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ABSTRACT

Protein synthesis is tightly regulated, and its dysregulation can contribute to the pathology of various
diseases, including cancer. Increased or selective translation of mMRNAs can promote cancer cell proliferation,
metastasis and tumor expansion. Translational control is one of the most important means for cells to quickly
adapt to environmental stresses. Adaptive translation involves various alternative mechanisms of translation
initiation. Upstream open reading frames (UORFs) serve as a major regulator of stress-responsive transla-
tional control. Since recent advances in omics technologies including ribo-seq have expanded our knowl-
edge of translation, we discuss emerging mechanisms for uUORF-mediated translation regulation and its
impact on cancer cell biology. A better understanding of dysregulated translational control of uORFs in
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cancer would facilitate the development of new strategies for cancer therapy.

A brief overview of translation initiation

Translational control has a significant impact on cellular pro-
teomes and is important for a myriad of eukaryotic cellular
functions, particularly the regulation of cell proliferation and
cellular homeostasis. Translation initiation is a rate-limiting
and multi-step process involving a large number of initiation
factors (Figure la). During transcription, the nuclear cap-
binding complex (CBC), consisting of CBP80 and CBP20,
binds the cap structure (m’GpppN) of precursor mRNAs and
subsequently escorts the mature mRNAs from the nucleoplasm
to the cytoplasm [1]. CBC-bound mRNA undergoes a pioneer
round of translation, in which premature stop codon-containing
transcripts can be identified and degraded by the nonsense-
mediated mRNA decay (NMD) surveillance pathway [2].
Subsequently, the exchange of the CBC for eIF4E takes place
through the binding of the nuclear transport receptor importin-§
to the CBC-importin-a complex [1]. The cap-bound eIF4E, in
conjunction with the RNA helicase eIF4A and scaffold protein
elF4G, forms the eIF4F complex. eIF4G circularizes the mRNA
via its interaction with the cytoplasmic poly(A) binding protein
(PABPCI) at the poly(A) tail. Meanwhile, the 40S ribosomal
subunit associates with several initiation factors, including eIF1,
elF1A, eIF5 and the multicomponent eIF3 complex, followed by
the joining of the eIF2-GTP-Met-tRNA; ternary complex. Then,
elF2-GTP transfers Met-tRNA; to the 40S subunit [3,4]. The
resulting 43S pre-initiation complex is subsequently loaded
onto the 5’ end of elF4F-bound mRNA to form the 48S initia-
tion complex, which initiates the 5'-to-3' scanning of the 40S
subunit toward the initiation codon. eIlF4A unwinds cap-
proximal regions of the mRNA to allow ribosomal scanning
for the start codon. Upon recognition of the start codon, hydro-
lysis of eIF2-bound GTP induces dissociation of translation

initiation factors and triggers the joining of the 60S subunit.
elF2 cycling between its GTP- and GDP-bound states is central
to translation initiation and involves translation factors eIF2B
and eIF5, which function with eIF2-GDP and the ternary com-
plex respectively [5] (Figure 1b). eIF5B-GTP also promotes sub-
unit joining, and GTP hydrolysis generates a translation
elongation-competent 80S ribosome [6].

In addition to canonical translation initiation factors, many
regulatory factors participate in translational control at the
initiation step; some of them may act through cis-elements
such as secondary structures or modified nucleotides in the 5’
untranslated region (UTR) of mRNAs [7]. In general, secondary
structural elements suppress translation by preventing the load-
ing or scanning of the pre-initiation complex [8]. Some of the
DEAD/H-box RNA helicases, such as DDX3 and DHX9/29/36,
function to resolve structured elements or G-quadruplexes in the
5" UTR and hence facilitate 40S ribosome scanning [9-11].
A number of the trans-acting factors can promote the translation
of IRES-bearing transcripts in a cap-independent manner under
stress conditions, which inactivate eIF4E [12]. Besides structured
elements, upstream open reading frames (uORFs), although
a barrier to downstream translation in non-stressed cells, parti-
cularly provide a means to rapidly optimize protein production
in response to stress [13-15]. Here we review recent advances in
uORF-mediated translational control and its physiological and
pathological implications in cancer.

