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Abstract

As a convergent mechanism downstream of most oncogenic signals, control
of mRINA translation has emerged as a key driver in establishing and tuning
gene expression at specific steps in cancer development. Translation control
is the most energetically expensive molecular process in the cell that needs
to be modulated upon adaption to limited cellular resources, such as cellu-
lar stress. It thereby serves as the Achilles’ heel for cancer cells, particularly
in response to changes in the microenvironment as well as to nutrient and
metabolic shifts characteristic of cancer cell growth and metastasis. In this
review, we discuss emerging discoveries that reveal how cancer cells modu-
late the translation machinery to adapt to oncogenic stress, the mechanisms
that guide mRINA translation specificity in cancer, and how this selective
mode of gene regulation provides advantages for cancer progression. We
also provide an overview of promising preclinical and clinical efforts aimed
at targeting the unique vulnerabilities of cancer cells that rely on the remod-
eling of mRINA translation for their infinite growth and survival.
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INTRODUCTION

Aberrant control of protein synthesis is a central driver of cellular transformation and tumor devel-
opment. Compared to other means of gene expression regulation, such as transcription or protein
stability, the regulation of protein synthesis is especially energy consuming, as over 20% of the
total cellular energy is directly or indirectly invested in this process (Buttgereit & Brand 1995).
This raises the outstanding question: Why is translational control so essential for cancer develop-
ment? As the ultimate step of protein production, translation is clearly a significant node of gene
expression. However, the reasons as to why cancer cells are required to frequently regulate this
process rather than other means of gene expression, such as transcription, remain unknown. One
explanation can be found in recent studies showing that a group of mRINAs (messenger RNAs) un-
der frequent translational regulation are implicated in the ability of cancer cells to adapt to stress,
which can be induced by changes in the tumor microenvironment, such as hypoxia, nutrient short-
age, and the delivery of anticancer drugs. Overcoming this critical barrier is essential for cancer cell
survival, and the reprogramming of mRINA translation serves as a major mechanism for cancer cell
adaptation to acute microenvironment changes (Yamasaki & Anderson 2008). For example, cellu-
lar stress triggers mRNAs to be recruited into cytosolic stress granules (Buchan & Parker 2009),
where they are temporarily translationally silenced. Once cell stress abates, this translational sup-
pression can be relieved, resulting in the immediate translation of these mRNAs. Another impor-
tant explanation is that tumor cells can also promptly produce proteins by selectively translating
mRNAs that are urgently needed to respond to beneficial stimuli (i.e., growth signals) or to over-
come an antitumor immune response (Xu et al. 2019). This temporal specificity in gene expression
is a key advantage of translation regulation that helps tumor cells adapt to microenvironment sig-
nals. In this review, we highlight exciting research that may shed light on the mechanisms by which
cancer cells manipulate translation as a fast and highly selective type of gene expression control.
Specifically, we explore how cancer cells hijack the existing translational machinery through the
cooperation of various oncogenic signals, and what mechanisms enable cancer cells to determine
which specific mRNAs to translate. Lastly, we summarize existing cancer therapies that target
components of the translation machinery and discuss possibly overlooked therapeutic opportuni-
ties that can be gained from targeting the last step in gene expression: protein production.

THE CANCEROUS TRANSLATIONAL MACHINERY
Alterations of Translation Factors in Cancer

Initiation of cap-dependent translation relies on the activity of the eukaryotic initiation factor
4F complex (elF4F) that recruits ribosomes to the 5’ end of mRNAs. There are three major
components of this complex: EIF4E (the major cap-binding protein), eIF4G (the key complex
scaffold), and eIF4A (a helicase that is responsible for unwinding secondary structures of mRNAs),
all of which have been shown to be genetically amplified or transcriptionally increased in various
human cancers (Bauer et al. 2001, De Benedetti & Graff 2004, Eberle et al. 1997). Genetic loss
of the negative regulators of eIF4E, the eIF4E-binding proteins (4E-BPs), is frequently found
in patients with pancreatic and head and neck cancers (Martineau et al. 2014, Wang et al. 2019),
suggesting a tumor-suppressive role for 4E-BPs in certain cancers. Moreover, EIF4E and EIF4G
are bonafide oncogenes themselves, whose overexpression promotes cellular transformation
(Lazaris-Karatzas et al. 1990, Ruggero et al. 2004, Silvera et al. 2009). One of the most fundamen-
tal discoveries over the last several years has been the realization that reducing the levels of these
translation factors, long conceived as housekeeping genes, surprisingly does not alter normal
cellular homeostasis or embryonic development. For example, Eif#e haploinsufficiency in mice
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does not perturb normal development or cellular physiology, whereas it remarkably suppresses
oncogenic transformation (Truitt et al. 2015). These findings support the notion that increased
elF4E activity and its partners are specifically utilized for cancer development. elF6, another key
translation factor responsible for 80S ribosome assembly and translation initiation, whose activity
drives cell transformation and tumorigenesis, is also found amplified and overexpressed in human
malignancies (Gandin et al. 2008, Gatza et al. 2014, Miluzio et al. 2011). Another translation factor
important for cancer development is the eIlF3 multiprotein factor, which is composed of 10-13
proteins involved in bridging the elF4F-bound mRNA with the translation preinitiation complex
(PIC), a ribonucleoprotein complex containing the small ribosomal subunit (40S) bound by a
few initiation factors, including eIF1 and the elF2-methionyl initiator transfer RNA (tRNAiM<)
ternary complex (eIF2-TC). Specifically, the eIF3h subunit is amplified in breast cancer and
malignant prostate cancer (Nupponen et al. 1999, Saramaki et al. 2001), whereas the expressions
of other subunits, such as eIF3e and elF3f, are downregulated in various cancers (Marchett et al.
2001, Shi et al. 2006). While understanding the distinct roles of eIF3 subunits in cancer remains
an outstanding question, recent data suggest that specific subunits of this complex can regulate
the translation of different mRNAs, which may have either oncogenic or tumor-suppressive prop-
erties (Lee et al. 2015, 2016). Recently, another translation initiation factor, eIF1A, responsible
for the assembly of PIC and start codon selection, has been found to be mutated in thyroid cancer
(Krishnamoorthy et al. 2018). In this context, the translation initiation factor eIF2A, also involved
in start codon recognition, has been discovered to be both amplified in human squamous cell
carcinomas and correlated with poor prognosis (Sendoel et al. 2017). The expression not only of
translation initiation factors but also of elongation factors is widely altered in human cancers. For
example, the expression of eIF5A, a translation factor involved in the elongation step of protein
synthesis, is increased in a variety of cancers (Guan et al. 2004, He et al. 2011, Tang et al. 2010).
The expression of translation elongation factors such as eEF1A2 and eEF?2 are also increased and
their genes are amplified in solid tumors (Figure 1) (Anand et al. 2002, Nakamura et al. 2009).

