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Abstract 

The translation of RNA by ribosomes represents a central biological process and one of the most dysregulated processes in cancer. While trans- 
lation is traditionally thought to occur e x clusiv ely in the protein-coding regions of messenger RNAs (mRNAs), recent transcriptome-wide ap- 
proaches ha v e sho wn abundant ribosome activity across div erse stretches of RNA transcripts. T he most common type of this kind of ribosome 
activity occurs in gene leader sequences, also known as 5 ′ untranslated regions (UTRs) of the mRNA, that precede the main coding sequence. 
Translation of these upstream open reading frames (uORFs) is now known to occur in upwards of 25% of all protein-coding genes. With diverse 
functions from RNA regulation to microprotein generation, uORFs are rapidly igniting a new arena of cancer biology, where they are linked 
to cancer genetics, cancer signaling, and tumor-immune interactions. This review focuses on the contributions of uORFs and their associated 
5 ′ UTR sequences to cancer biology. 
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ancer is characterized by uncontrolled cell proliferation that
esults in the invasion of surrounding tissues and metastasis to
istant organs. This complex set of behaviors requires cancer
ells to manipulate the cellular mechanisms needed to main-
ain both the replication of genetic material as well as its pro-
essing into the RNAs and proteins that orchestrate cellular
ctivity. Among the fundamental cell processes co-opted in
ancer is mRNA translation, which is one of the most energet-
cally expensive processes in the cell and is often dysregulated
n malignancies ( 1–5 ). While the basic tenets of RNA transla-
ion have been investigated in cancer for over 50 years ( 6 ,7 ),
echnological advances continue to unveil new truths about
ow cancers alter RNA translation. 
Perhaps foremost among these discoveries has been the re-

ent appreciation of upstream open reading frames (uORFs)
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as a novel player in the realm of cancer and RNA transla-
tion. uORFs are characterized by short sequences initiated by
a start codon (canonical AUG or non-AUG) within a 5 

′ UTR
and terminated by its in-frame termination codon upstream
or overlapped with the adjacent canonical coding sequence of
an mRNA (Figure 1 A) ( 8 ,9 ). uORFs may be extremely small
– perhaps only several amino acids – but may also be above
100 codons in length in some cases ( 10–16 ). Although uORFs
have been observed as a feature of some mRNAs for nearly 35
years ( 17 ), they largely eluded deep scientific inquiry in cancer
biology until contemporary methods have focused attention
on their contributions to gene regulation in cancer. 

In this review, our goal is to consolidate the present knowl-
edge of the impact of cancer on uORFs and their role in the
regulation of RNA translation. Our primary emphasis will
be on the mechanisms by which uORFs mediate translation
0, 2024. Accepted: May 7, 2024 
ancer. 
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Figure 1 . Mec hanisms of translation of upstream open reading frames. ( A ) A sc hematic o v ervie w of the types of non-canonical open reading frames 
(ORF) observed within messenger RNAs (mRNAs). Here, the annotated coding sequence (CDS) for the mRNA is indicated in blue, with non-coding 
sequences in gray. Individual boxes indicate where each class of non-canonical ORF would be found on an mRNA transcript. uORF, upstream open 
reading frame. uoORF, upstream o v erlapping open reading frame. intORF, internal open reading frame. doORF, downstream overlapping open reading 
frame. dORF, downstream open reading frame. ( B ) Possible impacts of ribosome interactions with a uORF, including stalling of the ribosomes, 
re-initiation of ribosome translation for the main CDS, and scanning through the uORF to the main CDS. ( C ) A mechanistic paradigm for ATF4 translation 
in normal and stress conditions. Here, two uORFs are present. In normal conditions, cells re-initiate ATF4 translation but in stress conditions ribosomes 
are stalled on uORF1 and uORF2, without re-initiation of ATF4 translation. Figure was created with Biorender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

initiation in cancer and contribute to the generation of cancer-
associated microproteins or peptide products. Along with this
focus, we will touch on pertinent examples within the 5 

′ UTR
of mRNAs that are relevant to cancer. Lastly, we will summa-
rize the potential clinical relevance of uORFs and paradigms
for developing anti-cancer therapies based on uORFs. 

Basic mechanisms of mRNA translation 

An mRNA transcript consists of a primary open reading frame
or primary coding sequence (CDS) in the 5 

′ to 3 

′ direction,
the 5 

′ and 3 

′ untranslated regions (UTRs). mRNA transla-
tion is a highly orchestrated complex process that involves
numerous ribosome subunits and translation cofactors (such
as eukaryotic initiation factors, eIFs) to decode mRNA into
amino acids, polypeptides, and ultimately functional proteins
( 18 ). While several mechanisms of mRNA translation exist,
the most common is a well-described cap-dependent transla-
tion initiation model, which posits that the 43S pre-initiation
complex (PIC) initiates from the 5 

′ -cap-structure and scans
down the mRNA until it identifies a fitting initiation site fol-
lowed by 60S subunit attachment, to begin translation ( 19 ). 

This scanning mechanism of translation begins at the 5 

′

end of the mRNA, at the 7-methylguanosine (m 

7 G) cap struc-
ture ( 18 , 20 , 21 ). Translation is initiated by the assembly of the 
eIF4F cap-binding complex at the 5 

′ m 

7 G cap, where the cap- 
binding protein eukaryotic initiation factor 4E (eIF4E), inter- 
acts with eukaryotic initiation factor 4A, an RNA helicase 
(eIF4A), and eukaryotic initiation factor 4G (eIF4G), a scaf- 
fold protein. Poly(A) binding protein (PABP) attaches to the 
3 

′ poly(A) tail interacts with eIF4G, facilitating the circular- 
ization of mRNA. The assembly of 43S PIC begins with me- 
thionyl initiator tRNA (Met-tRNA i ) forming a ternary com- 
plex (TC) with guanosine triphosphate (GTP)–bound eukary- 
otic initiation factor 2 (eIF2). The assembly of the TC with 

40S to form the 43S PIC is supported by eukaryotic initiation 

factors 1, 1A, 3 and 5 (eIF1, eIF1A, eIF3, and eIF5). Follow- 
ing unwinding of the mRNA by eIF4A, eukaryotic initiation 

factor 4B (eIF4B), and eIF4F, the 43S PIC gets recruited to the 
m 

7 G-capped 5 

′ end aided by eIF4G and eIF3 interaction. The 
PIC starts scanning the mRNA 5 

′ UTR in the 5 

′ to 3 

′ direc- 
tion in an ATP-dependent manner, with partial hydrolysis of 
the eIF2-bound GTP to GDP in the TC, until it encounters 
an AUG start codon in the optimal Kozak sequence context.
Recognition of AUG initiates hydrolysis of the GTP bound to 

eIF2, creating a stable 48S PIC ( 22 ). The subsequent release of 
eIF2-GDP is followed by the attachment of the 60S ribosome 
subunit, facilitated by eukaryotic initiation factor 5B (eIF5B),
leading to an 80S initiation complex ready for protein synthe- 
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is ( 22 ,23 ). Exceptions to the scanning mechanism are mRNAs
hat show a complete absence of 5 

′ UTRs ( 24 ) or extremely
hort 5 

′ UTRs ( ∼12 nucleotides on average), which undergo
canning-free initiation ( 25 ). 

 

′ UTRs in gene regulation and cancer 

lthough conventionally thought not to be translated into
roteins, UTRs can uniquely influence translation as a virtue
f their structured and unstructured elements ( 26 ). Through-
ut the evolutionary journey from invertebrates to humans,
he average length of the 5 

′ UTR has remained mainly stable,
t around 53–218 nucleotides ( 27–29 ), despite the size of the
enome and the length of 3 

′ UTRs experiencing a notable ex-
ansion ( 30 ,31 ). 
The influence of 5 

′ UTR structured or unstructured com-
onents on translation initiation and efficiency in eukary-
tic mRNAs is significant ( 18 , 23 , 26 , 27 , 29 ). A recent high-
hroughput screening study have shown dramatic changes
n the efficiency of protein translation based upon synthetic
 

′ UTR plasmids ( 32 ). In higher eukaryotes, individual genes
an exhibit a wide variation in 5 

′ UTR lengths ( 26 ,28 ) with
umans having the longest average length of 5 

′ UTRs, 218
ucleotides ( 26 , 30 , 33 ). This substantial variability brings the
ossibility of enhanced regulation of specific mRNA subsets
hrough sequence dependent structured or unstructured ele-
ents. Elements such as pseudoknots, RNA G-quadruplexes,
airpins, upstream AUGs (uAUGs) and uORFs hinder transla-
ion ( 26 ). Confronted with such 5 

′ UTR elements, a minority of
enes may also employ internal ribosomal entry sites (IRESs)
o facilitate cap-independent translation initiation. 

A growing body of literature has linked the regulation of
ene activity in cancer to the 5 

′ UTR region (see prior reviews
 34–37 )). For example, some gene 5 

′ UTRs regions are struc-
urally altered or mutated, including classic cancer genes such
s TP53 , where variants modulate its translation and may
ontribute to tumorigenesis ( 38 ,39 ). Separately, some onco-
enes preferentially control G-quadruplexes, such as the c-
YC transcription factor ( 40 ). However, perhaps the most ac-

ive area for oncogenic dysregulation of the 5 

′ UTR is through
ORFs. This review presents the current state of understand-
ng for uORF-related dysregulation in cancer, focusing on re-
ent discoveries in the field. 

pstream open reading frames as genic 

lements 

ne of the fascinating aspects of mRNA translation, appreci-
ted even 30+ years ago, is that the first AUG codon encoun-
ered on an mRNA is not always the one employed for protein
ynthesis from that particular mRNA ( 17 ). This indicates that
he scanning mechanism of translation initiation possesses the
bility to discriminate among AUGs to initiate the production
f proteins. 
However, this general perception has become ever more nu-

nced with technological advances that have shown frequent
ccupancy of ribosomes on the 5 

′ UTR leader sequences of
ene mRNAs. These discoveries have been fueled by increas-
ng utilization of ribosome profiling (Ribo-Seq) as a technique
hat maps ribosome footprints on RNAs in a transcriptome-
ide manner ( 14 , 16 , 41 ). Ribo-Seq has revealed numerous
on-canonical translational events occurring in uORFs that
re initiated by either canonical uAUGs or alternative trans-
lational initiation sites (non-AUG start codons) ( 10 ,42–44 ).
While more than half of all human 5 

′ UTR sequences contain
uAUG codons and almost all eukaryotic 5 

′ UTRs contain al-
ternative start codons ( 10–12 ,43 ), transcriptome-wide map-
ping of RNA translation by Ribo-Seq has generally estimated
that only selective uORFs are translated, likely numbering in
the ∼3000–15 000 range and existing in ∼10–25% of hu-
man mRNAs ( 8 , 13 , 45–48 ). While highly prevalent, uORFs
are therefore not ubiquitously translated, and the biological
mechanisms governing why specific uORFs are translated and
others are not, remains unclear. 