Translation regulation and dysregulation in cancer
Increased global and gene-specific translation

Protein synthesis is dynamically modulated in response to an ever-
changing extracellular environment. Cancer cells have increased
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Figure 1. Eukaryotic mRNA translation initiation and initiation factors.
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(a) A schematic diagram of canonical translational initiation. The mature mRNA is remodeled from the CBC-bound to elF4-bound form for steady state translation
after being exported to the cytoplasm. elF2-GTP and Met-tRNAi form the ternary complex (TC). Subsequently, the 40S ribosomal subunit joins the TC to form the 43S
preinitation complex (PIC), which is assisted by elF1/1A/3/5. The 43S PIC is loaded onto elF4F-bound mRNA to form the 48S initiation complex, which initiates the
scanning process. Recognition of AUG stimulates GTP hydrolysis, release of elFs and joining of 60S for elongation. (b) A schematic diagram of TC cycling. elF2
consisting of three subunits (a, B and y) exhibits higher affinity for Met-tRNAi in the GTP-bound state than in the GDP-bound state. elF5 stimulates the GTPase
activity of elF2 and elF1 gates inorganic phosphate (Pi) release to ensure fidelity of AUG recognition. elF5B accelerates the release of elF2-GDP, which is then recycled

to the GTP form by the nucleotide exchange factor elF2B.

demands for protein synthesis to support rapid cell growth and
division [7,16]. Mitogens or growth factors modulate translation
initiation essentially via activation of the PI3K-AKT-mTORCI
and Ras-MAPK pathways, and in turn stimulate cap-dependent
mRNA translation [17] (Figure 2). eIF4E is a rate-limiting factor
for translation initiation and also a major target for translational
control. Activated mTORCI phosphorylates 4E-BP, the inhibitory
partner of eIF4E, leading to 4E-BP dissociation from eIF4E and
hence activation of translation. However, eIF4E also exhibits sub-
strate specificity, by which it facilitates the translation of a cohort of
oncogenic transcripts that govern cell proliferation or function in
response to reactive oxygen species [18,19]. The cellular level of
eIF4E is frequently elevated in human malignancies, supporting its
oncogenic potential. Moreover, MNK-mediated phosphorylation
of eIF4E also increases the translation of mRNAs encoding cell-
survival and invasion factors, and thus it promotes tumorigenesis
and metastasis [16,20]. mTORCI also activates S6K1 (p70), which
phosphorylates a number of translation factors including the
ribosomal S6 protein (RpS6), eIF4B and eEF2K. Phosphorylated
elF4B enhances the processivity of elF4A [21,22] and also pro-
motes the translation of mRNAs related to cell proliferation and
survival [23]. mTORCI signaling augments the translation of a set
of 5" terminal oligopyrimidine tract-containing mRNAs encoding
ribosomal proteins, translation factors, and a number of pre-
invasion factors, indicating a role for mTORCI in tumorigenesis

[24,25]. In addition, the mTORCI1/4E-BP pathway activates the
translation of mRNAs encoding mitochondrial proteins and hence
modulates energy homeostasis in cancer [26]. In conclusion,
oncogenic signaling pathways enhance translation via multiple
pathways.

Cell stress-induced adaptive translation via different
mechanisms

Cancer cells encounter various cellular stresses during tumorigen-
esis. In general, cell stress attenuates global translation and yet
selectively activates alternative translation mechanisms. Cell stres-
ses suppress translation via multiple pathways. mTORCI is down-
regulated in response to cell stress such as prolonged hypoxia or
nutrient limitation, so that 4E-BPs remain hypophosphorylated;
this prevents eIF4F complex formation and reduces the rate of
translation initiation [27,28]. In addition, several stress-response
kinases induce phosphorylation of elF2a on serine 51 [27,28].
Phosphorylated eIF2a inhibits the GTP/GDP exchange activity
of eIF2B, thus preventing the recycling of eIF2. Consequently, the
limited abundance of the ternary complex reduces global transla-
tion [29] (Figure 2). Cell stresses also compromise translation
elongation by modulating the activity of the upstream kinases of
eEF2K, resulting in phosphorylation and inactivation of the elon-
gation factor eEF2 [28,30]. Nevertheless, translation of selective
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Mitogens or growth factors activate the Ras-MAPK and/or mTOR pathways that target several translation factors or regulators, leading to translational activation of
mRNAs involved in metabolism and cell growth. Cellular stress induces elF2a phosphorylation, which reduces the availability of the ternary complex elF2-GTP-Met-
tRNAi and therefore suppresses global translation. On the other hand, elF2a phosphorylation increases the translation of uORF-containing mRNAs that are required
for metabolic adaptation. Under cell stress, ITAFs activate IRES-mediated translation to produce proteins for cell-fate decisions. Cell stress may also directly or
indirectly inhibit mTOR, leading to translation suppression. Several genes that undergo uORF- or IRES-regulated translation under stressed conditions are listed. P:
phosphorylation.
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Figure 3. cis-elements influence uORF-mediated translational control.

