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Recent advances in RNA sequencing
and ribosome profiling allow the quanti-
tative study of uORFs at the genomic
scale.

Most uORFs in eukaryotic genomes
show evidence of translation, and the
translational efficiency of uORFs and
their impact on the translation of down-
stream CDSs are influenced by the se-
quence context of uORFs.
There is growing interest in the role of translational regulation in cellular homeo-
stasis during organismal development. Translation initiation is the rate-limiting
step in mRNA translation and is central to translational regulation. Upstream
open reading frames (uORFs) are regulatory elements that are prevalent in eu-
karyotic mRNAs. uORFs modulate the translation initiation rate of downstream
coding sequences (CDSs) by sequestering ribosomes. Over the past several
years, genome-wide studies have revealed the widespread regulatory functions
of uORFs in different species in different biological contexts. Here, we review the
current understanding of uORF-mediated translational regulation from the per-
spective of functional and evolutionary genomics and address remaining gaps
that deserve further study.
Both positive Darwinian selection and
purifying selection have shaped the
genome-wide landscapes of uORFs in
eukaryotes.

uORFs can dynamically modulate the
translation of downstream CDSs in vari-
ous biological contexts.
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uORFs Have an Essential Role in Eukaryotic Translational Regulation
Eukaryotic gene expression is tightly regulated at both the transcriptional and translational levels.
Compared with transcriptional regulation, translational control allows more immediate responses
to adjust the protein abundance upon cellular signals or environmental stimuli in a variety of
biological processes [1–3]. Translation of an mRNA comprises four steps: initiation, elongation,
termination, and ribosome recycling. In eukaryotes, translation of most mRNAs is initiated via
the cap-dependent scanning mechanism [4–6] (Box 1). Translation initiation is the major step
that determines the rate of protein biosynthesis and is regulated by multiple mechanisms [1–3].

uORFs (see Glossary) are short ORFs in the 5′ untranslated regions (5′ UTRs) of eukaryotic
mRNAs the start codons of which are located upstream of the CDS start codons [7]. uORFs
have an essential role in modulating the translation initiation of CDSs [3,8] and, with the advent of
ribosome profiling [9–11], genome-wide studies of translated uORFs have become possible
under physiological and pathological conditions and for a range of species [10–18]. These studies
have considerably expanded our understanding of the regulatory functions of uORFs. Here, we re-
view the current understanding of the regulatory mechanisms, functional consequences, and evo-
lutionary principles of uORFs at the genomic scale. Finally, we discuss the challenges and gaps in
our knowledge of uORF-mediated regulation that remain to be addressed in future studies.

Regulatory Mechanisms of Translation by uORFs
As previously stated, uORFs have essential roles in regulating the translation of CDS in eukaryotes
[3,8]. There are several possible scenarios when a pre-initiation complex (PIC; Box 1) scans along
a 5′ UTR that contains canonical (beginning with an AUG start codon and ending with a UAA/
UAG/UGA stop codon) uORFs (Figure 1A). When the scanning PIC fails to recognize the canon-
ical start codon of a uORF (uAUG), which is located in an unfavorableKozak sequence context,
it continues to search for the next start codon (‘leaky scanning’, Figure 1Ai) [19]. If a uAUG is rec-
ognized by the PIC, the complete 80S ribosome will be assembled to translate the uORF and
potentially block other scanning PICs [20]. After termination at the uORF stop codon, the 40S
small ribosomal subunit may remain bound to the 5′ UTR and re-initiate translation at the
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Glossary
5′ untranslated regions (5′ UTRs):
mRNA regions that are upstream of the
start codon of the main ORFs.
40S small ribosomal subunit: the
small subunit of a eukaryotic ribosome.
‘40S’ denotes its sedimentation
coefficient during centrifugation in
Svedberg units.
60S ribosomal subunit: the large
subunit of a eukaryotic ribosome. It has a
sedimentation coefficient of 60S.
80S ribosome: the eukaryotic
ribosome, which has a sedimentation
coefficient of 80S.
Alternative splicing: a process in
which the same nascent RNAmolecules
are processed into different transcripts.
cis-regulatory elements (CREs):
sequence elements that only regulate
the samemRNAwhere they are located.
Fixed: the frequency of an allele reaches
100% in the population.
Kozak sequence: nucleotides flanking
the start codon of an ORF (usually from
–6 to +4 given that the first nucleotide of
ORF start codon is +1). The consensus
Kozak sequence of CDSs in vertebrates
is GCCRCCAUGG (where R can be A
or G).
miRNAs: small noncoding RNAs that
form a complex with Argonaute proteins
and bind to target sites by seed-pairing.
miRNAs are usually ~22 nucleotides in
length.
Monosome: complex formed by a
single ribosome and the associated
mRNA fragment.
Nonsense-mediated decay (NMD):
a surveillance pathway that degrades
aberrant transcripts with premature stop
codons.
Open reading frame (ORF): a
sequence of triplets encoding amino
acids. An ORF begins with a start codon
and is bounded by a stop codon.
Polymorphic uORFs: uORFs that are
present in some but not all individuals in
the population.
Ribosomal tunnel: a passage in the
large ribosomal subunit where the
nascent peptide chain exits from the
ribosome.
Ribosome profiling: a recently
developed technique that could
separate ribosome-protected RNA
fragments for sequencing. It is widely
used in studies of mRNA translation.
RNA-sequencing (RNA-seq): a
high-throughput method for determining
the sequences of RNA molecules in the
transcriptome.
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CDS start codon after reacquiring a ternary complex (TC) (‘re-initiation’; Figure 1Aii). Occasion-
ally, the ribosome may stall at the uORF stop codon and trigger nonsense-mediated decay
(NMD; ‘stall’) [21], or both the 40S and 60S ribosomal subunits may dissociate from the
mRNA (‘drop-off’; Figure 1Aiii). Either mechanism will impede translation initiation of the
downstream CDS. Overall, the translation of canonical uORFs attenuates translation initiation of
the annotated CDSs by sequestering ribosomes [3,8].