It is commonly believed that the primary function of uORFs
is to inhibit the translation of the main CDS as they capture
the scanning ribosome during the initial phase of translation
( 11 ,12 ). uORFs are also known for their role in controlling
protein expression amidst cellular stress responses ( 15 ,49–52 ).
However, the regulatory impact on translation rates of uORF-
associated downstream CDSs depends on specific characteris-
tics of the transcript, such as the length, number, position, and
peptide sequence of individual uORFs, as well as the sequence
context surrounding the initiation and termination codons of
the uORFs ( 53 ,54 ). 

Features of uORF translation 

uORFs are able suppress translation through various mecha-
nisms ( 11 , 44 , 55 , 56 ). Despite this overarching inhibitory func-
tion, there are particular circumstances in which uORFs al-
low the ribosome to resume scanning and reinitiate translation
downstream ( 15 ,57–59 ). Upon encountering a uORF the fol-
lowing three situations are possible: (a) the uORF gets trans-
lated but CDS translation is inhibited because recognition of
the uORF stop codon can activate non-sense mediated decay
(NMD), (b) the uORF gets translated, and with a certain prob-
ability, downstream CDS translation is re-initiated, (c) the PIC
simply scans through the uORF (termed leaky scanning) (Fig-
ure 1 B). Determining which of these outcomes will prevail
is influenced by a multitude of cellular conditions, making
it challenging to predict without a detailed analysis of spe-
cific cases. While it has been proposed that reinitiating trans-
lation at the CDS could allow messenger RNAs (mRNAs)
to avoid triggering nonsense-mediated decay (NMD) ( 60 ,61 ),
recent findings suggest that, while translation reinitiation is
more likely to occur following small uORFs, it does not reli-
ably prevent NMD ( 62 ). 

Two classic examples of gene regulation mediated by
uORFs are apparent in the translational regulation of ATF4
and GCN4 mRNAs. These cases, which are reviewed in depth
elsewhere ( 63 ), reflect rapid cellular changes in the control of
protein synthesis based upon cellular resources. During low-
nutrient conditions or cell stress, cells can activate mechanisms
such as General Amino Acid Control (GAAC) and Integrated
Stress Response (ISR) that reduces widespread protein syn-
thesis through phosphorylation of eIF2 α while also activat-
ing translation of specific mRNAs like GCN4 and ATF4 . The
GCN4 mRNA contains four short uORFs (2–3 codons) and
the ATF4 mRNA includes at least two uORFs ( 51 ,64–66 ). In
both cases, these uORFs serve to impart rapid control of pro-
tein synthesis of the GCN4 and ATF4 proteins. 

Elegant mechanistic work has delineated clear ribosome be-
havior for the ATF4 uORFs (Figure 1 C). In this case, ATF4
harbors a three-codon long uORF1 and a longer uORF2
that overlaps with the CDS ( 65 ). Under regular physiolog-
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A B

C D

Figure 2. uORF-mediated regulation of oncogenic processes. ( A ) Example genes and oncogenic processes that ha v e direct regulation by uORFs. ( B ) A 

mechanistic model for uORF-based regulation of HER2 including re-initiation of HER2 translation using str uct ured RNA elements in the 3 ′ UTR. ( C ) 
Deleterious mutations in uORFs may reduce their ability to stall ribosomes, thereby leading to derepression of main CDS translation. Here, the red line 
indicates a deleterious mutation. ( D ) Gain-of-function mutations in the 5 ′ UTR of genes may cause the de novo creation of a uORF through the 
generation of a no v el ATG start codon sequence. Figure was created with Biorender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ical conditions the proportion of phosphorylated eIF2 α is
lower, therefore the translation process advances from uORF1
to re-initiating at the start codon of the second downstream
uORF2. Conversely, in situations where cells are under stress
and the proportion of phosphorylated eIF2 α is higher, the
translation of uORF1 instead proceeds to re-initiate at the
start codon of the CDS. uORF2 overlaps with and ends down-
stream from the starting point of the ATF4 coding sequence,
hence efficient synthesis of the ATF4 protein doesn’t occur
unless uORF2 is bypassed due to leaky scanning during cell
stress ( 15 , 57 , 65 ). Upon reaching the stop codon of uORF1,
scanning ribosomes must procure a fresh TC in order to re-
initiate at a downstream start codon. The duration of time
required to obtain a new TC is directly associated with the
extent of phosphorylated eIF2 α ( 63 ). This mechanism repre-
sents a rapid stress response to cell nutrient changes, trigger-
ing key transcription factors while dampening overall protein
synthesis. 

Regulation of cancer genes by uORFs 

uORFs are prevalent in cancer-associated genes ( 13 , 15 , 44 ).
Hence, the role of uORF-mediated control on the transla-
tion of oncogenic mRNAs has been an intriguing area of re-
search (Figure 2 A). mRNA translation can be initiated by cap-
dependent or cap-independent mechanisms. Cancer cells often
trigger pathways that block canonical cap-dependent transla-
tion which endangers their survival. To overcome the block-
ade, cancer cells exploit alternative cap-independent initia-
tion mechanisms involving 5 

′ UTR elements such as uORFs,
IRESs, or non-uA UG initiation ( 2 , 67 , 68 ). The proto-oncogene
c-MYC has an IRES in its 5 

′ leader, which was detected to
carry a mutation associated with increased c-MYC expression 

in multiple myeloma patients ( 69 ). It was also shown to be es- 
sential for c-MYC induction, in colorectal cancer ( 70 ). Because 
of this, efforts to target c-MYC by disruption of its IRES have 
also been explored ( 71 ,72 ). 

More broadly, while several early studies have suggested 

that oncogenes may be enriched in uORFs using in silico anal- 
yses ( 17 ,73 ), large-scale systematic studies of uORF transla- 
tion in cancers are lacking. Nevertheless, it is notable that 
multiple well-established oncogenes harbor uORFs. One key 
example is the human epidermal growth factor receptor 2 

(HER2). HER2 belongs to the epidermal growth factor re- 
ceptor family, functions as a tyrosine kinase and is vital for 
cellular proliferation and hence, the onset of cancer. Approx- 
imately 15–30% of breast cancer and 10–30% of gastric 
or gastroesophageal cancers exhibit an increased expression 

or amplification of HER2. Its overexpression is also impli- 
cated in a variety of other cancers, including ovarian, en- 
dometrial, and bladder cancers ( 74 ). The mammalian HER2 

5 

′ UTR contains a short uORF that has been found to sig- 
nificantly inhibit the HER2 CDS expression ( 75 ,76 ). Key to 

the strong suppressive effect of this uORF are both the opti- 
mal Kozak sequence surrounding its AUG and the extremely 
short distance (5 nucleotides) between its 3 

′ end and the pri- 
mary CDS ( 75 ). HER2 translation only occurs due to leaky 
scanning of the uORF or reinitiation at the CDS after the 
uORF translation. However, breast cancer cells with HER2 

overexpression exhibit the ability to counteract this uORF 

mediated inhibition via a tumor-cell-specific translation con- 
trol mechanism. The HER2 3 

′ UTR was shown to harbor a 
translational derepression element which can bind to RNA- 
binding proteins Hu Antigen R (HUR) and heterogeneous 
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uclear ribonucleoprotein A1 (hnRNPA1) to counteract this
nhibition ( 77 ). In the absence of the 3 

′ UTR, the termina-
ion and reinitiation at the HER2 CDS are reportedly ineffi-
ient ( 77 ). Hence, uORF mediated HER2 mRNA overexpres-
ion contributes to the oncogenic potential of the tumor cells
Figure 2 B). 

The regulatory role of uORFs in oncogenes is further il-
ustrated by the CCAAT / enhancer binding proteins (C / EBP α

nd C / EBP β), which are transcription factors vital in the reg-
lation of cell differentiation and proliferation ( 78 ). The gen-
ration of various C / EBP isoforms from specific C / EBP β and
 / EBP α mRNAs, which begin translation at different sites,

eads to isoforms with distinct segments of the amino termi-
us and diverse capacities in gene regulation and control of
ell growth ( 79 ). Crucially, a uORF preserved through evo-
ution in both C / EBP α and C / EBP β mRNAs underpins the
egulated initiation at these alternative translation sites ( 78 ).
isruption in the translation control that results in aberrant

evels of C / EBP α and C / EBP β isoforms, or the expression of
runcated forms, can obstruct terminal differentiation in cells
nd is linked with the onset of acute myeloid leukemia and
reast cancer, respectively ( 44 ). 
Whether uORFs are universal, or even predominant, in can-

er genes remains a topic of debate. Nevertheless, the number
f individual cancer genes regulated by uORFs continues to
row ( 80 ), including potential isoform-specific regulation in
he case of MYCN in neuroblastoma ( 81 ) and estrogen recep-
or in breast cancer ( 82 ). Moreover, substantial increases in
esearch on RNA modifications in cancer, particularly RNA
ethylation as N 

6 -methyladenosine (m 

6 A), have shown that
 

6 A readers, such as YTHDF1 and YTHDF3 , may be impor-
ant in diverse cancer contexts ( 83 ,84 ). While the role of m 

6 A
as received significant attention in cancer ( 85 ,86 ), the func-
ional relevance of uORF-specific m 

6 A modifications has not
een widely elucidated ( 35 ,87 ). 

 

′ UTR mutations in cancer may impact uORFs 

enetic variation in 5 

′ UTRs is a common feature in can-
er, though the role of most of this genetic variation has
nclear functional consequences. In the most famous exam-
les, mutations in 5 

′ UTRs can lead to dramatic activation
f oncogenes through the creation of transcription factor
inding sites in the gene promoter regions ( 88–90 ). How-
ver, increasing notice has been given to the consequences
f 5 

′ UTR mutations that impact uORFs. These mutations
an have two conceptual effects: first, an existing uORF
ay be disrupted; second, a mutation can create a de novo
ORF by generating a novel AUG or a non-AUG start
odon. 

In the first case of mutations that occur in existing uORFs,
everal large-scale efforts have attempted to estimate these
utations using data from the Cancer Genome Atlas ( 91 ).
igh-throughput screening of uORF-associated variants has
roposed a catalogue of about 400 such cancer-related uORF

oss-of-function mutations ( 92 ). The major limitation to these
tudies is the lack of a comprehensive statistical model for
ariant effect and statistical enrichment for variants in uORFs
n the local DNA sequence context. Such models are required
o the nomination of recurrently-mutated CDS regions (such
s MuTect ( 93 )), but efforts in the area of non-coding vari-
nts in cancer have only begun to develop rigorous statistical
tests which have not been widely applied to uORF sequences
( 94 ,95 ). 