Graphic shows several cis-elements identified recently by systematic Ribo-seq and bioinformatics studies. Among these cis-elements, 2° (secondary) structures, m6A
modification and exon-exon junction (EEJ) may impede ribosome scanning and hence facilitate recognition of uORF start codons. non-AUG uORFs exist, particularly
with a higher prevalence in neuroblastoma transcripts. Initiation codon context affects the translation activity of uORF.

sets of mRNAs can be activated in stressed cells via different
mechanisms (Figure 2 and see below).

A variety of cis-elements are responsible for stress-regulated
translation (Figure 3). One of the major mechanisms is IRES-
driven translation. IRESs are structured elements in mRNAs of
various viruses and also in cellular mRNAs encoding cell cycle,
apoptotic and stress responsive factors [31,32]. IRES-interacting
trans-acting factors (ITAFs) recruits the 40S ribosome subunit to
these mRNAs and thus reduces their requirement for cap-
dependent initiation. A decreased level of two ITAFs, namely
translational control protein 80 (TCP80) and RNA helicase A, in
malignant cells compromises IRES-mediated translation of p53
mRNA in response to DNA damage, leading to tumorigenesis
[33]. uORFs are another major type of regulatory elements

responsible for stress-regulated translation; the details will be
discussed below. miRNAs can also modulate translation in
response to nutrient conditions. For example, miR-122 sup-
presses the translation of the cationic amino acid transporter
CAT-1 mRNA via binding to its 3" UTR; under nutrient-limited
conditions, the RNA binding protein HuR liberates miR-122 to
enable translation [34]. Recent findings have unveiled the role of
RN A modifications in stress-induced translation [35,36]. An N°-
methyladenosine (m6A) in the 5 UTR recruits the eIF3-40S
ribosomal complex and hence renders translation cap-
independent [35]. Moreover, YTH domain-containing m6A
readers can increase the stability and translation of m6A-
modified mRNAs [37]. The existence of multiple cis-regulatory
elements in the 5 UTR of certain mRNAs, such as CAT-1,
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implies complex and dynamic regulatory mechanisms of
translation.

The impact of uORFs on translation

Recent bioinformatics studies revealed that ~50% of human
transcripts have at least one uORF that fully resides within the
5" UTR or partially overlaps with the main coding sequence
(CDS) [13,38,39]. A recent genome-wide ribo-seq analysis
revealed that uORFs, in a manner similar to miRNAs, act as
potent regulators of both translation initiation and mRNA level
[38,40]. uORF-mediated translational control primarily regu-
lates stress-responsive gene expression, which is important for
cell-fate determination under stress. Under normal cellular
conditions, uORFs suppress the translation of the downstream
main CDS by 30-80% [41]. Ribosomes may stall or dissociate
from the mRNA during translation of uORFs [15,38,42]. The
suppressive capacity of uORFs on CDS translation is influenced
by several factors such as the number and length of the uORFs,
the distance between a uORF and the downstream CDS, and

uOREF start codon and its context [43]. These uORF features
may have combinatorial effects on CDS translation repressive-
ness [44]. Moreover, translation of uORFs may titrate transla-
tion initiation complexes, dissociate the ribosome from the
mRNA following termination of the uORF, or downregulate
uORF-containing mRNAs via NMD [15,38,42].

Under stress conditions, a low abundance of the eIF2-GTP-
Met-tRNAM® ternary complex may allow scanning ribosomes
to bypass inhibitory uORFs and reinitiate translation at the
main CDS of certain stress-responsive transcripts such as
ATF4 [45] (Figure 4a). Some uORFs may have a positive
role in the translation of the downstream CDS. For example,
uORF1 of yeast GCN4, the ATF4 homolog, promotes scan-
ning and reinitiation of the 40S ribosomal subunit after trans-
lation termination by retaining eIF3a on ribosomes [46,47].
Moreover, uORFs may direct the selection of the initiation
site of the main CDS to generate different protein isoforms
[15]. This can be exemplified by CEBPB, which encodes three
isoforms of the transcription factor C/EBP( through differ-
ential utilization of translation initiation sites [48] (Figure 4b).
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Figure 4. uORF-mediated translational control of ATF4 and CEBPB.