Based on the positions of the start and stop codons, a uORF can be classified into one of three
categories: (i) nonoverlapping uORFs, the stop codons of which are upstream of the AUG start
codons of the annotated CDSs (cAUGs); (ii) out-of-frame overlapping uORFs (oORFs), the stop
codons of which are located downstream of cAUGs and in different reading frames [16,22];
and (3) N-terminal extensions, which are in fact in-frame overlapping uORFs that share the
same stop codon with the annotated CDSs (Figure 1B). The downstream CDS can be engaged
by the re-initiating PIC only when the translated uORFs do not overlap with CDSs [23].

RibosomeProfiling Facilitates Genome-WideCharacterization of Functional uORFs
The recently developed ribosome-profiling technique [9–11] has expanded our understanding of
the possible regulatory functions of uORFs at the genome-wide level. In a ribosome profiling exper-
iment, cells are first lysed in buffer containing cycloheximide (CHX), which prevents ribosome elon-
gation (Figure 2Ai). Then the cell lysate is treated with RNase [or micrococcal nuclease (MNase)] to
digest mRNA regions that are not covered by ribosomes, and the resultantmonosomes are sep-
arated from ribosome subunits and polysomes in a sucrose gradient via ultracentrifugation
(Figure 2Aii). Finally, ribosome-protected mRNA fragments (RPFs), usually of ~30 nucleotides in
length, are released from the ribosomes and subjected to normal RNA sequencing (RNA-seq)
procedures (Figure 2Aiii) [24,25]. The RPFs accurately indicate the exact mRNA regions that are
being translated by ribosomes. Given that each RPF corresponds to a translating ribosome, the
translation rate of an ORF (uORF or CDS) should be proportional to the density of RPFs along
that ORF. Thus, one can measure the translational efficiency of an ORF by contrasting RPF density
with mRNA abundance. Ribosome profiling has since been applied for the genome-wide charac-
terization of uORFs that are associated with ribosomes in a range of species, including yeast [10],
maize [12], Arabidopsis [13], flies [14,15], zebrafish [16,17], mice [11], and humans [18]. Collec-
tively, these studies demonstrate that uORFs are prevalently translated in eukaryotic cells.

To provide further evidence that uORF-associated RPFs result from translation events, several
groups have modified the ribosome-profiling method to detect the initiating ribosomes after
treating cells with harringtonine [11,14] or lactimidomycin (LTM) [26,27]. Harringtonine and LTM
inhibit the first cycle of translation elongation, thus stalling the ribosomes at translation initiation
sites (Figure 2B) [28]. These studies have confirmed that thousands of uORFs are translated
[11,14,26]. Moreover, these studies have demonstrated that uAUGs generally show lower
ribosomal occupancy peaks compared with cAUGs, because the latter are located in more-
optimized sequence contexts than the former. Ribosome profiling also reveals that many near-
cognate (beginning with non-AUG start codons) uORFs are translated [11,27,29,30], which is fur-
ther supported by a recent study that analyzed protein N termini through mass spectrometry and
found many translation initiation events from non-AUG start codons in 5′ UTRs [31]. Overall,
ribosome-profiling techniques have enabled us to capture the genome-wide translation of
uORFs with high sensitivity and accuracy.