At present, although clear examples of genetic alterations in translation factors have been ob-
served in cancers, by far the most prevalent changes are found instead at the level of their activity.
In fact, almost all oncogenic signals that are frequently deregulated in cancer (PI3K, RAS, MYC,
and pRB) directly control the activity of translation initiation and elongation factors at the level
of their posttranslational modifications (PTMs; see below). Therefore, the large-scale genomics
efforts aimed at identifying cancer mutations and drivers of cancer initiation are likely to miss
these important changes. Moreover, as the translation factors may be essential genes, their alter-
ations at the posttranslational level may represent a unifying mechanism for how their activities
are controlled in cancer cells, for example, at the level of hypomorphic loss or increase in activity,
rather than full deletions, which would compromise the fitness of even normal cells.

Upstream Oncogenic Pathways that Regulate the Translational Machinery

Cancer is a disease of aberrant signaling (Yaffe 2019). In this context, major signal transduction
pathways, when abnormally activated, become key drivers of tumorigenesis by manipulating the
activity of specific translation factors (Figure 15). One of the best examples is the master tran-
scription factor MYC, which is hyperactivated in most human cancers and is a key regulator of
protein synthesis (Iritani & Eisenman 1999). MYC controls mRINA translation by increasing the
transcription of many components of the translational machinery, such as ribosomal RNA (rRNA)
(Grandori et al. 2005); ribosomal proteins (RPs) (Boon et al. 2001); translation initiation factors
such as eIF4E, eIF4G, and elF4A (Schmidt 2004); and the RNA guanine-7-methyltransferase re-
sponsible for the functional mRNA cap structure (Cole & Cowling 2009). Importantly, genetic
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Figure 1 (Figure appears on preceding page)

Alterations of the translation machinery and its upstream signals in cancer. (#) Translation initiation and elongation factors are
frequently genetically altered in cancer. The complex eIF4F, composed of eIF4E, eIF4G, and elF4A, is upregulated or amplified in
various cancers; whereas their inhibitory proteins such as PDCD4 are downregulated. The expression of individual subunits of eIF3 and
eIF2 in cancer can be different. Other factors including eIF1A, eIF5A, eEF1A, and eEF2 are also genetically altered. () RAS-MAPK
and PI3K-AKT signaling transduction pathways are activated in most human cancers. The oncogenic activities of these pathways
converge on the regulation of the translational machinery, mostly through the activation of mTOR, which phosphorylates and
inactivates 4E-BPs. mTOR also phosphorylates and activates S6Ks. MNK downstream of RAS-MAPK directly phosphorylates eIF4E,
promoting the translation of mRNAs crucial for cancer progression. In response to stress, the AMPK pathway is activated to suppress
mTOR activity; whereas eIF2 kinases (PERK, HRI, PKR, and GCN2) phosphorylate the a subunit of eIF2, repressing global protein
synthesis while increasing the translation of specific mRNAs that are critical to overcome the stress and promote cancer progression. In
the nucleus, key oncogenic transcription events (e.g., activation of MYC and loss of p53 and pRB) contribute to the transcription of
translation factors, RPs, and rRNAs. (c) Alterations in ribosome components in cancer include RPs and enzymes responsible for rRNA
modifications (e.g., DKCI, which catalyzes pseudo-uridination, and FBL, which mediates 2’-O-methylation) that are either
upregulated, downregulated, or mutated specifically in cancers. Abbreviations: 40S, small ribosomal subunit; 60S, large ribosomal
subunit; 4E-BPs, eIF4E-binding proteins; eIF4E, eukaryotic initiation factor complex 4F; met, methionyl; MNK, MAPK-interacting
kinase; mRNA, messenger RNA; RPs, ribosomal proteins; rRINA, ribosomal RNA; S6Ks, S6 kinases; tRNA, transfer RNA.

studies have firmly established that MYC’s oncogenic potential lies in its control of protein synthe-
sis to drive cancer initiation. For example, MYC oncogenic activity is significantly compromised
when the increased protein synthesis levels in a tumor are restored to normal by the deletion of one
copy of the protein RPL24 (Barna et al. 2008). In particular, the MYC-driven elevation in protein
synthesis is responsible for increased cell growth, division, and genomic instability in cancer.