(a) In unstressed cells, plentiful elF2-GTP-Met-tRNA allows uORF translation. Translation of the CDS-overlapping uORF causes ribosome dissociation from the ATF4
mRNA, thus reducing ATF4 production. Under stress conditions, the reduced availability of the ternary complex results in leaky scanning of the 40S ribosome subunit,
and therefore bypasses the uORF and allows ATF4 translation. Additional positive or negative factors for ATF4 production described in the text are depicted in the
boxes. (b) A uORF is involved in the translational control of the C/EBPB isoforms. Without stimuli, lower mTOR activity reduces the activity of the translation

machinery, resulting in leaky scanning over the uORF and thus producing the

long isoform LAP. While mTOR is activated, enhanced translation activity directs

reinitiation at the downstream AUG and thus produces the truncated isoform LIP. The positive regulators of LIP, CUGBP1 and SBDS, are not described in the text.



The shortest isoform LIP counteracts tumor suppressive activ-
ities and promotes tumorigenesis and cancer metastasis [49].
The isoform ratio also determines additional biological out-
comes, such as liver regeneration and immune response [50].
mTOR signaling or stress pathways enhances LIP production
by promoting reinitiation at the downstream AUG [48,51].
Targeted disruption of the uORF AUG abolishes LIP expres-
sion, indicating that LIP expression depends on the presence
of the uORF [52]. Thus, uORF-mediated translation may
balance the expression of protein isoforms and hence deter-
mine cell fate in response to environmental changes.

Dysregulation of uORF-mediated translational control may
contribute to disease pathogenesis [13]. A recent report indi-
cated that loss-of-uORF mutations induce translational acti-
vation of proto-oncogenes (see details below) [53]. Therefore,
it is necessary to have a better understanding of uORF-
mediated translational regulation.

Regulation of uORF-mediated translational control
by cis-elements

Besides the aforementioned aspects of uORFs that have been
reviewed elsewhere, here we discuss several recently discov-
ered cis-elements that influence uORF translation efficiency
and fidelity (Figure 3).

Primary sequence

Nucleotide sequences surrounding the initiation codon may influ-
ence the binding of translation initiation factors, ribosomal pro-
teins or rRNAs and thus determine initiation efficiency [54-56].
A recent analysis of the impact of upstream translation initiation
sites (uTISs) on translation efficiency and repressiveness indicated
that the majority of uTIS contexts render weak translation of
uORFs under selective pressure, indicating that uORFs in general
act as regulatory rather than constitutive suppression elements.
A uORF with a suboptimal context may benefit leaky scanning
and hence allow main CDS translation when the activity of eIF2 is
compromised during stress [13,15,38]. The observation that opti-
mizing the AUG context of DDIT3 and GADD34 uORFs
decreased CDS translation and stress response [57,58] supports
the above assumption.

Secondary structures

Besides primary sequences, secondary structures in the 5’
UTR also influence initiation codon recognition [59]. Recent
findings indicated that RNA helicases can modulate structure-
assisted RNA translation (namely START) [60]. Inactivation
of yeast Dedl, a homolog of mammalian DDX3, induces
translation initiation at near-cognate initiation codons that
are proximal to mRNA structure, suggesting that Dedl pre-
vents the use of RNA structure-assisted noncanonical initia-
tion codons [61]. DDX3 is able to activate the translation of
mRNAs that contain secondary structures or uORFs [62-65].
Therefore, whether there are structured elements located
nearby DDX3-sensitive uORFs remains to be systematically
determined. Genome-wide identification of uTIS and anno-
tated translation initiation sites (aTIS) using a translation
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initiation sequencing analysis also revealed that active uTISs
are frequently followed by stable RNA structures [66], sug-
gesting that secondary structures promote the translation of
uORFs, leading to CDS suppression. Another analysis, how-
ever, indicated that a secondary structure downstream of uTIS
has the potential to directly suppress CDS translation [44].
Moreover, a G-quadruplex structure in the 5" UTR also sub-
stantially suppresses translation [67]. A recent report showed
that expansion of G4C2 repeats in amyotrophic lateral sclero-
sis and frontotemporal dementia-associated COORF72 may
form G-quadruplexes. However, this type of G-quadruplex
structure activates upstream noncanonical start codons, thus
producing toxic dipeptide repeat-containing polypeptides
[68]. Therefore, G-quadruplex structures may also influence
uORF-mediated translation.