While the lack of appropriately designed analyses for vari-
ants in uORFs is a major limitation, it is also true that some
variants have been functionally investigated and are likely to
represent loss-of-function events for the uORF, which in turn
may trigger the translational activation of proto-oncogenes
(Figure 2 C). This situation may occur for uORFs in the
EPHB1 and MAP2K6 genes, which code for the ephrin re-
ceptor B1 (EPHB1) and a mitogen-activated protein kinase
kinase 6 (MAP2K6), respectively ( 92 ). Heterozygous loss-of-
uAUG mutations have been suggested in a range of genes like
the Src family tyrosine kinase BLK proto-oncogene (BLK) in
a colon adenocarcinoma, EPHB1 in a breast cancer and a
colon cancer xenograft, the Janus kinase 2 (JAK2) in chronic
lymphocytic leukemia, and MAP2K6 in colon adenocarci-
noma ( 92 ). Another mutation was observed in the chromod-
omain helicase DNA binding protein 1-like gene ( CHD1L )
within a colon cancer xenograft model. The somatic nature
of these mutations related to uORFs was verified for both
BLK and CHD1L variants. Meanwhile, the alteration found
in MAP2K6 was determined to be an inherited germline vari-
ant upon examining control tissues from the patients. These
mutations have been associated with heightened levels of pro-
tein synthesis for EPHB1 and MAP2K6, indicating that the
elimination of a uORF might amplify the translation of the
main downstream protein-coding sequence, which could play
a role in the development of cancer ( 92 ). 

Nevertheless, rigorous studies continue to be needed to sep-
arate the potential effects of 5 

′ UTR variants on gene regula-
tion via a uORF-related mechanism or an alternative mech-
anism that impacts the 5 

′ UTR in other ways. A large-scale
functional analysis of 5 

′ UTR variants in prostate cancer found
many mutations that impacted RNA translation efficiency, yet
many were not due to a uORF ( 96 ). It is likely that some ob-
served variants in uORFs in pan-cancer analyses of TCGA
data impart their major effects through a uORF-independent
mechanism. 

uORF-modulating v ar iants in cancer 

A second scenario is where a cancer variant creates a new
uORF through a de novo start codon (Figure 2 D). Indeed,
the formation of new uORFs by genetic variants is well-
documented in various Mendelian disorders. The clinical
phenotype arises due to the downregulation of CDS of the
Mendelian gene, which is caused by the introduction of a
novel repressive uORF when a de novo variant creates a new
AUG start codon ( 97–100 ). The abundant 5 

′ UTR variants in
Mendelian disorders has led to the creation of specific tools,
such as UTRannotator ( 101 ), to assist in their interpretation,
but such tools are lacking in the context of cancer. 

Yet, while these genetic events have gained more visibility
in Mendelian disorders, their presence in cancer has been ob-
served for at least 20 years in cancer research. The transition
from the G1 phase to mitosis within the cell cycle is governed
by a set of proteins including cyclins, cyclin-dependent kinases
(CDKs) and CDK inhibitor proteins (CDIs), a regulation that
is often compromised in cancerous cells ( 102 ). A key tumor-
suppressing protein called p16 

INK4a , which is frequently ren-
dered inactive in various cancers, is produced by the cyclin de-
pendent kinase inhibitor ( CDKN2A ) gene, situated on a rou-
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tinely deleted chromosome locus 9p21 ( 103 ). p16 

INK4a acts to
prevent the assembly of the cyclin dependent kinase (CDK)
4 / 6 and cyclin D proteins to form the CDK4 / 6-cyclin D com-
plex, thereby preserving the retinoblastoma protein (Rb) and
leading to the halt of cell cycle progression in the G1 phase. Be-
yond mutations within its coding sequence ( 103 ), a sole point
mutation in the 5 

′ UTR of the CDKN2A gene creates a novel
uORF ( 104 ). The translation initiated from this uORF can
lead to decreased levels of the CDKN2A protein, which is ob-
served in familial melanoma cases ( 104 ). 

Similarly, the protein p27 

KIP1 , produced by the CDKN1B
gene, acts as a barrier to cell cycle progression from the G1
to S phase, making it essential for cell fate decisions ( 55 ). In
human cancers, p27 

KIP1 is often found at reduced levels or mis-
localized, but it is rarely subject to mutations, distinguishing it
as a non-traditional tumor suppressor ( 105 ). CDKN1B trans-
lation involves an IRES as well as a uORF. In situations of
cellular stress, translation of CDKN1B mediated by the IRES
facilitates the expression of p27 

KIP1 through cap-independent
initiation ( 55 ,106 ). Moreover, a four-nucleotide deletion that
triggers a frameshift in the uORF of CDKN1B that results
in an extended upstream peptide, found to lower re-initiation
at the CDS of CDKN1B . This mutation was identified in a
patient with tumors in the pituitary gland and the endocrine
pancreas ( 55 ). The alteration in the uORF causes a reduction
in CDKN1B protein levels, likely due to a shortened space be-
tween the stop codon of the uORF and the start codon (AUG)
of the main coding sequence. This shortening could influence
the rate at which ribosomes re-initiate translation on the main
coding sequence, thereby increasing susceptibility to tumor
formation ( 54 , 73 , 107 ). 

Lastly, a study involving 1134 individuals with neurofibro-
matosis type 2 (NF2) identified a novel genetic insertion in the
5 

′ UTR region of the NF2 gene in two unrelated participants,
with evidence of inheritance in their families. The mutation
introduces a new uAUG, potentially leading to a short uORF.
This insertion is thought to extend a pre-existing translated
uORF in the NF2 5 

′ UTR into an out-of-frame overlapping
reading frame, which could reduce NF2 protein translation—
a phenomenon consistent with the disease’s loss-of-function
pathology. Confirmation of this effect awaits further experi-
mental validation ( 100 ). 

In rare cases, it is possible for uORF-creation by a can-
cer variant may inversely increase the main CDS transla-
tion. For example, a mutation in the excision repair cross-
complementation group 5 ( ERCC5 ) gene generates an ad-
ditional uORF that boosts ERCC5 CDS protein expression
post-DNA damage, conferring resistance to DNA-damaging
platinum-based chemotherapy ( 108 ). 

Regulation of cancer genes through 

non-canonical start sites 

Contrary to previous belief that eukaryotic translation pre-
dominantly commences at an AUG start codon, multiple
other non-AUG start codons are also actively used, albeit
less frequently ( 10 , 43 , 48 , 109 ). Notably, near-cognate start
codons enable translation initiation at varying efficiencies. Al-
though AUG remains the most recognized start codon, CUG
is the second most frequently employed for uORFs in the hu-
man genome, succeeded by GUG, ACG, and AUU in terms
of effectiveness ( 10 , 43 , 48 , 110 ). Among these are the near-
cognate start codons (CUG, GUG, UUG) which have well- 
characterized roles in initiation translation in conventional 
CDSs ( 109 ,111 ), including critical cancer genes such as the 
proto-oncogene c-MYC ( 112 ,113 ) and Fibroblast Growth 

Factor 2 ( FGF2 ) ( 114 ,115 ). 
As an exemplary case, c-MYC can generate two protein iso- 

forms via different start codons: the c-Myc 2 (p64) isoform 

originates from an AUG codon, while c-Myc 1 (p67) arises 
from an upstream CUG codon. Under amino acid scarcity and 

high cell density, the CUG-initiated c-Myc 1 isoform is favored 

for translation ( 116 ). This isoform possesses enhanced DNA- 
binding activity and controls genes that suppress cell prolifer- 
ation ( 117 ). Its overexpression can inhibit cell culture growth.
Notably, in some cancers such as human Burkitt’s lymphomas,
c-Myc 1 inactivation is common, indicating that the loss of 
this CUG-initiated protein may confer a growth benefit to the 
tumor cells ( 113 ). 

Likewise, differential usage of AUG or CUG start codons 
can influence FGF2 as well. Canonically, FGF2 can produce 
an 18-kDa protein isoform via the AUG start codon, which is 
typically found in the cytoplasm or secreted. However, using 
four upstream in-frame CUG codons, FGF2 can also create 
longer nuclear-targeted protein isoforms. Intriguingly, these 
alternate CUG-initiated isoforms are unique to transformed 

cells and have been linked to promoting cell immortality and 

tumorigenic potential in vitro ( 114 , 115 , 118 , 119 ). 

Non-canonical start sites in uORFs 

Non-AUG start codons are particularly common in uORFs 
( 42 ), where they may account for up to 50% of initiation 

codons ( 45 ). In one study of neuroblastoma cell lines, non- 
AUG start codons predominated, with the prevalence of CUG 

start codons being approximately equal to AUG start codons 
( 120 ). While the impact of cancer variants that may create 
a non-AUG initiation codon has not been systematically ex- 
plored, initial observations suggest that the CUG codon may 
be the most frequently modified initiation codon ( 43 ). Indeed,
cancer variants that disrupt a CUG start codon might be more 
prevalent than those affecting an AUG ( 43 ). However, when 

mutations that disrupt the CUG codon occur, their impact on 

the translation of the main CDS can vary: sometimes they in- 
terfere with the main CDS translation, while other times they 
lead to the utilization of an alternative, non-AUG start codon 

within the uORF ( 43 ). 
The reasons behind the higher prevalence of non-AUG start 

codons in certain situations, such as cancer, are not well com- 
prehended. Nevertheless, it could be related to widespread 

alterations in the accuracy of start codon selection in can- 
cer cells. A number of eIFs, such as the cap-binding protein 

eIF4E, experience dysregulation in cancerous cells. These dis- 
turbances in the relative amounts, or stoichiometry, of eIFs 
can affect the overall precision of translation initiation and 

the selection of the start codon ( 42 ,121–123 ). 