Genomic Features That Affect the Repressiveness of uORFs in the Translation
of CDSs
It is well established that, at the genomic scale, genes containing uORFs exhibit significantly lower
translational efficiencies in CDS regions compared with genes without uORFs [14,16,17,32,33].
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Ternary complex (TC): the complex
formed by eIF2, GTP, and Met-tRNAi. It
is required not only for the assembly of
the pre-initiation complex, but also for
re-initiation.
Three-nucleotide periodicity: a
pattern that repeats every three
nucleotides. Here, it refers to the
‘high-low-low’ pattern of RPF 5′ end
coverage in a codon.
Transposable elements (TEs):
genomic elements that could move into
new locations in the genomes.
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Deletion of uORFs by genome editing further confirmed the hypothesis that uORFs inhibit the
translation of downstream CDSs primarily by sequestering ribosomes [34]. For example, a previ-
ous study identified 35 735 uORFs in Drosophila melanogaster and showed that these uORFs
were not evenly distributed across genes: 49.4% genes did not have any uORF, and 15.2%
and 35.4% genes had one uORF and at least two uORFs, respectively [14]. Extensive ribosome
profiling and mRNA-seq experiments conducted during the life cycle of D. melanogaster demon-
strated that 32 224 (90.2%) out of 35 735 expressed uORFs showed evidence of translation in at
least one developmental stage of D. melanogaster [14]. It is also estimated that the translational
efficiency of CDS was 8.38–30.4% lower for genes containing a single translated uORF and
18.4–60.7% lower for genes with multiple translated uORFs in D. melanogaster [14]. These re-
sults suggest that uORFs cumulatively inhibit the translation of the annotated CDSs. Interestingly,
cAUGs are generally located in unfavored sequence contexts if a 5′UTR hasmultiple uORFs, sug-
gesting that uORFs are used by specific genes to ensure a low basal translation level via double-
negative controls [35].

Previous studies demonstrated that contextual characteristics can affect the ribosomal occupan-
cies of uORFs and, hence, the repressive efficiencies of uORFs in the translation of the annotated
CDSs [11,14,16,17,32,33,36–38]. uAUGs are generally located in disfavored Kozak sequence
contexts (Figure 3A) compared with cAUGs [14,17,37], and uORFs with higher translational effi-
ciencies tend to exhibit more preferred sequence contexts around their start codons [14,17]. Al-
though the length of a uORF usually has a limited effect on its repressive efficiency, a uORF with a
start codon that is distant from the 5′ cap or a stop codon that is close to the cAUG tends to be
more repressive [14,16,17,39]. Notably, uORFs showing out-of-frame overlap with downstream
CDSs are more repressive because translational re-initiation of the downstream CDS is unlikely
once the out-of-frame overlapping uORF in the same RNA molecule is translated [16,22]. More-
over, the sequence composition of uORFs can be optimized for ribosome association efficiency,
and the higher coding potential of a uORF is associated with higher translational efficiency of the
uORF [14]. The importance of the genomic features of uORFs is also manifested by their evolu-
tionary patterns. Since a uAUG is the most important definitive feature of a uORF, uORFs with
more conserved start codons aremore repressive [14,39]. Notably, after multiple regression anal-
ysis of the translational efficiency of CDSs with various genomic features of uORFs in
D. melanogaster, it was found that the most important features influencing the repressiveness
of uORFs in downstream CDSs were the optimized Kozak context around uAUGs, high conser-
vation levels of uAUGs, and long distances between a uAUG and the 5′ cap [14].

The Origins and Evolution of uORFs in Eukaryotic Genomes
Kozak first posited that uORFs overall are deleterious and should be depleted in 5′UTRs because
they impair translation of the downstream CDSs [19]. Moreover, protein translation is a highly
energy-consuming process [40], and excessive uORF translation will lead to a tremendous bur-
den of energy provision in cells. Accordingly, genome-wide analyses have demonstrated that
there are significantly fewer ATG triplets in 5′ UTRs than expected by chance in a range of species
[35,41,42], which suggested that uORFs tend to be depleted from 5′UTR due to their deleterious
effects. Moreover, the mutations that generate polymorphic uORFs in D. melanogaster exhibit
significantly lower derived allele frequencies than neutral mutations, suggesting that they are gen-
erally selected against [14].