The RNA modification méa

mo6A is the most prevalent internal modification in mRNA. m6A
in the 5" UTR may modulate translation via different mechanisms.
As described above, elF3 or m6A readers such as YTHDF1 and
YTHDF3 may directly bind m6A to promote translation.
Additionally, m6A may enhance the usage of noncanonical start
codons and uORF-mediated translational control [36,69,70].
More notably, m6A located downstream of uTISs, e.g, as in
RNA secondary structures, may impede ribosome scanning and
therefore promote the translation of uORFs [70]. Demethylation
of m6A in the CDS-overlapping uORF of ATF4 is required for full
activation of ATF4 translation under stressed conditions, which
can occur in a phospho-elF2a-independent manner (Figure 4a).
Therefore, m6A in this uORF may restrict ATF4 production under
normal conditions. Moreover, m6A may activate usage of non-
canonical start codons during amino acid starvation [70]. Because
cellular stresses may redistribute m6A in mRNAs [70-72], the
physiological impact of mé6A-modulated uORF translation
remains as an interesting topic.

The exon-exon junction

Approximately one-third of human transcripts harbor introns in
their 5" UTRs [73]. Analysis of multiple Ribo-seq data recently
revealed a negative effect of exon-exon junctions in 5 UTRs
(leader EEJs) on translation efficiency [74]. mRNAs with both
leader EE] and uTIS have not only the lowest efficiency of CDS
translation but also higher ribosome occupancy in the 5" UTR
[74], indicating that leader EEJs may promote uORF translation.
The multi-protein exon junction complex (EJC) is deposited
upstream of EEJs upon splicing. Plausibly, the EJC in the 5
UTR acts as an obstacle for scanning ribosomes and therefore
enhances uTIS recognition. Alternatively, the EJC may recruit
elF3 or S6K1 to target SKAR to activate adjacent uTISs [75-77].
Recent  findings  revealed that the  modification
Nl-methyladenosine (mlA) is enriched in the 5 end of
mRNAs, in particular downstream of the first EE] [74,78].
Therefore, it remains an intriguing issue as to how m1A regulates
the translation of uORFs and whether it functions coordinately
with the EJC in translational control.
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Non-AUG uORFs

Recent studies have unveiled a substantial number of non-
AUG uORFs [79]. Non-AUG initiation codons appear to be
predominant in uORFs of neuroblastoma transcripts and,
intriguingly, exhibit translation efficiencies similar to AUG
[80]. Met-tRNA;M* can be used as the initiator for non-
AUG translation [81]. Besides elF2, two alternative initiator
tRNA binding elFs, ie., e[F2A and eIF2D, can deliver Met-
tRNAiMet and even non-Met-tRNA to initiate non-AUG start
codons, particularly in a GTP-independent manner [82-85].
An elF2A-initiated non-AUG uOREF is essential for the trans-
lation of GRP78 mRNAs under cell stress [82]. Another report
has implicated a role of eIF2A-initiated non-AUG uORF in
initiation and progression of squamous cell carcinoma [85].
Moreover, alternative usage of start codons may impact pro-
teomes, and hence have detrimental effects on cell physiology
[86]. In addition, the eIF5-mimic protein (5MP) suppresses
non-AUG translation by competing with eIF5 for eIF2 [87].
Therefore, alternative translation initiators or regulators mod-
ulate the efficiency of non-AUG uORF activation, which
hence impacts main CDS translation. Utilization of non-
AUG initiation can also be influenced by the start-codon
sequence context or mRNA secondary structures. As
described above, Dedl inactivation enhances secondary struc-
ture-assisted non-AUG translation initiation in yeast [61].
Whether mammalian RNA helicases also play a role similar
to that of Dedl needs to be tested.

Regulation of uORF-mediated translational control
by trans-acting factors

In addition to stress-induced phosphorylation of eIF2a, here
we discuss additional factors that influence uORF-mediated
translation and the underlying mechanisms.

Cap-binding complexes

uORF-mediated translational control essentially plays a role in
rapid and reversible changes in protein production upon cell
stress; however, it can also be influenced by mTOR signaling
[88,89]. mTOR depletion reduces the level of ATF4 (Figure 4a).
mTOR-mediated translation of ATF4 mRNA requires 4E-BPs,
suggesting that release of eIF4E from 4E-BPs is important for
ATF4 translation. The mTOR/4E-BP pathway also regulates
uORF-modulated translation of the CEBPB mRNA [90].
However, the cellular response to different stressors renders
differential dependence of eIF4E phosphorylation on the trans-
lation of uORF-containing mRNAs [91]. Moreover, eIF4E
knockdown does not significantly affect ATF4 levels in certain
cancer cell lines [65], suggesting that additional mTOR-
regulated factors also contribute to ATF4 translation. In those
cell lines, DDX3 in conjunction with the nuclear CBC and the
elF3 complex promotes the translation of ATF4 and several
other related uORF-containing mRNAs [65] (Figure 5a).
Perhaps the use of the CBC rather than eIF4E leads to
a greater tendency for leaky scanning. It would be interesting
to investigate whether eIF4E and the CBC are differentially
involved in uORF-mRNA translation or regulate translation
under different cellular conditions.