Signatures of uORF regulation by oncogenes 

Just as uORFs may regulate oncogenes, oncogenes can also 

regulate uORFs. Numerous oncogenes, including transcrip- 
tion factors, can attach to the promoter areas of genes, po- 
tentially activating gene function before the translation of the 
main CDS commences (Figure 3 A). In addition, many tran- 
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Figure 3. Cancer-directed regulation of uORFs in cancer. ( A ) Oncogenic signaling via transcription factors or other pathways may result in the 
accumulation of ribosomes on an uORF, leading to uORF translation. ( B ) Some oncogenes, such as SOX2 , result in a selective increase in ribosome 
abundance on uORFs using Ribo-Seq. In these cases, the translation of the main CDS may or may not be impacted. The illustration shown here 
represents a potential Ribo-Seq pattern that would be observed with selective upregulation of uORF translation with the addition of oncogenic signaling. 
( C ) A ctiv ation of MAP kinase pathw a y signaling through oncogenic RAS or BRAF alleles induce ribosomal frame-shif ting, particularly in the set ting of 
essential amino acid such as tryptophan starvation. This translation infidelity may produce presented peptide antigens that are recognized by T cells for 
cancer cell killing. Figure was created with Biorender.com. 
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cription factors can bind directly to RNA, although the sig-
ificance of this interaction in the context of cancer remains
nclear in the majority of instances ( 124 ). 
Two intriguing examples, however, include the c-MYC and

OX2 oncogenes (Figure 3 B). Using an elegant mouse model
f SOX2 -mediated skin carcinogenesis, Sendoel et al. demon-
trated that the translation of uORFs changes significantly
pon oncogene initiation ( 125 ). Further analyses revealed
hat these distinctive uORFs coincide with the subsequent
ain CDS involved in cancer mechanisms, including stem

ell pluripotency and Wnt / β-catenin signaling. This suggests
hat the process of initiating translation during tumorigen-
sis may selectively target uORFs linked to genes involved
n cancer ( 125 ). Interestingly, majority of these uORFs ini-
iated with CUG or GUG start codon, subsequently boost-
ng the translational efficiency of the mRNAs related to
ncogenes ( 125 ). 
Likewise, c-MYC can also affect the cancer-specific trans-

ation of mRNAs, covering both the main CDSs and uORFs
 126 ,127 ). Whether this effect is more reliant on the binding
f c-MYC to the genomic promoter locus or on the induc-
ion of unique RNA-binding proteins is yet to be determined
 126 ). Nevertheless, ectopic expression of c-MYC in a lym-
homa model significantly increased the prevalence of uORF
ranslation, particularly in genes with known involvement in
ancer-associated pathways such as mTOR signaling and E2F
argets ( 126 ). 
 

Oncogene induced changes in translation 

dur ing tumor igenesis 

Another potential mechanism for uORF regulation by onco-
genes is the inadvertent translation of non-canonical open
reading frames leading to significant changes in global trans-
lation due to changes induced by oncogenes in the functioning
of eIFs. These changes can alter the translation of uORFs glob-
ally during tumorigenesis, making certain groups of cancer-
related mRNAs resistant to the overall decrease in protein
production typically seen in stem-like or cancerous cells. For
example, several oncogenes have been implicated in the activ-
ity of the translation initiation factor, eIF2A, including AKT
( 128 ), ERBB2 ( 129 ), WDR4 ( 130 ) and SOX2 ( 125 ); the eIF2A
locus is also amplified in multiple cancers ( 125 ). One down-
stream result of activation of eIF2A in cancer is the translation
of non-AUG start codons, which may include known cancer
genes such as VHL-alpha ( 131 ) as well as non-AUG uORFs
in cancer-related mRNAs ( 125 ). These results could indicate
potential therapeutic approaches targeting eIF2A-mediated
translation, or the regulatory effects of uORFs, for the devel-
opment of new cancer treatments. 

When cancer cell lines face a shortage of essential amino
acids, such as tryptophan, they frequently exhibit ribosomal
frameshifting, a process associated with MAPK pathway ac-
tivation via oncogenic RAS. Inhibitors of the RAS pathway
can reduce this frameshifting, but resistance to these drugs
can lead to its recurrence. Nevertheless, the resulting abnor-
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Figure 4. Examples of cancer-in v olv ed microproteins. ( A ) The ASNSD1 gene translates a microprotein from an uORF that has been found with interact 
with the pref oldin-lik e comple x to driv e medulloblastoma cell surviv al. ( B ) A microprotein translated from the second uORF in the PKC gene, termed the 
uORF-2 peptide, is able to inhibit the kinase activity of certain PKC forms, leading to overall antagonism of breast cancer phenotypes by the 
microprotein. ( C ) A microprotein translated from the 5 ′ UTR of the PTEN tumor suppressor gene, termed MP31, antagonizes lactate metabolism in 
glioblastoma, causing a reduction in glioblastoma aggressiveness. The MP31 microprotein is deleted with PTEN deletions in glioblastoma, contributing 
to increased cancer phenotypes in that setting. Figure was created with Biorender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mal proteins can be presented on the cell surface, trigger-
ing T cell-mediated recognition and elimination of the tumor
cells (Figure 3 C) ( 132 ). This phenomenon of frameshifting
is likely to affect uORF translation which could contribute
to the unique behavior of the transformed cells, though con-
crete data addressing this topic remain sparse. Translational
reprogramming of BRAF-mutant melanoma cells has similarly
been connected to metabolic states and metabolic response to
targeted BRAF therapies ( 133 ). While the generalizability of
these observations to other oncogenes has not been system-
atically explored, mechanisms of mRNA mis-translation are
well-documented in several cellular stress states ( 134–136 ),
suggesting that this phenomenon is likely present in cancer,
though its significance is yet to be established in the context
of uORFs. 

Cancer-relevant micr opr oteins pr oduced by 

uORFs 

The most well-described role of uORFs is to impact trans-
lational regulation on mRNAs; yet this may not be the only
role. By virtue of being translated, uORFs may also make
polypeptide sequences or small proteins, called microproteins
( 13 ,137–139 ). A subset of these microproteins may operate
as bioactive molecules in the cancer cell, directly contribut- 
ing to cancer biology via the protein product of the uORF 

rather than through the impact of the uORF on transla- 
tion of the downstream CDS. Indeed, high-throughput func- 
tional screening of uORFs and other non-canonical open 

reading frames has shown surprisingly high rates of bioac- 
tive function ( 13 ,140 ). Although uORF-encoded micropro- 
teins have only recently been explored, several key examples 
have emerged, which collectively demonstrate the capacity for 
uORF-encoded microproteins to be unique biological actors 
at the protein level. 

Initial work using CRISPR-based screening has demon- 
strated not only genetic essentiality of some uORF loci in the 
cancer genome, but also cancer cell survival phenotypes that 
are rescued by re-introduction of the uORF protein ( 13 ,140 ).
One prominent example is the uORF encoded in the 5 

′ UTR of 
the ASNSD1 gene, alternately termed ASNSD1-uORF or AS- 
DURF (Figure 4 A). This uORF encodes a stable protein well- 
detected in mass spectrometry ( 141–143 ). Our recent work 

in medulloblastoma has shown that the ASNSD1-uORF pro- 
tein is selectively upregulated by cMYC and MYCN, leading 
to its essentiality in promoting medulloblastoma cell survival 
through proteomic regulation of target cell cycle proteins via 
the prefoldin-like complex ( 127 ). 
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Figure 5. Potential therapeutics derived from uORFs in cancer. ( A ) In some cases, such as the MP31 microprotein from an upstream open reading frame 
in the PTEN tumor suppressor genes, direct administration of a uORF-derived miniprotein therapeutic could be clinically beneficial. With MP31, a 
synthetic MP31 miniprotein would inhibit tumor cell metabolism. ( B ) Some microproteins may have the capacity to engage in novel protein complex 
str uct ures, leading to transient binding endogenously. A miniprotein therapeutic de v eloped b y modifying the uORF microprotein ma y ha v e the ability to 
strengthen those interactions to be a toxic molecular glue for cancer cells. ( C ) uORF-derived microproteins are often unstable and processed for 
degradation using the BAG6 pathw a y, which directs the microprotein to the proteasome f or clea v age. Ultimately, the proteasome-degraded peptides are 
presented on the cell surface through the human leukocyte antigen (HLA) system, which can be targeted through the design of custom CAR-T cells that 
recognize the uORF-derived peptide. Figure was created with Biorender.com. 
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Additional work in breast cancer has highlighted the abil-
ty for the second uORF (uORF-2) in the protein kinase C-
ta ( PKC- η) gene to encode a microprotein that suppresses
reast cancer progression through direct binding and modu-

ation of phosphorylation of PKC- η protein (Figure 4 B) ( 144 ).
y doing so, the uORF-2 encoded peptide impairs breast
ancer phenotypes such as cell proliferation and migration
 144 ). 

Interestingly, uORFs translated from tumor suppressor
enes may also provide an additional mechanism of tumor
nhibition independent of the adjacent protein coding CDS.

ork in glioblastoma mouse models demonstrated a micro-
rotein from a specific PTEN isoform, termed MP31, that
lso impaired tumorigenesis via a PTEN-independent mecha-
ism that centered on the ability for MP31 to restrain lactate
etabolism (Figure 4 C) ( 145 ). 
With increasing efforts to employ functional genomics to

ecipher uORFs ( 146 ), it is likely that the number of uORFs
ith microproteins involved in cancer cell biology will con-

inue to increase in the coming years. 

ORFs in cancer ther ap y 

ORFs represent a non-traditional source for potential can-
er therapies; yet they may also inspire unique views on tar-
get discovery efforts. As nucleotide sequences, uORFs may be
amenable to RNA-directed therapeutics. For example, uORF-
specific antisense oligonucleotides may block translation of
the uORF to promote main CDS translation, which may ame-
liorate disease phenotypes. This approach has already been
exploited in neurological diseases such as spinal muscular
atrophy ( 147 ). 

While uORF-encoded microproteins may provide addi-
tional cancer target genes, their typically short length is likely
to make them difficult to target directly with small molecule
inhibitors that require sufficient binding sites in a stably folded
protein. Alternatively, uORFs are perhaps more attractive as
a possible approach to develop so-called ‘miniprotein’ ther-
apeutics ( 148 ). Since miniproteins represent a broad class of
small protein scaffolds, one could use these short amino acid
sequences to identify peptides with unique biological features
for specific target engagement via direct protein binding ( 149–
151 ). The recent investigation of the uORF-derived MP31 mi-
croprotein as an anti-tumor biologic therapy in glioblastoma
suggests the potential feasibility of this approach (Figure 5 A)
( 145 ). Additionally, in principle, miniproteins either derived
from uORFs or inspired by uORFs may inform miniprotein
therapeutic design, or uORF-derived miniproteins may act
as molecular glue in therapeutic uses (Figure 5 B). A similar
approach has recently been employed to develop a minipro-
tein therapeutic, termed Omomyc, for the direct targeting of
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A

B

Figure 6. Cancer therapies to target mechanisms of selective uORF translation. ( A ) uORFs are frequently accompanied by str uct ure 5 ′ UTR sequences 
that are inhibitory to the translation of the main coding sequence (CDS). DAP5 is a eukaryotic initiation factor that may bypass these uORF 5 ′ UTR 

str uct ures to recruit the preinitiation complex (PIC) for CDS translation. DAP5-directed therapeutics may be able to shift the efficiency of this process 
and e v aluate uORF translation. ( B ) Cancer microen vironments, such as h ypo xia, ma y shift transcript isof orm usage to include or e x clude a uORF, f or the 
long-term benefit of cancer cell survival in different conditions. Therapeutics that modulate this process may lead to a treatment strategy that regulates 
uORFs in cancer. Figure was created with Biorender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cMYC, which is now in clinical trials (NCT04808362) ( 152–
154 ). 