Two additional notable pathways that regulate protein synthesis in human cancers are the
PI3K-AKT and RAS-MAPK pathways. The most well-studied mechanism of action of the PI3K-
AKT pathway in protein synthesis control is mediated by the inactivating phosphorylation of
the tuberous sclerosis tumor-suppressor TSC1/2 complex, which is a negative regulator of the
mammalian target of rapamycin complex 1 (nTORC1) (Zoncu et al. 2011). mTORCI activa-
tion subsequently induces the phosphorylation of the RP S6 kinase 1/2 (S6K1/2) and 4E-BPs,
promoting translation initiation. In addition, S6K phosphorylation also controls translation elon-
gation via direct inhibition of the eEF2 kinase, a negative regulator of the elongation factor eEF2.
Similar to the PI3K-AKT node, the RAS-MAPK pathway also modulates mRNA translation by
blocking TSC2 activity (Ma et al. 2005, Roux et al. 2004). In addition, MAPK interacting kinases
(MNK1/2), downstream of ERK and p38 kinases, phosphorylate eIF4E at serine 209 (Waskiewicz
etal. 1999). Although the underlying mechanism by which eIF4E phosphorylation impacts trans-
lation remains poorly understood, compelling studies have shown that phosphorylated eIF4E pro-
motes mRINA translation in hormone- or growth factor-treated cells (Gingras et al. 1999) and pos-
itively regulates the translation of specific mRINAs critical for tumor development and metastatic
dissemination (Furic et al. 2010, Robichaud et al. 2015, Xu et al. 2019). Importantly, RAS-induced
cell transformation and tumorigenesis are markedly abolished when T'SC2 or eIF4E can no longer
be phosphorylated by the RAS-MAPK pathway (Ma et al. 2005, Ueda et al. 2010), suggesting that
RAS-mediated control of mRNA translation contributes significantly to its oncogenic activity.

Translational control is an integral part of these survival adaptive pathways. Under stress condi-
tions, cancer cells reroute energetic resources by attenuating global protein synthesis, while trans-
lating the distinct mRNAs essential to mitigating the stress and promoting survival (Figure 15).
For example, an energy-sensing kinase, AMPK, is expressed in various cancers. AMPK can di-
rectly phosphorylate TSC1/2 (Ma etal. 2005), as well as the mTORC1 component Raptor (Gwinn
et al. 2008), to shut down mTOR-mediated mRINA translation when necessary. The activation of
AMPK also activates eEF2 kinase (eEF2K), which in turn phosphorylates and inhibits the function
of eEF2 in translation elongation, enabling cancer cells to escape nutrition deprivation-induced
apoptosis (Leprivier et al. 2013).
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While phosphorylation is the most studied type of key PT'M on translation factors, new exciting
studies have discovered additional PTMs on translation factors induced by oncogenic pathways
that are important for cancer progression. One remarkable example is a recent work discovering
that the elongation factor eEF1A is methylated by methyltransferase-like 13 (METTL13), which
is hijacked by oncogenic RAS signaling to elevate protein synthesis and promote tumorigenesis
(Liu etal. 2019). Another unique PTM is hypusination on lysine 53 of the eIF5A translation factor.
Hypusination is the transfer of an amino-butyl residue to lysine mediated by two enzymes, deoxy-
hypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH), using polyamine spermi-
dine as a substrate to generate hypusinated eIF5A. Interestingly, eIF5A and its isoform eIF5A2,
as well as DHPS and DOHH, are upregulated in several cancers and are associated with unfavor-
able prognostic clinical outcomes (Nakanishi & Cleveland 2016). However, the role of eIF5A and
of the hypusination modification in cancer are still poorly understood. Elucidating how unique
PTMs modulate the activity of specific translation factors in cancer is essential not only to unveil
new mechanisms of posttranscriptional regulation underlying tumor growth, but also to provide
a rationale for new therapeutic intervention. This is illustrated by the fact that drugs targeting
enzymes responsible for these PTMs have the potential to expose a novel point of vulnerability in
cancer cells. For example, a compound that inhibits DHPS (GC-7) shows antiproliferative effects
in mouse melanoma cells both in vitro and in vivo (Jasiulionis et al. 2007).

Cancer-Specific Ribosomes

Ribosomes were once considered indiscriminate protein production factories with identical com-
position across different cell and tissue types. However, exciting studies have now captured dif-
ferences in the RNA and protein makeup of ribosomes. This variability and the identification
of distinct mRNAs bound to variant ribosomes indicate that distinct ribosomal components may
act as regulatory elements for the translation of specific mRNAs (reviewed by Genuth & Barna
2018). Indeed, recent studies have shown that translating ribosomes are heterogeneous at the level
of both core RPs and ribosome-associated proteins, and that ribosomes with distinct protein com-
positions translate different subsets of mRINAs in embryonic stem cells (Shi et al. 2017, Simsek
etal. 2017). In this respect, it is tempting to speculate that the composition of ribosomes in cancer
cells may also change during tumorigenesis. PTMs of RPs, as well as chemical modifications in
rRNAs such as methylation and pseudo-uridylation, are also commonly deregulated during cancer
development from cellular transformation to tumor maintenance (Bellodi et al. 2010, Khalaileh
etal. 2013, Marcel et al. 2013, McMahon et al. 2019, Montanaro et al. 2006). An important discov-
ery supporting the concept that alterations in ribosomes function as drivers of human disease is
the discovery of so-called ribosomopathies—inherited human syndromes caused by mutations in
RPs and other factors that regulate ribosome activity, which are characterized by increased cancer
susceptibility (Sulima et al. 2017). Examples include mutations in the DKC1 gene that encodes
the dyskerin protein, an evolutionarily conserved enzyme responsible for the modification of spe-
cific uridine residues in rRNA (Heiss et al. 1998), and mutations of specific RPs (Draptchinskaia
etal. 1999, Ebert et al. 2008). Importantly, patients affected by ribosomopathies have a high inci-
dence of lymphomas and solid tumors (Lipton et al. 2001, Shimamura & Alter 2010). Moreover,
genetic mutations or deletions of ribosomal components have been detected in several human
cancers (Figure 1¢) (Dave et al. 2014, De Keersmaecker et al. 2013, Ljungstrom et al. 2016, Rao
et al. 2012). One example is a mutation of RPL10A at arginine 98 residue, which results in an
altered expression of approximately 4% of the proteome, including the JAK/STAT signaling com-
ponents in T cell acute lymphoblastic leukaemia (Girardi et al. 2018). Therefore, although a direct
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connection has been established between alterations in the expression or activity of compo-
nents of the ribosomes and susceptibility to cancer, further studies are required to directly assess
whether cancer ribosomes exist—that is, whether the composition of the translation machinery
itself is altered as a consequence of specific oncogenic lesions, and how these alterations influence
translation control in cancer cells versus their untransformed counterparts. Another important
connection between ribosomes and cancer is whether the total number of ribosomes and their
composition may also be altered in the setting of cellular transformation. This is supported
by findings from over 200 years ago that changes in the size and number of nucleoli (sites of
ribosome production) could be used as biomarkers distinguishing normal cells from cancer cells.
Often, such changes may only be proxies for the number and translational status of ribosomes in a
cell. Therefore, more selective means for quantifying ribosomes’ activity, composition, and num-
ber are required to investigate the biophysical properties of the translation machinery in cancer.
These ribosome alterations have important therapeutic implications for whether certain cancers
can be targeted with ribosome inhibitors. For example, new compounds that target Pol I, responsi-
ble for transcribing ribosomal DNA, recently entered the clinic and have shown antitumor effects
in preclinical studies (Drygin et al. 2009, Peltonen et al. 2014).