elF3

elF3 is the largest initiation complex in mammalian cells,
consisting of 12 core subunits. The eIF3 complex is essential
for the formation of both the 43S preinitiation and 48S initia-
tion complex through interaction with eIF4F and the 40S
ribosomal subunit, respectively [92]. In budding yeast, eIF3
remains associated with translating ribosomes during uORF
translation and facilitates reinitiation of the post-termination
complex at downstream AUGs [93,94]. In plants, the e[F3h
subunit promotes reinitiation of uORF-containing mRNAs
[95]. TOR-activated S6K1 can phosphorylate eIF3h, which
then enables polysome loading to uORF-containing mRNAs
[96]. In mammalian cells, eIF3 subunits preferentially associ-
ate with a set of uTIS-enriched mRNAs [65,97]. In oral cancer
cells, eIF3a, g, h, i but not eIF3l are essential for DDX3-
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Figure 5. Advanced mechanisms of uORF-mediated translational control.

(a) In the presence of a high level of DDX3, the nuclear cap-binding complex
(CBC) that remains on uORF-containing mRNAs recruits the elF3 or its subunits
for preferential translation of CDS. Alternatively, specific elF3 or ribosomal
subunits may participate in translational regulation of uORF-containing
mRNAs. (b) Modification of tRNA/rRNA or usage of alternative initiation factors
such as elF2A and elF2D to deliver the first aminoacyl (aa)-tRNA may alter the
specificity and/or efficiency of start site recognition and therefore modulate
uORF-mediated translational control. (c) Several initiation factors such as elF3,
elF5B and elF6 modulate uORF-mediated translation possibly via regulating the
kinetics of ribosomal subunit joining. uORF-encoding peptides may stall ribo-
somes and prevent translation of downstream CDS (bottom panel).



activated ATF4 translation [65]. Therefore, it is possible that
elF3 subcomplexes conduct uUORF mRNA translation or that
certain elF3 subunits recruit specific initiation/trans factors
for translational regulation (Figure 5a).

elFs that modulate elF2 cycling

After eIF2-GTP delivers the initiator Met-tRNA; to the ribo-
somal P-site, the GTPase activating protein eIF5 promotes
GTP hydrolysis and phosphate release as well as elF2 dissocia-
tion from the ribosome. To recycle eIF2, the guanine nucleo-
tide exchange factor eIF2B promotes eIF5 dissociation from
GDP-bound eIF2 and facilitates GTP/GDP exchange [15,98]
(Figure 1b). Disruption of eIF2 activity or recycling impacts
uORF-mediated translation control (Figure 5b). For example,
mutations of elF2B that impair ternary complex formation
derepress uORF-containing GCN4 translation [99]. A recent
study showed that eIF2y mutations, which are linked to
MEHMO syndrome, a subgroup of syndromic X-linked men-
tal retardation, also activate the translation of GCN4 and ATF4
[100]. On the other hand, an eIF2f mutation that impairs
elF5-mediated GDP dissociation from eIF2 abrogates GCN4
translation during amino acid starvation [101,102]. Consistent
with these findings, disruption of eIF5 activities also sup-
presses GCN4 translation likely via activating an upstream
AUG or UUG start codon [102]. Additionally, eIF1 contri-
butes to stringent start-site selection by blocking phosphate
release from eIF2 at non-AUG codons or AUGs in
a suboptimal context. Depletion of eIF1 results in upregulation
of ATF4 owing to attenuated uORF translation [103].
Together, the dynamic GTP/GDP status of eIF2 is critical for
start-site recognition and contributes significantly to uORF-
mediated translational regulation. Finally, a recent report indi-
cated that the GTPase eIF5B acts as a surrogate of eIF2 under
hypoxic conditions and is required for the ATF4-mediated
stress response as well as expression of key factors that func-
tion in metabolic adaptation [104], suggesting that multiple
translation initiation pathways exist for stress responses
(Figure 4A).