By contrast, the uORFs that are preserved in genomes are usually evolutionarily more conserved
than expected under the assumption of neutral evolution [42,43]. In line with these observations,
the polymorphic uORFs of human populations resulting from the creation of new uORFs or abo-
lition of pre-existing uORFs are potentially associated with human diseases (Box 2). Intriguingly, it
was shown for the first time that a considerable fraction of uORFs that have recently been fixed in
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Figure 1. Upstream Open Reading Frame (uORF)-Mediated Translational Regulation. (A) The three scenarios when a pre-initiation complex (PIC) scans along a
uORF-containing 5′ untranslated region (5′ UTR). (i) The scanning PIC fails to recognize the start codon of the uORF and continues to search for next start codon (‘leaky
scanning’). In this case, the normal translation of the downstream coding sequence (CDS) is not affected. (ii) The PIC successfully recognizes the start codon of the uORF
and assembles into a full ribosome for translation. After termination at the uORF stop codon, the 40S subunit remains bound to the mRNA and re-initiates translation at the
CDS start codon (‘re-initiation’). The translation of the uORF will interfere with other scanning ribosomes [20], leading to reduced CDS translation. (iii) Upon translation
termination at the uORF stop codon, the ribosome may stall and trigger nonsense-mediated decay (NMD) (‘stall’), or dissociate from the mRNA (‘drop off’) without
translating the CDS. (B) Classification of uORFs based on the positions of their start codons and stop codons.

Box 1. Scanning Mechanism of Eukaryotic Translation Initiation

Most eukaryotic mRNAs are translated in a cap-dependent manner (Figure I) [4–6]. Before translation initiation, GTP-bound eukaryotic initiation factor 2 (eIF2) first binds
Met-tRNAi to form a ternary complex (TC). Then, TC binds the 40S small ribosomal subunit for assembly into the 43S preinitiation complex (PIC), with the assistance of
eIF1, eIF1A, eIF3, and eIF5. Additionally, the cap-binding protein eIF4E binds to the 5′ cap of mRNA and recruits eIF4G and eIF4A. eIF4G activates the ATP-dependent
helicase activity of eIF4A, which unwinds secondary structures near the 5′ cap of the mRNA. Next, the 43S PIC binds to the pre-activated 5′ end of the mRNA, scans the
mRNA base by base, and searches for the AUG triplet complementary to the anticodon of Met-tRNAi. Upon successful recognition of the AUG start codon, the 60S
subunit is recruited to assemble the complete 80S ribosome to initiate translation. During elongation, the ribosome processes the ORF codon by codon and the nascent
peptide will emerge from peptide exit tunnel (Figure I). Upon termination, the newly synthesized peptide will be released, and the ribosomal subunits will be recycled.

′

′
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Figure I. The Scanning Model of Eukaryotic Translation Initiation. Eukaryotic initiation factor 2 (eIF2), GTP, and methionyl initiator transfer RNA (Met-tRNAi) assemble
into a ternary complex (TC), which binds the 40S subunit to form a pre-initiation complex (PIC). The PIC binds the 5′ end of mRNAs activated by the eIF4F complex (eIF4G,
eIF4E, and eIF4A) and scans from the 5′ end to the 3′ end in search of AUG codons. Upon successful recognition of the AUG start codon, GTP is hydrolyzed to GDP and
dissociates from the PIC with eIF2. The 60S subunit joins the complex to form a complete ribosome and translate the open reading frame (ORF). The ribosomal exit tunnel
is a passage in the large ribosomal subunit where the nascent peptide chain exits from the ribosome.
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theD. melanogaster population are advantageous and favored by natural selection [14]. Hence, a
unifying model of uORF evolution has been proposed in which newly formed uORFs that are del-
eterious will be selected against and segregate at low frequencies in the population, whereas
beneficial newly formed uORFswill be rapidly fixed in populations under positive Darwinian selec-
tion. After fixation, functional uORFs will be maintained by natural selection during evolution, due
to functional constraints (Figure 3B). Notably, positive selection is facilitated by the large effective
population size of D. melanogaster, which makes natural selection more efficient [44]. The evolu-
tionary forces governing the evolution of uORFs in organisms with smaller effective population
sizes, such as humans [44], remain to be further explored.