FEATURES OF mRNA REGULATORY ELEMENTS THAT DRIVE
REGULATION AT THE TRANSLATIONAL LEVEL IN CANCER

Structural Regulatory Elements

One of the first insights into how mRINAs are selectively translated in cancer cells stemmed from
the discovery that some mRINAs, including those encoding for growth factor receptors, survival
proteins, or oncogenes such as MYC, possess secondary structures in their 5 UTR (untrans-
lated region) that hinder ribosome scanning and translation initiation (Kozak 1986, Pelletier &
Sonenberg 1985). As these proteins are critical regulators of cell growth, the translation of their
mRNAs is limited and highly regulated in normal cells by these RNA structures, which serve as
important mechanisms to restrain protein production of selective mRNAs in the genome. Cancer
cells augment the translation efficiency of these mRNAs by hyperactivating the eIF4F complex,
in particular via the eIF4A helicase, which unwinds secondary structures within the 5* UTRs, en-
abling a selective increase in the translatome of cancer cells (Koromilas etal. 1992, Ray et al. 1985).
Indeed, these elF4A-sensitive transcripts include growth factor receptors and key cell cycle regu-
lators (Wolfe et al. 2014). Interestingly, other DEAD box RNA helicases, such as DDX3 (encoded
by DDX3X), have recently been shown to translate a network of mRINAs contributing to tumor
development (Oh et al. 2016). Notably, DDX3X is mutated in 36% and 21% of WNT group
and SHH group medulloblastoma, respectively (Northcott et al. 2017, Robinson et al. 2012), and
thereby represents a major oncogenic driver that directly controls mRNA translation (Figure 24).

Other structured RNA elements in the 5" UTR, known as internal ribosome entry sites (IRESs),
regulate the translation of specific nRINAs in a cap-independent manner (Figure 25). This mode
of translation initiation is more prominent under distinct steps of cancer progression character-
ized by stress conditions, such as hypoxia, DNA damage, and amino acid starvation. Importantly,
IRES-containing mRNAs encode for proteins associated with the hallmarks of cancer, such as pro-
survival (e.g., HIF1A), antiapoptotic (e.g., BCL2 and XIAP), and proangiogenic (e.g., VEGFA4 and
CTNNDI) factors (Braunstein et al. 2007, Holcik et al. 2000, Silvera et al. 2009). The IRES struc-
ture, along with the activity of several IRES truns-acting factors including RNA-binding proteins
(RBPs) and translational factors such as eIF4G or elF3, recruits the 40S ribosome to the mRINA
to promote translation initiation. It has also been reported that IRES-dependent translation of
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specific protumor mRNAs can also be suppressed by certain RBPs, such as the tumor suppressor
PDCD#4, which directly represses the IRES-dependent translation of XI4P and BCLXL to block
tumor growth (Liwak et al. 2012). Therefore, the successful translation of these IRES-containing
mRNAs can enhance tumor initiation (Mizrachy-Schwartz et al. 2007), growth and angiogenesis
(Braunstein et al. 2007), and therapy resistance (Gu et al. 2009).
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Figure 2 (Figure appears on preceding page)

mRNA features guiding translation specificity in cancer. (#—c) RNA elements including secondary structures (2), IRES elements (4), and
protein-binding structural motifs (c) control the translation efficiency of specific mRINAs critical for tumorigenesis. (d) ATISs upstream
of the main AUG start codon control the translation of key mRNAs during cancer development. An ATIS can lead to the production of
long protein isoforms such as PTEN-L or the translation of a uORF that impacts the translation of the downstream mRNA. Dashed
arrows indicate a less efficient translation initiation at the main AUG due to the initiation at ATIS or uOREF. (¢) Sequence motifs within
UTRSs can guide cap-dependent translation of protumor transcripts. (f) mRNA modifications (e.g., m°A) recognized by specific RBPs
direct a preferential translation of oncogenic mRNAs for tumor progression. (g) Cancer-specific expression of a repertoire of tRINAs
that match the cancer-mRINA codon sequences favors the translation of cancer mRINAs (e.g., mRNAs implicated in the cell cycle,
invasion, and cancer angiogenesis) over other mRNAs (e.g., those implicated in differentiation and apoptosis). Abbreviations: 40S, small
ribosomal subunit; 60S, large ribosomal subunit; ATIS, alternative translation initiation site; CPE, cytoplasmic polyadenylation
element; IRES, internal ribosome entry site; ITAFs, IRES trans-acting factors; mRNA, messenger RNA; OREF, open reading frame;
RBP, RNA-binding protein; tRNA, transfer RNA; uORF, upstream ORF; UTR, untranslated region.

