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Ending on a high note: Downstream ORFs
enhance mRNA translational output
Samantha Dodbele & Jeremy E Wilusz*

Eukaryotic mRNAs were long thought to
only translate a single protein product, but
it is now recognized that many mRNAs can
also encode small open reading frames
(ORFs). In this issue of The EMBO Journal,
Wu et al characterized small ORFs in the 30

untranslated regions (30 UTRs) of human
and zebrafish mRNAs and found that many
are indeed translated. The peptides encoded
by these downstream ORFs (dORFs) are
often poorly conserved across evolution,
but many dORFs are nonetheless functional,
as the act of their translation can promote
translation of the canonical ORF.
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See also: Q Wu et al (September 2020)

T he dogma regarding pro- versus

eukaryotic messenger RNAs (mRNAs)

has long been that these are funda-

mentally different: Prokaryotic mRNAs often

encode multiple proteins, whereas eukary-

otic mRNAs typically only have a single

translated open reading frame (ORF) (re-

viewed in Hinnebusch, 2014). Prokaryotic

ribosomes can be directly recruited to the

beginning of each encoded ORF through base

pairing of ribosomal RNA with Shine–

Dalgarno sequences. In contrast, most trans-

lation in eukaryotes occurs by a scanning

mechanism, wherein the small ribosomal

subunit bound to the initiator methionyl-

tRNA (Met-tRNAi) is recruited to the mRNA

50 cap and then scans downstream for a

sequence that is complementary to the Met-

tRNAi anticodon (Fig 1A). Thus, the first

AUG encountered is typically favored as the

start codon and is used to generate the

canonical protein product.

Nevertheless, eukaryotic mRNAs can

contain short upstream ORFs (uORFs) that

initiate with a canonical AUG or a non-AUG

codon (e.g., CUG, GUG, or UUG) and whose

translation often prevents scanning riboso-

mal subunits from efficiently reaching the

canonical ORF (Mueller & Hinnebusch,

1986) (Fig 1B). Large-scale analyses have

also revealed a number of translation events

that appear to occur in mRNA 30 UTRs

(Bazzini et al, 2014; Ji et al, 2015) (Fig 1C),

a location that ribosomes should rarely

reach, unless there is readthrough of the

stop codon (Dunn et al, 2013) or an internal

ribosome entry site (IRES) (reviewed in

Jackson, 2013). In this issue of The EMBO

Journal, Wu et al comprehensively charac-

terize these downstream ORFs (dORFs) and

show that their translation enhances transla-

tion of the canonical ORF.

To explore the extent of 30 UTR transla-

tion in human and zebrafish, Wu et al

computationally identified all potential dORFs

and found them to be very common (> 80%

of mRNAs contain at least one). But are

they, in fact, translated? Ribosome profil-

ing data revealed that ~ 10% of dORFs

displayed evidence of translation, includ-

ing the expected three-nucleotide periodic-

ity of ribosome footprints. Most of these

translated dORFs are short (median ~ 20

amino acids) and initiate more than 100

nucleotides downstream from the stop

codon of the canonical ORF (Wu et al,

2020). Like uORFs, dORFs often initiate at

a non-AUG start codon and the peptides

they encode are not well conserved across

species. However, for a subset of ortholo-

gous genes, the presence of a translated

dORF is evolutionarily conserved, suggest-

ing that dORFs may function through

translation activity, rather than the poly-

peptide itself.

As uORFs in 50 UTRs often repress trans-

lation of canonical ORFs (Fig 1B), the

authors hypothesized that dORFs may like-

wise affect translational efficiency of the

canonical ORF and examined ribosome pro-

filing datasets from human cell lines and

zebrafish embryonic development. This

revealed that mRNAs with translated dORFs

generally translate the canonical ORF at ~ 2-

fold higher efficiency (Wu et al, 2020)

(Fig 1C). Importantly, these effects were not

correlated with differences in mRNA levels/

stability, poly(A) tail length, or UTR lengths.