In addition to point mutations, the insertion of transposable elements (TEs) can generate new
uORFs [45,46]. Reporter assays indicated that TE-derived uORFs in genes such as RPP38 and
GJB3 are functional [45,46]. Ribosome profiling data also support the translation of TE-derived
uORFs in RPP38 andGJB3 (Figure 3C). In humans, ~10% (3992 of 39 786) of uORFs are derived
from TEs [46]. Most TE-derived uORFs result from Alu, L1, MIR, and L2 elements, which is con-
sistent with their prevalence in the human genome [46]. It is well documented that TEs are rich
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Figure 2. Effect of Cycloheximide (CHX) (A) and Lactimidomycin (LTM) (B) on Ribosome Profiles. (A) CHX binds to the exit site of a ribosome and inhibits
translational elongation (i) [28]. Therefore, polysomes are well preserved by CHX treatment before digestion (ii). After digestion with either RNase I or micrococcal
nuclease (MNase), monosomes are separated by ultracentrifugation, and ribosome-protected fragments (RPFs) are released from monosomes and sequenced (iii). If
the samples are digested with the commonly used RNase I, the 5′ end location of RPFs in the mRNA usually shows three-nucleotide periodicity, because
ribosomes process coding sequences (CDSs) codon by codon [9,10]. However, three-nucleotide periodicity is compromised due to cutting bias if MNase is used to
digest ribosome-bound mRNAs [14,15]. (B) LTM or harringtonine only inhibits the first cycle of translation elongation (i) [28]. Therefore, after LTM or harringtonine
treatment, only ribosomes at translation initiation sites are associated with mRNAs, leading to pronounced monosomes before digestion (ii). With subsequent
purification and sequencing of RPFs, most reads are enriched at initiation sites (iii). Abbreviation: uORF, upstream open-reading frame.
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sources of transcriptional regulatory motifs [47,48]. These new results suggest that TE domesti-
cation also has an important role in translational regulation.

uORF-Mediated Translation Regulation during Development
Since alternative splicing or altered transcriptional initiation is prevalent across the develop-
mental stages of eukaryotes [49], it is possible that the uORF-mediated regulation is exploited
to fine-tune the translational program during development [50]. For example, during meiosis in
budding yeast, kinetochore inactivation occurs via reduction of Ndc80 abundance, which is
achieved by transcribing an alternative, longer Ndc80 mRNA isoform that is translationally
inhibited by the uORFs [51]. Additionally, through the simultaneous quantification of
transcriptomes, translatomes, and proteomes during the meiotic differentiation of budding
yeasts, Cheng et al. [52] demonstrated that pervasive translational reprogramming of the CDS
(A)

(B)

(C)

′

′ ′

′

′

(i) (ii)

TrendsTrends inin BiochemicalBiochemical Sciences Sciences

Figure 3. Genomic Features and Evolutionary Principles of Upstream Open Reading Frames (uORFs). (A) Illustration of different features of uORFs that
influence their translation and repression efficiencies on the downstream coding sequences (CDSs). PhyloP is a frequently used index for measuring the conservation
of individual nucleotide sites based on multiple sequence alignment [86]. (B) A model of uORF evolution. Mutations frequently generate novel uORFs (uAUGs) in 5′
untranslated regions (5′ UTRs). For example, a new uORF created by GNT mutation in an individual might be deleterious, neutral, or advantageous. The uORF will be
removed by natural selection or persist in the population at low frequencies if highly detrimental or will randomly drift in the population if neutral or slightly deleterious.
However, it will be favored by natural selection and become fixed in the population rapidly if beneficial. (C) Example of uORFs derived from transposable elements (TEs)
that are supported by ribosome-protected fragments (RPFs). Exon2 of RPP38 is contributed by an AluJb element [45] (i). The translation of the AluJb-derived uORF in
exon2 is demonstrated by RPFs. In another example, a fragment in exon2 of GJB3 is derived from an MIRc element [46] (ii). A uORF in the MIRc-derived fragment is
also translated. The RPF coverage for both examples was obtained from the GWIPS-viz database [87]. Adapted from [14] (B).
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Box 2. uORFs and Human Diseases