Excitingly, new technologies, such as selective 2’-hydroxyl acylation analyzed by primer exten-
sion (SHAPE) and cross-linking immunoprecipitation (CLIP), have been instrumental in defining
new RNA structures in the regulatory regions of selective mRNAs, unveiling new mechanisms for
translation specificity. For example, recent studies have found that distinct components of the eIF3
complex such as eF3a and eF3c directly bind RNA hairpin structures in the 5" UTR to regulate
the translation of pro-oncogenic mRNAs such as ¢-7UN and BTGI (Figure 2¢) (Lee et al. 2015).
Therefore, we are at the beginning of a new line of research that deciphers the structural topology
of regulatory elements within mRNAs that may be directly involved in different steps of tumori-
genesis and drug resistance.

Alternative Translation Initiation Site

Another example of a translation regulator located in the 5 UTR of key oncogenic proteins is the
alternative translation initiation site (ATIS), located upstream of the main AUG initiation codon.
An ATIS can be in frame with the main open reading frame (ORF) and, if engaged by the 40S
ribosome and the PIC, leads to a longer protein, which may have a new function. For instance,
translation from an upstream ATIS present in the PTEN mRNA results in the synthesis of a long
form of PTEN (PTEN-L), which is secreted to act as a tumor suppressor in neighboring cells
that uptake PTEN-L. Notably, this tumor-suppressive translation event is lost in breast cancer
(Hopkins et al. 2013). Alternatively, the ATTS may be part of a small ORE, known as an upstream
ORF (uORF), which generally represses the translation efficiency of the main ORF (Figure 24d).
The regulatory activity of uORFs has been an emerging example of how cells modulate the
abundance of key proteins. Mechanistically, this can be achieved by (#) the ribosomes dissociating
after translating the uORF or (b)) the ribosomes stalling on the uORF and blocking the other
incoming ribosomes (Lovett & Rogers 1996). Both scenarios impair the ability of ribosomes to
translate the downstream main ORF. However, the translational barrier imposed by the uORF
needs to be bypassed when cells need to translate the main ORF. The mechanistic details by which
uORFs are circumvented, allowing the ribosome to engage the main start codon, are still poorly
understood. Nevertheless uORF-mediated translation is likely exploited by cancer cells to favor
the translation of specific mRNAs. For example, bypassing uORF-mediated translation suppres-
sion of the ERBB2 mRNA enhances the production of this oncogenic growth receptor (Mehta
etal. 2006). Another recent example is the synthesis of programmed death ligand 1 (PD-L1), a key
immune checkpoint that diminishes the antitumor T cell response. The PD-L1 mRNA is nor-
mally translationally repressed by uORFs located in its 5 UTR. Importantly, this uORF-mediated
translational repression is efficiently bypassed in aggressive cancer, leading to tumor immune
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evasion and metastasis formation (Xu et al. 2019). Therefore, understanding the mechanisms by
which cancer cells alter uORF regulatory activity should be of great interest to cancer biologists.

In this respect, one of the translation factors discovered to be involved in bypassing uORF-
mediated translation repression is eIF2. eIF2 is the initiation factor that binds GTP and tRNAiMet
to form the eIF2-TC, which is important for delivering methionyl-tRNAi onto the AUG start
codon through GTP hydrolysis. Under different forms of cellular stress, such as endoplasmic
reticulum stress, the o subunit of eIF2 (eIF2a) is phosphorylated at serine 51 by several elF2a
kinases, including the double-stranded RINA-dependent protein kinase (PKR) and PKR-like en-
doplasmic reticulum kinase (PERK) (Wek 2018). eIF2a phosphorylation modulates the propensity
of eIF2 to recognize the start codon. It is noteworthy that cancer cells are usually under various
stresses imposed by oncogenic insult-induced metabolic alterations or rapid changes in the tumor
microenvironment. Therefore, increased eIF2a phosphorylation in cancer cells is likely to trigger
uORF bypass as a mechanism to control selective mRNA translation. Intriguingly, elF2a phospho-
rylation is characteristic of more aggressive cancers and is responsible, at least in part, for the by-
pass of uORF-mediated translational repression of PD-L1 in cancer (Xu et al. 2019). Furthermore,
elF2a phosphorylation is essential for the growth of metastatic prostate cancer, and increased
elF2a phosphorylation, in combination with loss of PTEN, is a strong predictor for prostate
tumor recurrence and metastasis formation (Nguyen et al. 2018). PERK, which regulates eIF2a
phosphorylation, also controls the ability of cancer cells to undergo the epithelial-to-mesenchymal
transition, which is responsible for both cancer metastasis and therapy resistance (Feng etal. 2014).
Intriguingly, a recent genome-wide study in the context of skin tumorigenesis showed that uORFs
could also act as translation activators to fuel tumor growth (Sendoel et al. 2017). Although the
underlying mechanism is unclear, this study proposed that engagement of these uORFs is likely
mediated by an alternative translation initiation factor, eIF2A, which is upregulated in many can-
cers. Moreover, uORF-mediated translation regulation can be directly created or abolished by
genetic mutations of upstream initiation codons, particularly in genes associated with cancer cell
survival (McGillivray et al. 2018). The most prominent and functionally validated examples are
mutations in the 5’ UTR that create new uORFs within the mRNAs CDKN2A (which encodes
p16™K* and p14ARF) (Liu et al. 1999) and CDKN1B (which encodes p27X™!) (Occhi et al. 2013).
These newly generated uORFs induce the translation repression of these tumor suppressors in
patients who are predisposed to melanoma and pituitary adenoma, respectively.