Factors with anti-ribosomal subunit joining activity

The joining of the 40S and 60S ribosomal subunits is certainly
the key step of translation. eIF6 is involved in 60S ribosome
maturation and it also prevents premature 40S-60S joining,
which may enhance the incidence of leaky 40S ribosome
subunit scanning. eIlF6 promotes ATF4 translation and also
preferentially activates downstream start-site usage within the
CEBPB mRNA, generating the oncogenic LIP isoform [105]
(Figure 4B). Hence upregulation of eIF6 in various types of
cancers promotes tumorigenesis [106]. Analogously, it has
been proposed that eIF3 on the 40S subunit also has an anti-
joining function [107] (Figure 5c). Several of the eIF3 subunits
are indeed required for ATF4 mRNA translation [65]. Perhaps
elF3 favors initiation at the main CDS through its anti-joining
function. Finally, mutations of certain yeast ribosomal pro-
teins cause delayed 60S joining and therefore render the 40S
subunit prone to skipping uORFs [108,109].
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Additional factors with potential involvement in
uORF-mediated translation regulation

Heterogeneity of the translation machinery

As described above, uORF-mediated translation control can
be modulated by alternative translation factors in cancer, such
as elF2A and eIF5B [82,104]. Recent studies revealed the
existence of heterogeneous ribosomes, eIF4F complexes, and
eIF3 complexes [110,111]. Moreover, leaderless mRNAs can
be translated by direct 80S binding or in an eIF2 and eIF4F
independent manner [112]. Specialized ribosomes lacking
specific core ribosomal proteins or containing ribosomal pro-
tein paralogs may contribute to selective mRNA translation.
For example, ribosomal protein RPL10A is possibly involved
in the translation of certain IRES-containing viral and cellular
transcripts [113]. DNA damage induces the binding of RPL26
to the 5" UTR of p53 mRNA and hence promotes its transla-
tion [114]. More notably, mutations of certain ribosomal
proteins specifically alter translation of uORF-containing
mRNAs [108,115-117]. Therefore, it would be interesting to
know whether any ribosomal protein is involved in uORF-
mediated translational control under normal or stress condi-
tions or in cancer cells. Like elF2A, eIF2D can facilitate
initiation at non-AUG codons [86] (Figure 5b). A recent
report revealed that co-deletion of the yeast eIF2D (Tma64)
and a ribosome recycling factor (Tma20 or Tma22) results in
translation reinitiation at downstream AUG codons after
translation termination and hence promotes translation of
uORF-containing reporters [118]. Moreover, eIF2D knockout
altered ribosome profiling reads in uORFs of GCN4, suggest-
ing a regulatory role for eIF2D in translation of uORF-
containing mRNAs [119]. Whether cell stress or oncogenic
signaling modulates the activity of these factors and hence
influences uORF activation or CDS translation remains to be
investigated.

rRNA/tRNA modifications

Various modifications in tRNA and rRNA may widely impact
translation [120] (Figure 5b). In bacteria, N4—methylati0n at
C1402 of 23S rRNA, a residue in the P-site, contributes to
decoding fidelity [121]. Defective methylation of C1402 acti-
vates non-AUG initiation and decreases the rate of UGA
read-through. A recent report shows that m6A4220 modifica-
tion in human 28S rRNA influences global translation and cell
proliferation. The m6A methyltransferase ZCCHC4 responsi-
ble for m6A4220 modification is overexpressed in hepatocel-
lular carcinoma tumors. Thus, dysregulation of rRNA
modifications correlates with cancer [122]. Besides base mod-
ifications, an increase of fibrillarin-mediated 2'-O-methylation
of rRNAs results in compromised translational fidelity and
selective IRES-dependent translation in p53-inactivated can-
cer cells [123]. Modification of tRNAs also impacts their
functional diversity. In yeast, sulfur deficiency reduces wobble
uridine (U34) thiolation of tRNAs and hence influences trans-
lational capacity and metabolic homeostasis [124], implying
that tRNA modification changes under environmental stress
or nutrient limited conditions in cancer may trigger



1334 H.-H. CHEN AND W.-Y. TARN

translational reprogramming. In humans, modification of the
wobble uridine of tRNA, ie., 5-methoxycarbonyl-methyl
-2-thiouridine (mem’s?), expands its decoding capacity, and
hence increases HIF1a production. The PI3K-mTORC?2 path-
way promotes mcm’s® modification in certain cancers [125].
It is also noteworthy that defective in U34 modifying enzymes
differentially modulates the translation of a set of mRNAs
presumably through their uORFs in yeast [126]. Therefore,
it is reasonable to speculate that rRNA/tRNA modifications
may impact the expression of oncogenic or stress proteins via
modulating the translation capacity of uORFs.