However, the most tangible path for uORFs into the clinic
is currently their potential application in immuno-oncology.
Peptides and proteins derived from non-canonical open read-
ing frames, including uORFs, are highly enriched on human
leukocyte antigen-I (HLA-I) alleles as part of the major his-
tocompatibility complex (MHC-I) ( 34 ,155–158 ). By one esti-
mate, these peptides account for approximately 7.5% of the
immunopeptidome ( 159 ). Since few uORF-derived micropro-
teins are typically observed in mass spectrometry data ( 160 ),
their enrichment on HLA-I alleles may reflect their intrin-
sic instability as amino acid sequences ( 160 ), or potentially
unique cellular processing machinery such as Bcl-2-associated
athanogen-6 (BAG6) ( 161 ), which may coordinate essential
mechanisms of mitophagy for cancer cells (Figure 5 C) ( 162–
164 ). 

Regardless of their stability as proteins, the HLA-I pep-
tides derived from uORFs – and other non-canonical ORFs
– may elicit strong immune responses, suggesting their use
as potential agents in cancer vaccine or chimeric antigen re-
ceptor T cell (CAR-T) therapies (Figure 5 C) ( 34 , 80 , 165 , 166 ).
While specific pre-clinical therapeutics have yet to emerge for
uORFs, their potential suitability as therapeutic antigens for
immnuno-oncology is now well established and may be pur-
sued in the coming years. 

Deconstructing mechanisms of uORF 

translation in cancer 

A second potentially clinically-relevant aspect of uORFs in
cancer is that they may point toward novel aspects of can-
cer biology that could be exploited for cancer care. Already,
non-canonical ORFs have placed a spotlight on mechanisms 
of cellular degradation of peptides, such as the BAG6 system 

which is critical for peptide quality-control ( 161 ). 
Additionally, the upstream factors that govern uORF trans- 

lation in a particular cancer may be unique to that cancer 
( 167 ). For example, numerous eukaryotic initiation factors 
are dysregulated in cancer, and significant effort has been di- 
rected toward understanding the relationship between onco- 
genes, eIFs, and potential small molecule inhibitors of eIFs 
( 167–170 ). While most eIFs and other cap-dependent trans- 
lation factors are not known to have selective functions for 
uORFs, recent interest in Death-associated protein 5 (DAP5,
or eukaryotic initiation factor 4G2 (eIF4G2)) has emerged. 

DAP5 is a non-canonical initiation factor necessary for the 
translation initiation on certain transcripts. It is critical for 
IRES-mediated translation, initiates solely from a GUG start 
codon in human and mouse cells ( 171–175 ). Recently stud- 
ies using ribosome profiling, luciferase-based reporters, and 

mutational analysis have shown that DAP5-mediated transla- 
tion primarily takes place on mRNAs with lengthy, structure- 
prone 5 

′ leader sequences and pervasive uORF translation 

( 176 ). Indeed, the presence of a uORF is thought to determine 
the dependence of mRNA translation by DAP5 ( 177 ), and 

thus, in one analysis using Ribo-Seq data to define translated 

uORFs, 34% of DAP5 target mRNAs possessed a translated 

uORF compared to 6% of mRNAs lacking a translated uORF 

( 178 ). Rather than promoting uORF translation, DAP5 en- 
courages preferential translation of the main CDS rather than 

the uORF, and DAP5 is implicated in the regulation of numer- 
ous cancer-associated genes such as kinases, proto-oncogenes 
and genes implicated in cell migration, adhesion and differ- 
entiation ( 176 ). As such, DAP5 is crucial for epithelial-to- 
mesenchymal transition and metastatic phenotypes in breast 
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Table 1. uORFs with described functions or alterations in cancer 

uORF gene name Cancer type Observation in cancer Proposed cancer function Reference 

EPHB1 Breast cancer Cancer variant Not known 87 
MAP2K6 Colon cancer Cancer variant Not known 87 
BLK Colon cancer Cancer variant Not known 87 
JAK2 Chronic lymphocytic 

leukemia 
Cancer variant Not known 87 

CHD1L Colon cancer Cancer variant Not known 87 
PTEN Glioblastoma Encodes overexpressed 

microprotein 
Facilitates lactate metabolism in 
cancer 

136 

ASNSD1 Medulloblastoma Encodes overexpressed 
microprotein 

Proteome regulation with the 
prefoldin-like complex 

122 

PKC- η Breast cancer Encodes tumor suppressor 
microprotein 

Downregulated in breast cancer 135 

C / EBP α& 

C / EBP β
Leukemia and breast Overexpressed in disease Regulates gene translation 74 

MYCN Neuroblastoma Overexpressed in disease Regulates gene translation 77 
ER Breast cancer Overexpressed in disease Regulates gene translation 78 
HER2 Breast, gastric, bladder, 

others 
Overexpressed in disease Supports HER2 translation 71–73 

CDKN1B Pancreas and pituitary 
gland 

uORF-creating cancer variant Downregulation of CDKN1B 

tumor suppressor 
51 

CDKN2A Melanoma uORF-creating cancer variant Downregulation of CDKN2A 

tumor suppressor 
99 

NF2 Neurofibromatosis uORF-creating cancer variant Downregulation of NF2 tumor 
suppressor 

95 

ERCC5 Ependymoma, 
neuroblastoma 

uORF-creating cancer variant Increase in ERCC5 translation 103 
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ancer cells ( 179 ). DAP5 expression is selectively upregulated
n only certain cancer types, suggesting that the upstream
echanisms governing ribosome translation of uORFs will be
eterogenous across cancers. Whether this enables new anti-
ancer therapeutic opportunities that focus on modulation of
ORF usage through DAP5-directed small molecules may be
n emerging area of research (Figure 6 A). Already, related
herapeutic strategies targeting IRES-mediated translation or
he eIF4E / eIF4G complex, which is implicated in this process,
re garnering substantial attention ( 71 ,180–183 ). 

Isoform switching of transcripts reflects another process
hat may selectively control uORF translation in cancer. Be-
ause 5 

′ UTRs strongly influence mRNA translation efficiency,
ancer cells are well-known to switch from one isoform to an-
ther to enhance translation of key cancer genes ( 184–186 ).
hile at first glance, this process may seem primed to exclude

ORFs from isoforms upregulated in cancer – indeed, can-
er cells presumably would want to increase translation of
ncogenes and avoid repressive uORFs – the full picture is
ikely more nuanced. Cancer cells must withstand many envi-
onmental changes in response to hypoxia, treatment effects,
nd other situations that result in nutrient stress. In these situ-
tions, cancer cells may rapidly include or exclude 5 

′ UTRs to
ptimize their survival during changing microenvironmental
onditions (Figure 6 B) ( 185 ). 

e y ond uORFs: other non-canonical ORFs in 

ancer 

n addition to uORFs, cancer cells translate multi-
le other types of non-canonical open reading frames
 13 , 140 , 155 , 157 ). These cases may harbor similarities, yet
lso exhibit significant differences compared to uORF bi-
logy. High-throughput CRISPR / Cas9 screening suggests
hat non-canonical open reading frames of various kinds
ay serve as genetic dependencies in cancer ( 13 ,140 ). For
example, other ORFs that exist on mRNA transcripts, such
as downstream ORFs (dORFs), may share a potential for
generating immunopeptides for cancer cell surveillance but
lack the potentially repressive nature of uORFs on main CDS
translation ( 155 ). Although more research is needed in this
area, dORF translation may enhance main CDS translation
( 187 ), although dORF translation is, in general, very rare,
likely occurring on < 5% of mRNA transcripts ( 8 ,160 ). ORFs
found in long non-coding RNAs (lncRNAs) are also likely to
produce targetable cancer antigens ( 156 ,158 ), but these ORFs
also are better described as a source for novel cancer mi-
croproteins with biological roles in disease pathophysiology
( 140 ,188 ). 

Conclusions and future directions 

Although uORFs have been observed in the human genome
for over 30 years, it is only in the past several years that their
critical roles in cancer biology have been appreciated. With the
dual advent of transcriptome-wide RNA translation profiling
and high-throughput functional genomics, uORF translation
may now be readily monitored in cancer cells and also exper-
imentally probed in a highly efficient manner. The summation
of these efforts is that uORFs have gained initial recognition
as potentially key mediators of mRNA regulation in cancer
as well as a source of microproteins which may themselves
be bioactive or be significant as immunopeptides (Table 1 ).
Moreover, the widespread recognition of uORFs as gene ele-
ments now suggests that their presence should be considered
during analyses of cancer genomes, as 5 

′ UTR variants have the
potential both to inactivate as well as activate uORF-mediated
mechanisms of mRNA regulation. 
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Going forward, the momentum on uORF research leads
to several key questions for the research community now to
grapple with: (i) how frequently do uORFs produce bioactive
proteins in addition to, or rather than, regulation on mRNA
translation?, (ii) what is the landscape of uORF biology in
cancer? and (iii) will uORF-inspired therapeutics be tractable
in the clinic? Solving these questions remains daunting, but
with the rapid advances in high-throughput molecular tech-
niques, it is likely that the next decade of research on uORFs
will bring further distinction to these novel players in cancer
biology. 

A c kno wledg ements 

We acknowledge the use of BioRender.com for generation of
the graphical abstract and figures for this manuscript. 

Funding 

J.R.P. acknowledges funding from the National Institutes
of Health / National Cancer Institute [K08-CA263552-01A1];
Alex’s Lemonade Stand Foundation Young Investigator
A ward [21-23983]; St. Baldrick’ s Foundation Scholar A ward
[931638]; Hyundai Hope on Wheels Foundation, the Yuvaan
Tiwari Foundation; DIPG / DMG Research Funding Alliance;
Book for Hope Foundation; Curing Kids Cancer Founda-
tion, and the Andrew McDonough B+ Foundation; Collab-
orative Pediatric Cancer Research Awards Program / Kids Join
the Fight award [22FN23]. 

Conflict of interest statement 

J.R.P. reports receiving honoraria from Novartis Bio-
sciences. J.R.P. reports being a paid consultant for ProFound
Therapeutics. 