The number of uORFs varies among humans, andmutations that create new uORFs or disrupt pre-existing uORFs can cause diseases [39,88–91]. For instance, a point
mutation in the 5′ UTR of CDKN2A introduces an oORF, which leads to reduced production of the CDKN2A protein and a predisposition for melanoma [92] (Figure IA).
Moreover, a point mutation in an intronic splicing donor site of THPO leads to exon skipping (ΔE), which eliminates a uORF located in that exon and causes two over-
lapping uORFs to be fused with the downstream CDS (Figure IB). Although theΔE transcript encodes a different N-terminal signal peptide from the wild-type protein and
the sequence of mature thrombopoietin (TPO) is unaffected, the ΔE transcript produces significantly more TPO than the wild-type allele and causes thrombocythemia in
patients who carry this mutation [93]. In addition to these well-known disease-related uORF-altering mutations, genome-wide scanning of variations in human popula-
tions or tumor samples has identifiedmany uORF-generating or uORF-disruptingmutations [39,89,94]. While the translational changes in downstreamCDSs have been
verified experimentally in some cases, the causal relationships between these mutations and the associated diseases remain to be further explored.
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Figure I. Mutations Generating or Disrupting Upstream Open Reading Frames (uORFs) That Cause Human Disease. (A) A GNT point mutation at
position –34 creates an overlapping uORF (oORF) in the 5′ UTR of CDKN2A mRNA, which decreases the translation of the downstream coding sequence (CDS)
[92]. (B) A GNC point mutation at a splicing donor site of THPO mRNA leads to skipping of the preceding exon (ΔE) during mRNA splicing. This mutation abolishes
uORF2 in wild-type mRNA and turns the nonoverlapping uORF1 wild-type mRNA into an in-frame overlapping uORF. As a result, the THPO CDS in the ΔE
transcript is efficiently translated with an N-terminal extension (the red segment in the protein sequence), which is finally removed during post-translational
maturation. The increased level of TPO leads to thrombocythemia [93]. The genomic sequences around exon boundaries are displayed to illustrate the influence of
exon-skipping. The CDS start sites are indicated with ‘+1’. Codons in uORFs or CDSs are denoted with underscores. Abbreviations: TSS, transcription start site;
UTR, untranslated region.
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is modulated by switching between mRNA transcript isoforms that differ in the content of uORFs.
Furthermore, genome-wide maps of ribosomal occupancy in uORFs and CDSs during the major
developmental stages of D. melanogaster were recently generated [14]. These results showed
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that, during D. melanogaster development, changes in the translational efficiencies of uORFs, as
well as the inclusion and/or exclusion of uORFs, are frequently exploited to inversely influence the
translation of downstream CDSs (Figure 4A) [14]. In Arabidopsis thaliana, transcription from alter-
native transcription start sites (TSSs) is induced to evade uORF-mediated repression after expo-
sure to blue light [53]. In contrast to other model organisms, Caenorhabditis elegans uses trans-
splicing to remove uAUGs in native 5′ UTRs and improve the translational efficiency of a subset of
mRNAs [54]. Together, these studies suggest that uORF-mediated regulation has essential roles
in controlling developmental programs.

Functional Roles of uORFs in Stress Responses
Interestingly, uORFs are significantly enriched in stress-response genes and control the transla-
tion of certain master regulators of stress responses [55,56]. Eukaryotic initiation factor 2 (eIF2),
which is a heterotrimer comprising α, β, and γ subunits, forms a TC with GTP and methionyl ini-
tiator transfer RNA (Met-tRNAi) as the first step in translation initiation [6]. This TC then binds to the
40S ribosome subunit, forming the PIC. Upon successful AUG recognition through PIC scanning,
the GTPase-activating protein eIF5 stimulates the hydrolysis of eIF2-bound GTP, which leads to
eIF2-GDP dissociation and the 60S subunit joining (Box 1) [6]. To reform TC, eIF2-GDP must be
converted back to eIF2-GTP with the aid of the guanine nucleotide exchange factor eIF2B. Under
cellular stress, kinases such as GCN2 or PERK phosphorylate eIF2α (eIF2α~P) to inhibit the ac-
tivity of eIF2B, leading to reduced TC abundance (Figure 4B) [57]. Hence, it will take longer for a
post-termination scanning 40S ribosome to reacquire a new TC and become competent for re-
initiation in stressed cells. This delay causes leaky scanning of downstream uORFs that can typ-
ically be translated by re-initiating ribosomes. For example, in yeast, GCN4 controls the transcrip-
tion of amino acid biosynthesis genes in response to amino acid starvation [58]. Translation of the
four uORFs of the GCN4 mRNA represses the translation of the CDS under normal conditions.
Under starvation, the TC level is reduced due to the phosphorylation of eIF2 by GCN2. Hence,
although uORF1 is translated, the reinitiating ribosomes bypass uORFs 2–4 and re-initiate trans-
lation at the GCN4 CDS to increase the GCN4 protein level in starved cells (Figure 4B) [10,58].

In mammals, ATF4 regulates the transcription of many genes in the stress adaptation of mamma-
lian cells. eIF2α~P phosphatase GADD34 and CReP are also highly expressed during stress to
control protein homeostasis [59]. Similar to GCN4, their ORFs are translated by regulated leaky
scanning of the second uORFs in 5′ UTR during stress [60,61]. In Arabidopsis, the translation
of the TBF1 CDS is inhibited by two uORFs under normal conditions but activated upon immune
induction [62]. Taken together, these results provide valuable insights into the regulatory roles of
uORFs in stress responses and provide guidelines for genetic engineering [63].