Importantly, the full repertoire of mRINAs that are translationally regulated in cancer cells
when elF2a is phosphorylated is still unknown. In addition, elucidating the products of their
uORFs in cancer cells would also be important for exploring potentially novel therapeutic strate-
gies. For example, it has been proposed that the translation of a uORF can result in the production
of a peptide that may be relevant for cell recognition by the immune system during the adaptive
immune response (Starck et al. 2016). Indeed, silencing of the RPS28 protein promotes the trans-
lation of uORFs in melanoma cells. This results in the production of HLA-A2 antigen peptides
that stimulate the antitumor CD8™ T cell response (Wei et al. 2019). In this scenario, an increase in
the ribosome engagement of uORFs during early steps of cancer development may also lead to the
production of small peptides that unintentionally appear on the surface of tumor cells. Therefore,
these neoantigens could be employed for early cancer detection and as novel therapeutic targets.

Sequence Motifs

Several sequence-specific elements in mRNA 5" UTRs are functionally associated with the trans-
lation efficiency of distinct mRINAs in response to oncogenic signals (Figure 2e). One of the
earliest examples is the 5'-terminal oligopyrimidine tract (TOP) motif, which is identified as a
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translational regulator of mRINAs encoding for components of the translation machinery, includ-
ing RPs (Levy et al. 1991), and translational factors themselves (Iadevaia et al. 2008). The specific
translation of TOP-containing mRNAs contributes to the increase in protein synthesis and cell
growth downstream of mTOR activation (Hsieh et al. 2012, Jefferies et al. 1994, Tang et al. 2001,
Thoreen etal. 2012). Using genome-wide ribosome profiling experiments in prostate cancer cells
treated with mTOR AT'P active site inhibitors, researchers have also identified so-called TOP-like
sequences such as the pyrimidine-rich translational element (PRTE) in proinvasive transcripts, in-
cluding Y box-binding protein 1 (YBX1I) and metastasis-associated 1 (MTAI) (Hsieh et al. 2012).
Furthermore, the PRTE is responsible for the translation of phosphoribosyl pyrophosphate syn-
thetase 2, a rate-limiting nucleotide biosynthesis enzyme necessary for increasing the nucleotide
pool in MYC-induced tumorigenesis (Cunningham et al. 2014). Another sequence motif that con-
fers sensitivity to translation in an eIF4E-dependent manner during the early steps of cellular
transformation is the cytosine-enriched regulator of translation (CERT) motif, which promotes
translation initiation of specific mRNA networks. These mRINAs include the antioxidant proteins
ferritin and glutathione, which are essential for cellular transformation and tumor progression by
counteracting the toxic increases of reactive oxygen species (Truitt et al. 2015).

Although researchers understand the functional relevance of these sequence motifs (e.g., TOP,
TOP-like, PRTE, CERT) in regulating the translation of specific transcripts during tumorigene-
sis, the mechanistic details by which they interact with the translation machinery remain elusive.
A working hypothesis is that oncogenic signaling coordinates the recruitment of distinct RBPs
and specific translational factors to these sequence motifs to promote translation initiation. In line
with this hypothesis, La-related protein 1 (LARP1) binds to the 5" TOP motif and regulates the
translation of mMTOR-sensitive mRNAs (e.g., RP mRNAs) (Fonseca et al. 2015, Tcherkezian et al.
2014). Another example is the splicing factor U2AF1, a noncanonical translation regulator that
binds mRINA at a specific RNA motif near the AUG start codon, which normally suppresses the
translation of hundreds of mRNAs, including IL-8. Importantly, mutations in U2AF1 at serine 34
(S34F), which are found in many human cancers, relieve this suppression and may contribute to
cancer metastasis through derepression of the translation of specific mRNA networks (Palangat
etal. 2019).

Interestingly, the interaction of RBPs with regulatory elements located in the 3’ UTR may
also control the translation of oncogenic mRNAs. For example, the cytoplasmic polyadenylation
element (CPE) is located in the 3’ UTR of hundreds of mRNAs involved in important cellu-
lar processes (e.g., cell proliferation, chromosome segregation). The CPE is bound by a group
of RBPs known as CPE-binding proteins (CPEBs) including CPEB4, which is overexpressed in
pancreatic ductal adenocarcinoma. The binding of CPEB4 to the CPE induces the translation
of several protumor mRNAs, such as tPA (tissue plasminogen activator), mediating tumor pro-
gression (Ortiz-Zapater et al. 2011). The precise mechanism by which putative RBPs may impact
translation specificity through their binding with 5" or 3" UTRs remains an outstanding question
in cancer biology. However, it is intriguing that some of these RBPs themselves may be altered
during tumor development, and their expression levels can also serve as indicators of poor prog-
nosis (Pereira et al. 2017).

RINNA Modifications

Although RNA modifications were discovered in the 1960s, the importance of the RNA epitran-
scriptome, particularly in cancer, has only recently come under investigation. Similar to genomic
DNA epigenetics, modifications of an mRNA influence translation control and mRINA stabil-
ity. N®-methyladenosine (m®A) is the most common modification in cells, which is mediated by
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methyltransferases METTL3 and METTL14, known as writers; recognized by a cluster of RBPs,
known as readers [e.g., YTH family proteins (Wang et al. 2015)]; and erased by demethylases,
including FTO and ALKBHS. The gain or loss of function of these proteins affects mRINA trans-
lation. In the cancer setting, both m®A writers (Vu et al. 2017) and readers (e.g., YTHDF1) (Han
et al. 2019, Nishizawa et al. 2018) remarkably impact cancer progression. Deletion of METTL3
abrogates oncogenesis by suppressing the translation efficiency of oncogenic mRNAs encoding
for proteins involved in either signal transduction (e.g., EGFR) or gene transcription (e.g., BRD4
and SPI), all of which possess m®A within their CDS (coding sequence) or 3’ UTR (Barbieri
etal. 2017, Choe et al. 2018, Lin et al. 2016, Vu et al. 2017). As these proteins linked to m°A can
be inhibited by small molecules, they may represent novel therapeutic targets. Mechanistically, it
has been suggested that METTL3 facilitates 5'-3" mRNA looping, in which METTL3 bound on
the 3’ UTR interacts with the initiation factor eIF3 to directly influence the binding of the 40S
subunit on the 5 UTR (Choe et al. 2018). This mRNA looping is believed to promote translation
reinitiation after ribosomes are disassembled following translation termination (Figure 2f). The
mSA modification is pervasive and present throughout the transcriptome of mRNAs (5" UTR,
CDS, and 3’ UTR). Whether m®A modifications change during cancer development and if these
changes support the translation selection of oncogenic mRNAs during cancer progression are
outstanding questions that remain unanswered.