References 

1. Hsieh, A.C. , Liu, Y. , Edlind, M.P. , Ingolia, N.T. , Janes, M.R. , Sher, A. ,
Shi, E.Y. , Stumpf, C.R. , Christensen, C. , Bonham, M.J. , et al. (2012) 
The translational landscape of mTOR signalling steers cancer 
initiation and metastasis. Nature , 485 , 55–61.

2. Robichaud, N. and Sonenberg, N. (2017) Translational control 
and the cancer cell response to stress. Curr. Opin. Cell Biol., 45 , 
102–109.

3. Robichaud, N. , Sonenberg, N. , Ruggero, D. and Schneider, R.J. 
(2019) Translational control in cancer. Cold Spring Harb. 
Perspect. Biol., 11 , a032896.

4. Rosenwald,I.B. (2004) The role of translation in neoplastic 
transformation from a pathologist’s point of view. Oncogene , 23 ,
3230–3247.

5. Fabbri, L. , Chakraborty, A. , Robert, C. and Vagner, S. (2021) The 
plasticity of mRNA translation during cancer progression and 
therapy resistance. Nat. Rev. Cancer , 21 , 558–577.

6. Chan,B.W. (1971) RNA and protein synthesis in proliferating 
and non-proliferating blast cells of human acute leukaemia. Acta 
Haematol., 45 , 82–88.

7. Delaunay, J. and Schapira, G. (1974) Ribosomes and cancer. 
Biomedicine , 20 , 327–332.

8. Mudge, J.M. , Ruiz-Orera, J. , Prensner, J.R. , Brunet, M.A. , Calvet, F. , 
Jungreis, I. , Gonzalez, J.M. , Magrane, M. , Martinez, T.F. , Schulz, J.F. ,
et al. (2022) Standardized annotation of translated open reading 
frames. Nat. Biotechnol., 40 , 994–999.
9. Wright, B.W. , Y i, Z. , Weissman, J.S. and Chen, J. (2022) The dark 
proteome: translation from noncanonical open reading frames. 
Trends Cell Biol., 32 , 243–258.

10. Ivanov, I.P. , Firth, A.E. , Michel, A.M. , Atkins, J.F. and Baranov, P .V . 
(2011) Identification of evolutionarily conserved 
non-AUG-initiated N-terminal extensions in human coding 
sequences. Nucleic Acids Res. , 39 , 4220–4234. 

11. Calvo, S.E. , Pagliarini, D.J. and Mootha, V.K. (2009) Upstream 

open reading frames cause widespread reduction of protein 
expression and are polymorphic among humans. Proc. Natl. 
Acad. Sci. U.S.A., 106 , 7507–7512.

12. Johnstone, T.G. , Bazzini, A.A. and Giraldez, A.J. (2016) Upstream 

ORFs are prevalent translational repressors in vertebrates. 
EMBO J., 35 , 706–723.

13. Chen, J. , Brunner, A.D. , Cogan, J.Z. , Nunez, J.K. , Fields, A.P. , 
Adamson, B. , Itzhak, D.N. , Li, J.Y. , Mann, M. , Leonetti, M.D. , et al. 
(2020) Pervasive functional translation of noncanonical human 
open reading frames. Science , 367 , 1140–1146.

14. Ingolia, N.T. , Lareau, L.F. and Weissman, J.S. (2011) Ribosome 
profiling of mouse embryonic stem cells reveals the complexity 
and dynamics of mammalian proteomes. Cell , 147 , 789–802.

15. Young, S.K. and Wek, R.C. (2016) Upstream open reading frames 
differentially regulate gene-specific translation in the integrated 
stress response. J. Biol. Chem., 291 , 16927–16935.

16. Ingolia, N.T. , Brar, G.A. , Stern-Ginossar, N. , Harris, M.S. , 
Talhouarne, G.J. , Jackson, S.E. , Wills, M.R. and Weissman, J.S. 
(2014) Ribosome profiling reveals pervasive translation outside 
of annotated protein-coding genes. Cell Rep. , 8 , 1365–1379. 

17. Kozak,M. (1987) An analysis of 5’-noncoding sequences from 

699 vertebrate messenger RNAs. Nucleic Acids Res., 15 , 
8125–8148.

18. Hinnebusch,A.G. (2014) The scanning mechanism of eukaryotic 
translation initiation. Annu. Rev. Biochem., 83 , 779–812.

19. Merrick,W.C. (2004) Cap-dependent and cap-independent 
translation in eukaryotic systems. Gene , 332 , 1–11.

20. Sonenberg, N. and Hinnebusch, A.G. (2009) Regulation of 
translation initiation in eukaryotes: mechanisms and biological 
targets. Cell , 136 , 731–745.

21. Jackson, R.J. , Hellen, C.U. and Pestova, T.V. (2010) The 
mechanism of eukaryotic translation initiation and principles of 
its regulation. Nat. Rev. Mol. Cell Biol., 11 , 113–127.

22. Wang, J. , Shin, B.S. , Alvarado, C. , Kim, J.R. , Bohlen, J. , Dever, T.E. 
and Puglisi,J.D. (2022) Rapid 40S scanning and its regulation by 
mRNA structure during eukaryotic translation initiation. Cell , 
185 , 4474–4487.

23. Hinnebusch,A.G. (2017) Structural insights into the mechanism 

of scanning and start codon recognition in eukaryotic translation 
initiation. Trends Biochem. Sci , 42 , 589–611.

24. Montoya, J. , Ojala, D. and Attardi, G. (1981) Distinctive features 
of the 5’-terminal sequences of the human mitochondrial 
mRNAs. Nature , 290 , 465–470.

25. Haimov, O. , Sinvani, H. and Dikstein, R. (2015) Cap-dependent, 
scanning-free translation initiation mechanisms. Biochim. 
Biophys. Acta , 1849 , 1313–1318.

26. Leppek, K. , Das, R. and Barna, M. (2018) Functional 5’ UTR 

mRNA structures in eukaryotic translation regulation and how 

to find them. Nat. Rev. Mol. Cell Biol., 19 , 158–174.
27. Pesole, G. , Mignone, F. , Gissi, C. , Grillo, G. , Licciulli, F. and Liuni, S. 

(2001) Structural and functional features of eukaryotic mRNA 

untranslated regions. Gene , 276 , 73–81.
28. Mignone, F. , Gissi, C. , Liuni, S. and Pesole, G. (2002) Untranslated 

regions of mRNAs. Genome Biol. , 3 , REVIEWS0004. 
29. Lynch, M. , Scofield, D.G. and Hong, X. (2005) The evolution of 

transcription-initiation sites. Mol. Biol. Evol., 22 , 1137–1146.
30. Hernandez, G. , Altmann, M. and Lasko, P. (2010) Origins and 

evolution of the mechanisms regulating translation initiation in 
eukaryotes. Trends Biochem. Sci , 35 , 63–73.

31. Hernández, G. , Osnaya, V.G. , García, A. and Velasco, M.X. (2016) 
In: Hernández,G. and Jagus,R. (eds.) Evolution of the Protein 



NAR Cancer , 2024, Vol. 6, No. 2 13 

 

 

 

 

 

 

 

 

Synthesis Machinery and Its Regulation . Springer International 
Publishing, Cham, pp. 81–107.

32. Niederer, R.O. , Rojas-Duran, M.F. , Zinshteyn, B. and Gilbert, W .V . 
(2022) Direct analysis of ribosome targeting illuminates 
thousand-fold regulation of translation initiation. Cell Syst., 13 , 
256–264.

33. Hershey, J.W.B. , Sonenberg, N. and Mathews, M.B. (2019) 
Principles of translational control. Cold Spring Harb. Perspect. 
Biol., 11 , a032607.

34. Jurgens, L. and Wethmar, K. (2022) The emerging role of 
uORF-encoded uPeptides and HLA uLigands in cellular and 
tumor biology. Cancers (Basel) , 14 , 6031.

35. Chen, H.H. and Tarn, W .Y . (2019) uORF-mediated translational 
control: recently elucidated mechanisms and implications in 
cancer. RNA Biol., 16 , 1327–1338.

36. Silva, J. , Fernandes, R. and Romao, L. (2019) Translational 
regulation by upstream open reading frames and human diseases.
Adv. Exp. Med. Biol., 1157 , 99–116.

37. Diederichs, S. , Bartsch, L. , Berkmann, J.C. , Frose, K. , Heitmann, J. , 
Hoppe, C. , Iggena, D. , Jazmati, D. , Karschnia, P. , Linsenmeier, M. , 
et al. (2016) The dark matter of the cancer genome: aberrations 
in regulatory elements, untranslated regions, splice sites, 
non-coding RNA and synonymous mutations. EMBO Mol. 
Med., 8 , 442–457.

38. Swiatkowska, A. , Dutkiewicz, M. , Zydowicz-Machtel, P. , 
Szpotkowska, J. , Janecki, D.M. and Ciesiolka, J. (2019) 
Translational control in p53 expression: the role of 5’-terminal 
region of p53 mRNA. Int. J. Mol. Sci., 20 , 5382.

39. Zydowicz-Machtel, P. , Swiatkowska, A. , Popenda, L. , Gorska, A. 
and Ciesiolka,J. (2018) Variants of the 5’-terminal region of p53 
mRNA influence the ribosomal scanning and translation 
efficiency. Sci. Rep., 8 , 1533.

40. Bahls, B. , Aljnadi, I.M. , Emidio, R. , Mendes, E. and Paulo, A. (2023) 
G-quadruplexes in c-MYC promoter as targets for cancer 
therapy. Biomedicines , 11 , 969.

41. Ingolia, N.T. , Ghaemmaghami, S. , Newman, J.R. and Weissman, J.S.
(2009) Genome-wide analysis in vivo of translation with 
nucleotide resolution using ribosome profiling. Science , 324 , 
218–223.

42. Kearse, M.G. and Wilusz, J.E. (2017) Non-A UG translation: a new
start for protein synthesis in eukaryotes. Genes Dev., 31 , 
1717–1731.

43. McGillivray, P. , Ault, R. , Pawashe, M. , Kitchen, R. , 
Balasubramanian, S. and Gerstein, M. (2018) A comprehensive 
catalog of predicted functional upstream open reading frames in 
humans. Nucleic Acids Res. , 46 , 3326–3338. 

44. Wethmar, K. , Schulz, J. , Muro, E.M. , Talyan, S. , 
Andrade-Navarro, M.A. and Leutz, A. (2016) Comprehensive 
translational control of tyrosine kinase expression by upstream 

open reading frames. Oncogene , 35 , 1736–1742.
45. Chothani, S.P. , Adami, E. , Widjaja, A.A. , Langley, S.R. , 

V iswanathan, S. , Pua, C.J. , Zhihao, N.T. , Harmston, N. , 
D’Agostino, G. , Whiffin, N. , et al. (2022) A high-resolution map of
human RNA translation. Mol. Cell , 82 , 2885–2899.