Alternative translation initiation at noncanonical uORFs has been demonstrated to be an impor-
tant mechanism of translational regulation during stress responses [64,65] or tumor initiation
Figure 4. Upstream Open Reading Frames (uORFs) Dynamically Modulate Coding Sequence (CDS) Translation. (A) Modulation of CDS translation via the
inclusion or exclusion of uORFs through isoform switching (i) or changes in the translational efficiency of uORFs (ii) during development. (B) uORFs mediate the stress-
specific translation of the GCN4 CDS in yeast. Under normal conditions, eukaryotic initiation factor 2 (eIF2)-GDP is quickly converted to eIF2-GTP by eIF2B to reform
the ternary complex (TC). Re-initiating 40S ribosomes after uORF1 and uORF2 could receive new TCs to translate uORF3 and uORF4 and subsequently dissociate
from the mRNA, leaving the CDS untranslated. Under stress conditions, GCN2 phosphorylates eIF2α and traps eIF2-GDP in an ‘unproductive’ state with eIF2B,
leading to reduced TC [57]. Therefore, re-initiating ribosomes will spend a longer time scanning along mRNA and bypass uORF3 and uORF4 before reacquiring TCs,
leading to CDS translation. (C) During tumor initiation, reduced abundance of TCs causes global translation suppression of most mRNAs. However, eIF2A abundance
increases and promotes the translation of CUG/GUG/AUG uORFs, leading to upregulated translation of downstream CDSs through mechanisms that are not yet clear.
(D) The translation of CPA1 is not inhibited by AAP when the arginine level is low. A high concentration of arginine causes ribosome stalling at the stop codon of AAP,
which blocks other ribosomes and induces nonsense-mediated decay (NMD) to reduce the production of CPA1. (E) When the level of polyamines is low, the upstream
conserved coding region (uCC) has little effect on the translation of AZIN1. A high concentration of polyamines induces ribosome stalling at the PPW motif by interfering
with the function of eIF5A, which also causes ribosome queuing along uCC [73].

790 Trends in Biochemical Sciences, September 2019, Vol. 44, No. 9



Trends in Biochemical Sciences
An official publication of the INTERNATIONAL UNION OF BIOCHEMISTRY ANDMOLECULAR BIOLOGY
[66]. eIF2A is an alternative tRNAi carrier that can bind and deliver Met-tRNA or Leu-tRNA for ini-
tiation at the AUG/CUG/UUG codon [64,67,68]. When cAUG-initiated translation is compro-
mised during endoplasmic reticulum (ER) stress or tumor formation, the eIF2A-dependent
translation of many uORFs (mostly noncanonical uORFs) in specific mRNAs promotes the trans-
lation of downstream CDSs (Figure 4C) [64–67]. For example, BiP encodes a chaperone protein
that is important for ER homeostasis and has two non-AUG uORFs (–190 UUG and –61 CUG).
Under normal conditions, canonical eIF2α-mediated translation initiation is responsible for the
translation of the BiP CDS. During ER stress, upregulated eIF2A initiates the translation of non-
AUG uORFs, which further promotes the translation of the downstream BiP CDS [65]. Exactly
how the eIF2A-mediated translation of non-AUG uORFs promotes the translation of downstream
CDSs remains to be further explored. It is possible that, after translational termination at uORFs,
re-initiating ribosomes contribute to the translation of CDSs in these mRNAs. Overall, these re-
sults suggest that the eIF2A-mediated translation initiation of uORFs is a common mechanism
used by mammalian cells under abnormal conditions.

Notably, the nascent peptide chains of uORFs can interact with the ribosomal tunnel (Box 1) to
induce ribosome stalling, which further modulates the translation of downstream CDSs. For ex-
ample, the fungal arginine attenuator peptide (AAP) is encoded by a uORF in the 5′ UTR of the
CPA1 mRNA (Figure 4D). The start codon of AAP is located in a disfavored context and seldom
translated [69]. When the level of arginine is low, the translation of CPA1 is not inhibited by AAP.
Nevertheless, when the arginine level is high, the translation of AAP causes stalling of ribosomes
at the stop codon of AAP since arginine might induce the changes in conformation or the environ-
ment of AAP nascent peptides in the ribosome tunnel [70], which inhibits translation re-initiation at
the CPA1 CDS and triggers NMD of CPA1 mRNA [69,71]. Since CPA1 promotes arginine bio-
genesis from glutamine, the production of arginine is controlled by a negative feedback loop. Sim-
ilar uORF-mediated translational regulation is also observed for the ortholog of CPA1 in
Neurospora crassa, arg-2, suggesting that this mechanism is evolutionarily conserved [72].