Codon Usage

Cancer cells may have an increased demand for translating selective mRINA networks that, in some
instances, are composed of transcripts harboring a unique codon usage (Figure 2g). Exciting re-
cent studies support the notion that tumor cells preferentially increase the expression of specific
tRNA (transfer RNA) species to enhance the translation elongation of transcripts enriched for
their cognate codons (Goodarzi et al. 2016, Pavon-Eternod et al. 2009). The codon-biased trans-
lation of specific mRINAs in cancer cells is controlled at the level of not only tRNA abundance
but also tRNA modifications (Begley et al. 2007, Chan et al. 2012, Delaunay et al. 2016). Interest-
ingly, nRNAs involved in cell proliferation, cell invasion, and metastasis appear to harbor distinct
codon usage frequencies compared to other mRNAs (Gingold et al. 2014, Goodarzi et al. 2016). In
this context, codon usage—mediated translation control regulates the synthesis of key oncogenes
such as RAS. Compared to HRAS, KRAS mRNAs contain relatively rare codons that are low in
abundance, resulting in reduced translational efficiency of this specific isoform of RAS. Replacing
these rare codons with common ones significantly enhances KRAS protein synthesis (Lampson
et al. 2013). More recently, it has been proposed that codon usage in translational control may
also impact therapeutic resistance. For example, the codon-specific translation of a DNA damage
repair kinase, ATR, renders cancers resistant to DNA damage agents (Li et al. 2018).

FROM THE BENCH TO THE CLINIC: TARGETING
TRANSLATIONAL CONTROL

It is now clear that translational remodeling of critical mRNA networks regulates important
steps in cancer development. This cancer-specific translational remodeling may now provide
a therapeutic window for new inhibitors of mRNA-selective translation control. Major efforts
have been made to target oncogenic drivers (e.g., MYC amplification and RAS mutations), which
are often undruggable. In contrast, cancer-specific translational control is an emerging example
of a nononcogene addiction, a dependency common to multiple oncogenic signals. Therefore,
targeting the translation machinery represents a novel therapeutic intervention for cancer

(Figure 3).
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Figure 3

Drugs and therapeutic strategies (blue text) targeting the translation machinery and its upstream signaling in cancer. TKis and
compounds inhibiting the RAS-MAPK, PI3K-AKT, and mTOR signaling pathways can result in the suppression of translation
initiation. Drugs targeting the enzymes regulating the posttranslational modifications of translation factors [e.g., eIF4E or elF2
phosphorylation (Chen et al. 2011, Zhao et al. 2016) and eIF5A hypusination] can also alter the activity of these translation factors. The
activity of translation factors can be targeted by the compounds that are directly bound to them (e.g., eIF4A and eEF1A inhibitors, the
elF2B activator ISRIB, and 4EGI, which blocks the eIF4E-eIF4G interaction). The abundances of translation components can also be
regulated (e.g., antisense oligonucleotides, which degrade eIF4E mRNA, and the Pol I inhibitor, which blocks ribosome biogenesis).
Many of these compounds block the translation of specific protumor mRNAs and show potential preclinical or clinical efficacies.
Abbreviations: 40S, small ribosomal subunit; 60S, large ribosomal subunit; ISRIB, integrated stress response inhibitor; met, methionyl;
MNK, MAPK-interacting kinase; mRNA, messenger RNA; PIC, preinitiation complex; TKi, tyrosine kinase inhibitor; tRNA, transfer
RNA.

Targeting Translation Initiation and Elongation in Cancer Cells

Most compounds that inhibit translation control in cancer target translation initiation. One of
the first examples is rapamycin and its analogs (rapalogs, such as everolimus), which allosterically
inhibit mMTORCI activity. However, these compounds are not strong inhibitors of the mTORC1-
directed phosphorylation of 4E-BP1 in vivo and do not efficiently abrogate the translation upreg-
ulation downstream of this oncogenic pathway, and therefore their anticancer efficacy is limited
(Fruman & Rommel 2014). Interestingly, next-generation mTOR inhibitors that block the ATP
site activity of mTOR (currently in several phase II trials for different cancers, including glioma,
prostate cancer, breast cancer, etc.) possess higher efficacy in tumor regression. This is due in
large part to their ability to abrogate phosphorylation of 4E-BPs and the translation of onco-
genic mRNA networks (Benjamin et al. 2011). However, dose-limiting toxicities (DLTS) exist in
both types of mMTOR inhibitors. For example, the major DLTs of rapalogs are stomatitis, fatigue,
mucositis, and hyperlipemia, while ATP site inhibitors such as MLN0128 and AZD2014 have
also exhibited rash, anemia, mucositis, and fatigue. Strategies for managing the DLT5 are being
implemented to improve the tolerability of these inhibitors.
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An intense ongoing effort has been made to target the eIF4F complex directly. For example, an
antisense oligonucleotide (ASO) that promotes Eif4e mRNA degradation has proven effective in
suppressing tumor progression in preclinical mouse models; however, phase I/11 clinical trials may
fall short, most likely due to the inefficient delivery of ASOs into solid tumors (Duffy et al. 2016,
Hong etal. 2011). Other examples include compounds that block the Eif4e-Eif4g interaction (e.g.,
4EGI-1, 4E1RCat, 4E2RCat), which have displayed varied efficacies in preclinical animal models
(Chen et al. 2012, Ghosh et al. 2009). As researchers have uncovered the involvement of eIF4A
in translation of cancer-specific transcripts, efforts have also been made to target this important
RNA helicase. Preclinical compounds that target eIF4A include silvestrol (Bordeleau et al. 2008)
and the newly discovered compound rocaglamide A, which converts eIF4A into a translational
repressor by selectively trapping eIF4A on the polypurine RNA stretch in an ATP-independent
manner and consequently blocking ribosome scanning (Iwasaki et al. 2016). eIF4A inhibition by
these compounds results in tumor suppression in xenograft tumor models (Bordeleau et al. 2008,
Cerezo et al. 2018, Manier et al. 2017, Wolfe et al. 2014).