46. Martinez, T.F. , Chu, Q. , Donaldson, C. , Tan, D. , Shokhirev, M.N. 
and Saghatelian,A. (2020) Accurate annotation of human 
protein-coding small open reading frames. Nat. Chem. Biol., 16 , 
458–468.

47. van Heesch, S. , Witte, F. , Schneider-Lunitz, V. , Schulz, J.F. , Adami, E. ,
Faber, A.B. , Kirchner, M. , Maatz, H. , Blachut, S. , Sandmann, C.L. , 
et al. (2019) The translational landscape of the Human heart. 
Cell , 178 , 242–260.

48. Lee, S. , Liu, B. , Lee, S. , Huang, S.X. , Shen, B. and Qian, S.B. (2012) 
Global mapping of translation initiation sites in mammalian cells 
at single-nucleotide resolution. Proc. Natl. Acad. Sci. U.S.A., 109 ,
E2424–E2432.

49. Starck, S.R. , Tsai, J.C. , Chen, K. , Shodiya, M. , Wang, L. , Yahiro, K. , 
Martins-Green, M. , Shastri, N. and Walter, P. (2016) Translation 
from the 5’ untranslated region shapes the integrated stress 
response. Science , 351 , aad3867.

50. Akulich, K.A. , Andreev, D.E. , Terenin, I.M. , Smirnova, V .V ., 
Anisimova, A.S. , Makeeva, D.S. , Arkhipova, V.I. , 
Stolboushkina, E.A. , Garber, M.B. , Prokofjeva, M.M. , et al. (2016) 
Four translation initiation pathways employed by the leaderless 
mRNA in eukaryotes. Sci. Rep., 6 , 37905.

51. Lu, P.D. , Harding, H.P. and Ron, D. (2004) Translation reinitiation 
at alternative open reading frames regulates gene expression in 
an integrated stress response. J. Cell Biol., 167 , 27–33.

52. Pizzinga, M. , Harvey, R.F. , Garland, G.D. , Mordue, R. , Dezi, V. , 
Ramakrishna, M. , Sfakianos, A. , Monti, M. , Mulroney, T.E. , 
Poyry, T. , et al. (2020) The cell stress response: extreme times call 
for post-transcriptional measures. W ile y Interdiscip. Rev. RNA , 
11 , e1578.

53. Cao, X. and Slavoff, S.A. (2020) Non-A UG start codons: 
expanding and regulating the small and alternative ORFeome. 
Exp. Cell. Res., 391 , 111973.

54. Lin, Y. , May, G.E. , Kready, H. , Nazzaro, L. , Mao, M. , Spealman, P. , 
Creeger, Y. and McManus, C.J. (2019) Impacts of uORF codon 
identity and position on translation regulation. Nucleic Acids 
Res., 47 , 9358–9367.

55. Occhi, G. , Regazzo, D. , Trivellin, G. , Boaretto, F. , Ciato, D. , 
Bobisse, S. , Ferasin, S. , Cetani, F. , Pardi, E. , Korbonits, M. , et al. 
(2013) A novel mutation in the upstream open reading frame of 
the CDKN1B gene causes a MEN4 phenotype. PLoS Genet., 9 , 
e1003350.

56. Spealman, P. , Naik, A.W. , May, G.E. , Kuersten, S. , Freeberg, L. , 
Murphy, R.F. and McManus, J. (2018) Conserved non-AUG 

uORFs revealed by a novel regression analysis of ribosome 
profiling data. Genome Res. , 28 , 214–222. 

57. Wek,R.C. (2018) Role of eIF2alpha kinases in translational 
control and adaptation to cellular stress. Cold Spring Harb. 
Perspect. Biol., 10 , a032870.

58. Karam, R. , Lou, C.H. , Kroeger, H. , Huang, L. , Lin, J.H. and 
Wilkinson,M.F. (2015) The unfolded protein response is shaped 
by the NMD pathway. EMBO Rep. , 16 , 599–609. 

59. Gardner,L.B. (2008) Hypoxic inhibition of nonsense-mediated 
RNA decay regulates gene expression and the integrated stress 
response. Mol. Cell. Biol., 28 , 3729–3741.

60. Pereira, F.J. , Teixeira, A. , Kong, J. , Barbosa, C. , Silva, A.L. , 
Marques-Ramos, A. , Liebhaber, S.A. and Romao, L. (2015) 
Resistance of mRNAs with AUG-proximal nonsense mutations 
to nonsense-mediated decay reflects variables of mRNA structure
and translational activity. Nucleic Acids Res. , 43 , 6528–6544. 

61. Dyle, M.C. , Kolakada, D. , Cortazar, M.A. and Jagannathan, S. 
(2020) How to get away with nonsense: mechanisms and 
consequences of escape from nonsense-mediated RNA decay. 
W ile y Interdiscip. Rev. RNA , 11 , e1560.

62. Russell, P.J. , Slivka, J.A. , Boyle, E.P. , Burghes, A.H.M. and 
Kearse,M.G. (2023) Translation reinitiation after uORFs does 
not fully protect mRNAs from nonsense-mediated decay. RNA , 
29 , 735–744.

63. Dever, T.E. , Ivanov, I.P. and Hinnebusch, A.G. (2023) Translational
regulation by uORFs and start codon selection stringency. Genes 
Dev., 37 , 474–489.

64. Pavitt, G.D. and Ron, D. (2012) New insights into translational 
regulation in the endoplasmic reticulum unfolded protein 
response. Cold Spring Harb. Perspect. Biol. , 4 , a012278. 

65. Vattem, K.M. and Wek, R.C. (2004) Reinitiation involving 
upstream ORFs regulates ATF4 mRNA translation in 
mammalian cells. Proc. Natl. Acad. Sci. USA , 101 , 11269–11274.

66. Gaba, A. , Wang, Z. , Krishnamoorthy, T. , Hinnebusch, A.G. and 
Sachs,M.S. (2001) Physical evidence for distinct mechanisms of 
translational control by upstream open reading frames. EMBO 

J., 20 , 6453–6463.
67. Ruggero,D. (2013) Translational control in cancer etiology. Cold 

Spring Harb. Perspect. Biol., 5 , a012336.



14 NAR Cancer , 2024, Vol. 6, No. 2 

 

 

 

 

68. Spriggs, K.A. , Bushell, M. and Willis, A.E. (2010) Translational 
regulation of gene expression during conditions of cell stress. 
Mol. Cell , 40 , 228–237.

69. Chappell, S.A. , LeQuesne, J.P. , Paulin, F.E. , deSchoolmeester, M.L. , 
Stoneley, M. , Soutar, R.L. , Ralston, S.H. , Helfrich, M.H. and 
Willis,A.E. (2000) A mutation in the c-myc-IRES leads to 
enhanced internal ribosome entry in multiple myeloma: a novel 
mechanism of oncogene de-regulation. Oncogene , 19 , 
4437–4440.

70. Schmidt, S. , Gay, D. , Uthe, F .W . , Denk, S. , Paauwe, M. , Matthes, N. , 
Diefenbacher, M.E. , Bryson, S. , Warrander, F.C. , Erhard, F. , et al. 
(2019) A MYC-GCN2-eIF2alpha negative feedback loop limits 
protein synthesis to prevent MYC-dependent apoptosis in 
colorectal cancer. Nat. Cell Biol., 21 , 1413–1424.

71. Vaklavas, C. , Meng, Z. , Choi, H. , Grizzle, W.E. , Zinn, K.R. and 
Blume,S.W. (2015) Small molecule inhibitors of IRES-mediated 
translation. Cancer Biol. Ther., 16 , 1471–1485.

72. Didiot, M.C. , Hewett, J. , Varin, T. , Freuler, F. , Selinger, D. , Nick, H. , 
Reinhardt, J. , Buckler, A. , Myer, V. , Schuffenhauer, A. , et al. (2013) 
Identification of cardiac glycoside molecules as inhibitors of 
c-Myc IRES-mediated translation. J. Biomol. Screen., 18 , 
407–419.

73. Ye, Y. , Liang, Y. , Yu, Q. , Hu, L. , Li, H. , Zhang, Z. and Xu, X. (2015) 
Analysis of human upstream open reading frames and impact on 
gene expression. Hum. Genet., 134 , 605–612.

74. Iqbal, N. and Iqbal, N. (2014) Human epidermal growth factor 
receptor 2 (HER2) in cancers: overexpression and therapeutic 
implications. Mol. Biol. Int., 2014 , 852748.

75. Child, S.J. , Miller, M.K. and Geballe, A.P. (1999) Translational 
control by an upstream open reading frame in the HER-2 / neu 
transcript. J. Biol. Chem., 274 , 24335–24341.

76. Spevak, C.C. , Park, E.H. , Geballe, A.P. , Pelletier, J. and Sachs, M.S. 
(2006) her-2 upstream open reading frame effects on the use of 
downstream initiation codons. Biochem. Biophys. Res. 
Commun., 350 , 834–841.

77. Mehta, A. , Trotta, C.R. and Peltz, S.W. (2006) Derepression of the 
her-2 uORF is mediated by a novel post-transcriptional control 
mechanism in cancer cells. Genes Dev. , 20 , 939–953. 

78. Calkhoven, C.F. , Muller, C. and Leutz, A. (2000) Translational 
control of C / EBPalpha and C / EBPbeta isoform expression. 
Genes Dev., 14 , 1920–1932.

79. Raught, B. , Gingras, A.C. , James, A. , Medina, D. , Sonenberg, N. and 
Rosen,J.M. (1996) Expression of a translationally regulated, 
dominant-negative CCAAT / enhancer-binding protein beta 
isoform and up-regulation of the eukaryotic translation initiation
factor 2alpha are correlated with neoplastic transformation of 
mammary epithelial cells. Cancer Res. , 56 , 4382–4386. 

80. Nelde, A. , Flototto, L. , Jurgens, L. , Szymik, L. , Hubert, E. , Bauer, J. , 
Schliemann, C. , Kessler, T. , Lenz, G. , Rammensee, H.G. , et al. 
(2022) Upstream open reading frames regulate translation of 
cancer-associated transcripts and encode HLA-presented 
immunogenic tumor antigens. Cell. Mol. Life Sci., 79 , 171.