To confirm that translation of a dORF

can promote canonical ORF translation,

reporter plasmids with distinct 30 UTRs were

assessed. Insertion of an endogenous trans-

lated dORF (including ones initiated with

non-AUG codons) enhanced canonical ORF

expression by ~ 2- to 3-fold, while this stim-

ulatory effect was lost upon addition of a

premature stop codon immediately down-

stream of the dORF start codon. Artificially

designed dORFs likewise promoted reporter

expression, indicating that it is the act of

dORF translation itself, and not the dORF

nucleotide, codon, or peptide sequence

that is most critical for enhancing canonical

ORF translation.

The number of uORFs in the mRNA 50

UTR has been correlated to the strength of

translational repression (Chew et al, 2016;

Johnstone et al, 2016), and a similar effect

was observed for dORFs. The presence of

multiple translated dORFs promotes transla-

tion of the canonical ORF at even higher effi-

ciency (Wu et al, 2020). It should

nevertheless be noted that some differences

in the degree of translation enhancement
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were observed, indicating that not all dORF

translation events are equal and that more

complicated regulation is sometimes at play.

As most eukaryotic translation occurs by

a 50 cap and scanning-dependent mecha-

nism, how do ribosomes reach dORFs? Ribo-

some footprints are depleted in the region

between the canonical ORF and dORF (the

internal UTR—iUTR), suggesting dORFs are

not translated by ribosome readthrough or

re-initiation just after the canonical ORF stop

codon (Wu et al, 2020). Instead, it appears

that dORFs may be translated when new

ribosomes are directly recruited to the iUTR

in a manner analogous to how IRES elements

function (reviewed in Jackson, 2013).

Consistently, iUTRs from human CYR61 and

CCDC167 show IRES activity when inserted

into a bicistronic reporter mRNA. These

iUTRs further appear to function indepen-

dent of the cap as dORF translation was not

affected when ribosome scanning was

blocked at the mRNA 50 end (Wu et al,

2020). It remains unclear how exactly iUTRs

recruit ribosomal subunits, especially given

that these sequences are short compared to

well-characterized viral IRES elements. One

possible hint is that the region near the dORF

start codon is often biased for particular

nucleotides, but these motifs are not similar

to the Kozak consensus sequence near

canonical ORF start codons.

In total, translation of dORFs appears to

be a widespread post-transcriptional regula-

tory mechanism in eukaryotes that enhances

mRNA translational output. Many of the

molecular details await characterization,

including how the process is regulated in a

cell type or condition-specific manner. Going

forward, it will be particularly critical to

understand how exactly dORFs promote

canonical ORF translation, for example, if

dORFs help recruit initiation factors to the

mRNA or promote mRNA looping. It further

will be interesting to determine if/which

dORF peptides accumulate and have

functional roles. Recent work has revealed

that some uORF peptides are functional,

e.g., by forming a stable complex with the

corresponding canonical ORF product (Chen

et al, 2020). The existence of translated

dORFs further challenges the monocistronic

view of eukaryotic mRNAs and suggests that

there are still additional key aspects of trans-

lational control that await discovery.
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Figure 1. Translation of short ORFs controls the efficiency of canonical ORF translation.

(A) In eukaryotes, the preinitiation complex (including the 40S small ribosomal subunit, the initiator methionyl-tRNA, and several additional factors such as the helicase
eIF4A) loads at the mRNA 50 cap and then scans 50–30 in search of a start codon. Once the start codon is recognized, the 60S large ribosomal subunit is recruited and the
complete 80S ribosome then translates the ORF. (B) Translation of a uORF can block preinitiation complexes from reaching the canonical ORF start codon, thereby down-
regulating the translational output of the mRNA. (C) In contrast, ribosomes can be recruited to the dORFs via cap- and scanning-independent mechanisms, and the act of
dORF translation promotes the expression of the canonical ORF.
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