elF4E phosphorylation, mediated by the MNKs, positively controls cap-dependent transla-
tion. Several MNK inhibitors have been generated, such as cercosporamide and tomivosertib (also
named eFT508), which abrogate tumor progression and metastasis in xenograft and genetically
engineered mouse models (Konicek et al. 2011, Xu et al. 2019). Importantly, tomivosertib is cur-
rently in several phase II clinical trials against colorectal and castration-resistant prostate cancers
(https://clinicaltrials.gov identifiers NCT03690141, NCT03258398). Another exciting target is
the hypusination of eIF5A, which is the only known protein to contain a hypusine amino acid. The
inhibition of Eif5a hypusination using GC-7 induced cell apoptosis and melanoma regression in
mice (Jasiulionis et al. 2007).

Recent studies have further highlighted the possibility of also targeting the translation elon-
gation step in cancer cells. For example, the elongation factor eEF1A, amplified in malignancies
including ovarian cancer, can be inhibited by the natural product ternatin and its synthetic variants
(Carelli et al. 2015), although the antitumor efficacy of these compounds remain at present un-
known. The activity of another elongation factor, eEF2, which is overexpressed in gastrointestinal
cancers, can be targeted by nelfinavir, an activator of the eEF2 kinase that blocks eEF2 activity.
Nelfinavir treatment results in tumor growth suppression both in vitro and in vivo (De Gassart
et al. 2016). However, the activation of the eEF2K-eEF2 axis as an anticancer therapy needs care-
ful consideration. Since recent studies have shown that cancer cells under stress conditions such
as nutrient deprivation surprisingly rely on eEF2K activity for cancer progression (Leprivier et al.
2013), eEF2K activation (for example by nelfinavir treatment) under certain circumstances could
unwittingly favor cancer development.

Targeting the Translational Control of Cancer-Immune Cross Talk

Cancer cells are surrounded by several cell types that modulate tumor development, including
cytotoxic T cells, which restrict tumor growth when activated. Cancer cells disable the toxicity
activity of these lymphocytes by upregulating immune checkpoint proteins such as PD-L1, which
acts as a “don’t eat me” signal to immune cells, enabling cancer immune evasion. In this con-
text, as translation control is one of the fastest modes of gene expression to change protein levels
in response to environmental stimuli, several key oncogenic inflammatory products [e.g., COX2,
TNF-a, IFN-y (Mazumder et al. 2010)] and immune checkpoints are regulated at the translational
level (Franchini et al. 2019, Xu et al. 2019). Indeed, targeting distinct translation factors in cancer
blocks the selective translation of PD-L1 (Cerezo et al. 2018, Parsa et al. 2007, Xu et al. 2019),
leading to the reactivation of the antitumor immune response. These findings have prompted the
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use of translation inhibitors, such as tomivosertib, an inhibitor of eIF4E phosphorylation, in com-
bination with anti-PD-1/PD-L1 inhibitors in clinical trials (NCT03616834). New opportunities
may also arise for directly targeting the translation factors in tumor-infiltrating cells that sup-
port tumor progression. One example is the suppression of eIF4E phosphorylation, which leads
to a decrease in the translation of antiapoptotic mRNAs such as BCL2 or MCLI in the protumor
neutrophils, inducing neutrophil cell death and preventing lung metastasis formation (Robichaud
etal.2018). Another example is the m®A reader YTHDF1, which increases the translation of lyso-
somal cathepsins in dendritic cells during cancer development (Han et al. 2019). Genetic deletion
of YTHDF]1 reduces cathepsin production, leading to enhanced neoantigen presentation by den-
dritic cells to antitumor T cells and increased therapeutic efficacy of the PD-L1 checkpoint block-
ade. Therefore, inhibiting the translation of these key immune mRNAs may provide additional
immunotherapy opportunities.

SUMMARY

The translatome of the cancer genome should be of great interest to cancer biologists. While the
field has placed a heavy emphasis on deciphering how changes in mRNA abundance contributes
to tumor development, there is now a growing realization that the deregulations in translational
control act as key drivers of cancer initiation and progression. These changes in gene expression,
which extend beyond the measurement of transcript levels, are often not fully appreciated, and this
oversight hinders a more complete understanding of vital molecular features that distinguish a nor-
mal cell from a cancer cell. This realization is further reflected in the growing appreciation that,
similar to distinct regulatory elements in specific genetic loci (such as enhancer elements or pro-
moters), the UTRs of mRNAs are rich in sequence and structural information that facilitates rapid
and highly selective changes in their translation efficiency in the cancer setting. Studies of post-
transcriptional control in cancer are unveiling new, exciting mechanisms for gene expression and
protein abundance regulation. Advances in new technologies that capture changes in translational
control at a genome-wide scale, such as CLIP, SHAPE, and ribosome profiling, have significantly
contributed to decoding the regulatory language of cancer mRINA translation. Ultimately, as the
translation machinery is downstream of almost all oncogenic signals, targeting specific translation
factors offers conceptually new strategies for cancer therapy, including not only first-line thera-
peutics but also strategies used in combination with existing clinical compounds, especially when
patients develop resistance to the initial treatments.
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