The translation of antizyme inhibitor 1 (AZIN1), a protein required for polyamine synthesis from or-
nithine in animals, is also regulated by a uORF called the upstream conserved coding region
(uCC) [73,74]. The start codon of uCC is AUU, which is located in a disfavored Kozak context
(Figure 4E). When the cellular polyamine level is low, uCC has a negligible effect on the translation
of AZIN1 CDS. However, when the concentration of polyamines is high, ribosomes would be
stalled at the PPW tripeptide motif near the stop codon of uCC because polyamines compete
for binding sites with the translation factor eIF5A, which prevents the translation of AZIN1 CDS
[73,75]. Moreover, ribosome stalling can also cause ribosome queuing, which increases the initi-
ation rate at uCC by positioning the scanning ribosomes near the start codon of uCC, further aug-
menting the inhibition of CDS translation [73] (Figure 4E). Hence, the feedback control mediated
by the interactions between uORF translation and metabolites might be important for maintaining
cellular metabolic homeostasis.

Crosstalk between uORFs and Other cis-Regulatory Elements
In addition to uORFs, many cis-regulatory elements (CREs) of mRNAs also influence mRNA
translation [3], such as the target sites of miRNAs, the binding sites of RNA-binding proteins
[76], secondary structures, mRNA modifications, and the polyadenylated [poly(A)] tails of mRNAs
[77]. For example, since the translation is predominantly controlled by poly(A)-tail length in early em-
bryos of Drosophila [78], the repressive effects of uORFs on translation regulation might be
overwhelmed by the activating effects of poly(A)-tails in 0–2 h embryos [14]. It has also been dem-
onstrated that translational re-initiation and dynamic changes in N6-methyladenosine (m6A) modi-
fication in uORF2 ofATF4 cooperate to promote ATF4 translation under stress [79]. In addition, two
recent studies showed that downstream secondary structures in 5′ UTR could retard the
Trends in Biochemical Sciences, September 2019, Vol. 44, No. 9 791



Outstanding Questions
What are the evolutionary principles
underlying the compositions of uORFs
in eukaryotic genomes at the micro-
and macroevolutionary scales?

How do uORFs dynamically modulate
the translation of downstream CDSs
during various biological processes,
such as stress responses and
tumorigenesis?

How do uORFs interact with other
cis- and trans-regulatory elements in
modulating mRNA translation?

To what extent are non-AUG uORFs
translated and what are their biological
functions?

What is the relationship between uORF
translation and nonsense-mediated
decay?

What is the mechanism by which uORFs
enable leaky scanning or re-initiation?
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movement of scanning PICs, which promotes the translation initiation of uORFs with near-cognate
start codons or located in suboptimal context [80,81]. We are now beginning to understand the
possible crosstalk between different regulatory mechanisms. However, further studies are required
to decipher the possible interactions (synergistic, opposing, or additive) between uORFs and other
categories of CREs in different cellular contexts.

How Many uORFs Encode Functional Peptides?
Although most eukaryotic uORFs show evidence of translation as revealed by ribosome profiling,
how many of these uORFs encode functional peptides remains enigmatic. It is reported that
codon usage in uORFs is more similar to the random triplet frequency in 5′ UTRs than that in
CDSs [14,82]. Moreover, analyses of codon substitutions in uORFs suggest that they are unlikely
to encode conserved peptides [14,16], and only a relatively small number of uORFsmight encode
peptides that are evolutionarily conserved [83–85]. Collectively, these observations support the
hypothesis that most uORFs are designed not to encode bioactive peptides [42], but to impede
the translation initiation of downstream CDSs by sequestering ribosomes.

Concluding Remarks and Future Perspectives
Our understanding of the regulatory functions of uORFs has been greatly expanded during the
past years. Most uORFs in eukaryotic genomes have been found to be translated, and the trans-
lation of uORFs has been shown to modulate the translation of downstream CDSs by sequester-
ing ribosomes. Combining functional genomics and evolutionary analyses enables us to not only
identify the genomic features that affect the repressive efficiency of uORFs, but also to dissect the
evolutionary forces governing the genome-wide distribution of uORFs in eukaryotic genomes.
Nevertheless, many fundamental questions regarding uORF-mediated regulation remain (see
Outstanding Questions), and it is exciting that we are beginning to decipher the regulatory mech-
anisms and consequences of uORFs at a genomic scale.
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