinery are particularly sensitive to
cysteine oxidation by ROS (Chio et al. 2016),
whereas the mRNAs encoding key antioxidant
proteins possess a motif termed cytosine-
enriched regulator of translation (CERT) that
confers translation regulation in response to
increased eIF4E expression levels (Truitt et al.
2015). Finally, deregulated translation can also
promote the expression of proteins involved
in DNA repair such as BRCA1, thus enabling
the escape from oncogene-induced senescence
and resistance to DNA-damaging agents (Ba-
dura et al. 2012; Avdulov et al. 2015; Musa
et al. 2016). Protein synthesis thus provides a
crucial means for cancer cells to disrupt a variety
of processes important for all steps of tumor
biology.
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CONSIDERING HETEROGENEOUS CELL
POPULATIONS IN TUMORS

Cancer Stem Cells

Translational regulation in stem cells has emerged
as an important new area of study, especially
given the low transcriptional activity of these
cells in embryonic and hematopoietic systems
(see Teixeira and Lehmann 2018). Thus, the
4E-BPs are required to limit translation and en-
sure the maintenance of hematopoietic and em-
bryonic stem cells (Signer et al. 2016; Tahmasebi
et al. 2016), whereas elF2o0. phosphorylation
promotes the maintenance of muscle stem cells
(Zismanov et al. 2016). In the cancer setting,
tumor-initiating cells in a mouse skin cancer
model display reduced protein synthesis and
aberrant uORF translation, linking their stem-
like state to eIF20. phosphorylation (Blanco et al.
2016). Phosphorylation of eIF4E has also been
implicated in the stem-like phenotype by pro-
moting the synthesis of stem cell maintenance
factors such as B-catenin (Altman et al. 2013;
Lim et al. 2013; Bell et al. 2016). These studies
suggest that cancer stem-like cells may be
characterized by low protein synthesis rates
compared with most cancer cells caused by
hypophosphorylation of 4E-BPs and/or hyper-
phosphorylation of eIF2o. The spectrum of in-
hibitors of translation to which cancer stem cells
respond may therefore be different than that of
bulk tumor cells, which must be taken into con-
sideration for potential cancer therapies.

Immune Cells

The importance of translational regulation in
immune cell populations is evident from
the immune-suppressive effects of inhibitors
such as rapamycin (Martel et al. 1977; So et al.
2016). Indeed, mTOR activity in T cells regu-
lates translation, metabolic reprogramming,
differentiation, lineage determination, and acti-
vation (Bjur et al. 2013; Araki et al. 2017; Linke
et al. 2017; Yoo et al. 2017). The above-cited
studies notwithstanding, little is known regard-
ing translation regulatory events specific to the
many different immune cell populations, partic-
ularly in the cancer-stroma context. elF4E phos-

phorylation appears to be important for the
synthesis of cancer-relevant cytokines and
chemokines, such as tumor necrosis factor o
(TNF-0) and interferon y (IFN-y) (Andersson
and Sundler 2006; Rowlett et al. 2008; Herdy
et al. 2012; Salvador-Berndldez et al. 2017),
and for the development of experimental auto-
immune encephalomyelitis (Gorentla et al.
2013). In neutrophils, e[F4E phosphorylation
promotes survival and metastatic dissemination
in a mouse model of breast cancer (Robichaud
et al. 2018). Thus, translation in a variety of
immune cell populations can regulate various
aspects of tumor biology.

CONCLUDING REMARKS

As we ponder the remarkable and numerous
ways in which translational control can be
usurped in cancer biology, we are left to dis-
cover exciting and promising paths to therapeu-
tic interventions. The possibility that benefits
can be derived from targeting translation in
both the cancer and immune compartments,
as appears to be the case for MNK inhibitors,
should improve patient outcome. These find-
ings are particularly meaningful considering
the clinical development of MNK inhibitors
in immune-oncology (ClinicalTrials.gov identi-
fiers: NCT03258398, NCT02439346). Whether
other means of inhibiting translation may be
similarly useful or even more potent is an
intriguing direction that remains to be investi-
gated (Chu and Pelletier 2018). Indeed,
studying the effect of newly developed transla-
tion-targeting drugs on the tumor microenvi-
ronment should help better predict their clini-
cal benefit, and identify useful therapeutic
combinations.
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