uORF-encoded polypeptides

uORFs may encode polypeptides that modulate translation or
have other cellular functions (Figure 5c). In fungi, a uORF-
encoded arginine attenuator peptide causes translation stalling
by interfering with the peptidyltransferase center in response to
arginine [127]. Recently, a combination of ribo-seq, mass spectro-
metry-based proteomics, and computational studies revealed
a tremendous number of small ORF-encoded peptides from
a variety of RNA species in mammalian cells [128,129]. uORF-
encoded peptides may in cis cause ribosome stalling or limit
ribosomal access to the CDS or act in trans to suppress translation
in a cell-free system, although the underlying mechanisms remain
to be elucidated [130]. Notably, a recent report revealed that
uORF-encoded peptides can act as ligands for the major histo-
compatibility complex class I and thus elicit T-cell responses [82].
Therefore, widespread uORFs may play a role in shaping the
immune response to cancer via producing short peptides.

Pathological implications of uORF-mediated
translation control in cancer

Oncogenes are enriched for uORFs [131,132]. Dysregulation
of uORF-mediated translational control of oncogenic
mRNAs may contribute to the pathophysiology of cancer.
uORF-mediated inhibition of the translation of HER2
mRNA, which encodes an epidermal growth factor receptor,
is derepressed in breast cancer [133]. Inactivation of uORF
increases the truncated isoforms of C/EBPa and C/EBPp that
are respectively associated with acute myeloid leukemia and
breast cancer [52]. Genetic mutations in uORFs influence
uORF translation capacity. A systematic search for cancer-
associated mutations of uORFs recently identified ~400 such
mutations [53]. For example, loss-of-function uORF muta-
tions in EPHBI, which encodes an EPH-related tyrosine
kinase, and MAP2K6, which encodes a kinase involved in
the MAP kinase pathway, are associated with tumorigenesis
[53]. A 4-base deletion in the uORF of CDKNIB encoding
the Cdk inhibitor p27 lengthens this uORF and whereby
downregulates p27 levels in cancer [134]. Therefore, gain-
or loss-of-function of uORF may activate oncogenes or
inactivate tumor suppressors, respectively, and hence pro-
motes cancer progression. Besides, altered expression levels
or activity of trans-acting factors or disrupted signaling path-
ways in cancer can also affect uORF-mediated translation
[43]. Upregulation of DDX3 in head-and neck squamous
carcinomas increases ATF4 mRNA translation and hence

promotes metastasis [65]. Heterozygous deletion of elF6
represses the translation of uORF-containing mRNAs and
therefore prevents oncogene-induced tumor formation
[105,107,135]. A recent report shows that cellular magne-
sium levels modulate the translation of uORF-containing
mRNAs encoding the PTP4A-family protein phosphatase
via the AMPK/mTORC2 pathway [136]. Thus, uORF-
mediated translational control can influence bioenergetics
of cancer cells in response to environmental cues.

Conclusion and perspectives

uORF-mediated control contributes profoundly to the translation
of cancer-related and stress-response transcripts. However,
a myriad of unresolved issues remain such as how uORFs mod-
ulate protein synthesis in response to various signaling pathways
and functions coordinately with adjacent uORFs or other cis-
regulatory elements. Moreover, additional issues are just begin-
ning to emerge, such as how non-AUG uORFs, noncanonical
translation factors, and RNA modifications impact uOREF-
mediated control. As described above, the expression of ATF4
and LIP has been implicated in cellular stress response and cancer.
Therapeutic inactivation of these oncogenic factors may reduce
tumor growth and metastasis and overcome resistance to che-
motherapy. One strategy is to reduce ATF4 translation by using
pharmacological agents to inhibit upstream eIlF2a kinases or target
phospho-elF2a signaling [137]. A combination of eIF6 ablation
and mTOR inhibition may suppress LIP expression in cancer
[138]. Also notably, a recent report revealed that the MYC onco-
gene enhances the translation of programmed death-ligand 1 (PD-
L1) mRNA through bypassing uORF-mediated translation repres-
sion, and hence Myc overproduction promotes immune escape of
tumors. Inhibition of eIF4E phosphorylation downregulates PD-
L1 production and thus provides a potential new immunother-
apeutic strategy [139]. Therefore, targeting factors in pathways
underlying the mechanisms of uORF-mediated translation
would benefit cancer therapy.
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C/EBPB  CCAAT/enhancer binding protein 3

CUGBP1  CUG repeat RNA binding protein 1

DDIT3 DNA damage inducible transcript 3

eEF2K eukaryotic elongation factor 2 kinase

EPHB1 EPH receptor B1
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