81. Besancon, R. , Valsesia-Wittmann, S. , Locher, C. , 
Delloye-Bourgeois, C. , Furhman, L. , Tutrone, G. , Bertrand, C. , 
Jallas, A.C. , Garin, E. and Puisieux, A. (2009) Upstream ORF 
affects MYCN translation depending on exon 1b alternative 
splicing. BMC Cancer , 9 , 445.

82. Kos, M. , Denger, S. , Reid, G. and Gannon, F. (2002) Upstream open
reading frames regulate the translation of the multiple mRNA 

variants of the estrogen receptor alpha. J. Biol. Chem., 277 , 
37131–37138.

83. Chang, G. , Shi, L. , Ye, Y. , Shi, H. , Zeng, L. , T iwary, S. , Huse, J.T. , 
Huo, L. , Ma, L. , Ma, Y. , et al. (2020) YTHDF3 Induces the 
translation of m(6)A-enriched gene transcripts to promote breast 
cancer brain metastasis. Cancer Cell , 38 , 857–871.

84. Xu, Y. , He, X. , Wang, S. , Sun, B. , Jia, R. , Chai, P. , Li, F. , Yang, Y. , Ge, S. ,
Jia, R. , et al. (2022) The m(6)A reading protein YTHDF3 
potentiates tumorigenicity of cancer stem-like cells in ocular 
melanoma through facilitating CTNNB1 translation. Oncogene , 
41 , 1281–1297.

85. Deng, X. , Qing, Y. , Horne, D. , Huang, H. and Chen, J. (2023) The 
roles and implications of RNA m(6)A modification in cancer. 
Nat. Rev. Clin. Oncol., 20 , 507–526.

86. Lan, Q. , Liu, P .Y . , Haase, J. , Bell, J.L. , Huttelmaier, S. and Liu, T. 
(2019) The critical role of RNA m(6)A methylation in cancer. 
Cancer Res., 79 , 1285–1292.

87. Zhang, H. , Zhou, J. , Li, J. , Wang, Z. , Chen, Z. , Lv, Z. , Ge, L. , Xie, G. , 
Deng, G. , Rui, Y. , et al. (2023) N6-Methyladenosine promotes 
translation of VEGFA to accelerate angiogenesis in lung cancer. 
Cancer Res., 83 , 2208–2225.

88. Horn, S. , Figl, A. , Rachakonda, P.S. , Fischer, C. , Sucker, A. , Gast, A. , 
Kadel, S. , Moll, I. , Nagore, E. , Hemminki, K. , et al. (2013) TERT 

promoter mutations in familial and sporadic melanoma. Science , 
339 , 959–961.

89. Huang,F .W ., Hodis,E., Xu,M.J., Kryukov,G.V., Chin,L. and 
Garraway,L.A. (2013) Highly recurrent TERT promoter 
mutations in human melanoma. Science , 339 , 957–959.

90. Killela, P.J. , Reitman, Z.J. , Jiao, Y. , Bettegowda, C. , Agrawal, N. , 
Diaz,L.A. Jr, Friedman,A.H., Friedman,H., Gallia,G.L., 
Giovanella,B.C, et al. (2013) TERT promoter mutations occur 
frequently in gliomas and a subset of tumors derived from cells 
with low rates of self-renewal. Proc. Natl. Acad. Sci. U.S.A., 110 , 
6021–6026.

91. Jurgens, L. , Manske, F. , Hubert, E. , Kischka, T. , Flototto, L. , 
Klaas, O. , Shabardina, V. , Schliemann, C. , Makalowski, W. and 
Wethmar,K. (2021) Somatic functional deletions of upstream 

open reading frame-associated initiation and termination codons 
in Human cancer. Biomedicines , 9 , 618.

92. Schulz, J. , Mah, N. , Neuenschwander, M. , Kischka, T. , Ratei, R. , 
Schlag, P.M. , Castanos-Velez, E. , Fichtner, I. , Tunn, P.U. , Denkert, C. ,
et al. (2018) Loss-of-function uORF mutations in human 
malignancies. Sci. Rep., 8 , 2395.

93. Cibulskis, K. , Lawrence, M.S. , Carter, S.L. , Sivachenko, A. , Jaffe, D. , 
Sougnez, C. , Gabriel, S. , Meyerson, M. , Lander, E.S. and Getz, G. 
(2013) Sensitive detection of somatic point mutations in impure 
and heterogeneous cancer samples. Nat. Biotechnol., 31 , 
213–219.

94. Dietlein, F. , Wang, A.B. , Fagre, C. , Tang, A. , Besselink, N.J.M. , 
Cuppen, E. , Li, C. , Sunyaev, S.R. , Neal, J.T. and Van Allen,E.M. 
(2022) Genome-wide analysis of somatic noncoding mutation 
patterns in cancer. Science , 376 , eabg5601.

95. Rheinbay, E. , Nielsen, M.M. , Abascal, F. , Wala, J.A. , Shapira, O. , 
T iao, G. , Hornshoj, H. , Hess, J.M. , Juul, R.I. , Lin, Z. , et al. (2020) 
Analyses of non-coding somatic drivers in 2,658 cancer whole 
genomes. Nature , 578 , 102–111.

96. Lim, Y. , Arora, S. , Schuster, S.L. , Corey, L. , Fitzgibbon, M. , 
Wladyka, C.L. , Wu, X. , Coleman, I.M. , Delrow, J .J . , Corey, E. , et al. 
(2021) Multiplexed functional genomic analysis of 5’ 
untranslated region mutations across the spectrum of prostate 
cancer. Nat. Commun., 12 , 4217.

97. Coursimault, J. , Rovelet-Lecrux, A. , Cassinari, K. , 
Brischoux-Boucher, E. , Saugier-Veber, P. , Goldenberg, A. , 
Lecoquierre, F. , Drouot, N. , Richard, A.C. , Vera, G. , et al. (2022) 
uORF-introducing variants in the 5’UTR of the NIPBL gene as a 
cause of Cornelia de Lange syndrome. Hum. Mutat., 43 , 
1239–1248.

98. Romanelli Tavares, V.L. , Kague, E. , Musso, C.M. , Alegria, T.G.P. , 
Freitas, R.S. , Bertola, D.R. , Twigg, S.R.F. and Passos-Bueno, M.R. 
(2019) Craniofrontonasal syndrome caused by introduction of a 
novel uATG in the 5’UTR of EFNB1. Mol Syndromol , 10 , 40–47.

99. Wen, Y. , Liu, Y. , Xu, Y. , Zhao, Y. , Hua, R. , Wang, K. , Sun, M. , Li, Y. , 
Yang, S. , Zhang, X.J. , et al. (2009) Loss-of-function mutations of 
an inhibitory upstream ORF in the human hairless transcript 
cause Marie Unna hereditary hypotrichosis. Nat. Genet., 41 , 
228–233.

100. Whiffin, N. , Karczewski, K.J. , Zhang, X. , Chothani, S. , Smith, M.J. , 
Evans, D.G. , Roberts, A.M. , Quaife, N.M. , Schafer, S. , Rackham, O. , 



NAR Cancer , 2024, Vol. 6, No. 2 15 

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

 

1

 

et al. (2020) Characterising the loss-of-function impact of 5’ 
untranslated region variants in 15,708 individuals. Nat. 
Commun., 11 , 2523.

01. Zhang, X. , Wakeling, M. , Ware, J. and Whiffin, N. (2021) 
Annotating high-impact 5’untranslated region variants with the 
UTRannotator. Bioinformatics , 37 , 1171–1173.

02. Nabel,E.G. (2002) CDKs and CKIs: molecular targets for tissue 
remodelling. Nat. Rev. Drug Discov., 1 , 587–598.

03. Zhao, R. , Choi, B.Y. , Lee, M.H. , Bode, A.M. and Dong, Z. (2016) 
Implications of genetic and epigenetic alterations of CDKN2A 

(p16(INK4a)) in cancer. EBioMedicine , 8 , 30–39.
04. Liu, L. , Dilworth, D. , Gao, L. , Monzon, J. , Summers, A. , Lassam, N. 

and Hogg,D. (1999) Mutation of the CDKN2A 5’ UTR creates 
an aberrant initiation codon and predisposes to melanoma. Nat. 
Genet., 21 , 128–132.

05. Chu, I.M. , Hengst, L. and Slingerland, J.M. (2008) The cdk 
inhibitor p27 in human cancer: prognostic potential and 
relevance to anticancer therapy. Nat. Rev. Cancer , 8 , 253–267.

06. Miskimins, W.K. , Wang, G. , Hawkinson, M. and Miskimins, R. 
(2001) Control of cyclin-dependent kinase inhibitor p27 
expression by cap-independent translation. Mol. Cell. Biol., 21 , 
4960–4967.

07. Bottorff, T.A. , Park, H. , Geballe, A.P. and Subramaniam, A.R. 
(2022) Translational buffering by ribosome stalling in upstream 

open reading frames. PLoS Genet. , 18 , e1010460. 
08. Somers, J. , Wilson, L.A. , Kilday, J.P. , Horvilleur, E. , Cannell, I.G. , 

Poyry, T.A. , Cobbold, L.C. , Kondrashov, A. , Knight, J.R. , Puget, S. , 
et al. (2015) A common polymorphism in the 5’ UTR of ERCC5 
creates an upstream ORF that confers resistance to 
platinum-based chemotherapy. Genes Dev. , 29 , 1891–1896. 

09. Fedorova, A.D. , Kiniry, S.J. , Andreev, D.E. , Mudge, J.M. and 
Baranov,P .V . (2022) Thousands of human non-AUG extended 
proteoforms lack evidence of evolutionary selection among 
mammals. Nat. Commun., 13 , 7910.

10. Wei, J. , Zhang, Y. , Ivanov, I.P. and Sachs, M.S. (2013) The 
stringency of start codon selection in the filamentous fungus 
Neurospora crassa. J. Biol. Chem., 288 , 9549–9562.

11. Andreev, D.E. , Loughran, G. , Fedorova, A.D. , Mikhaylova, M.S. , 
Shatsky, I.N. and Baranov, P .V . (2022) Non-AUG translation 
initiation in mammals. Genome Biol. , 23 , 111. 

12. Blackwood, E.M. , Lugo, T.G. , Kretzner, L. , King, M.W. , Street, A.J. , 
Witte, O.N. and Eisenman, R.N. (1994) Functional analysis of the 
AUG- and CUG-initiated forms of the c-myc protein. Mol. Biol. 
Cell , 5 , 597–609.

13. Hann, S.R. , King, M.W. , Bentley, D.L. , Anderson, C.W. and 
Eisenman,R.N. (1988) A non-AUG translational initiation in 
c-myc exon 1 generates an N-terminally distinct protein whose 
synthesis is disrupted in Burkitt’s lymphomas. Cell , 52 , 185–195.

14. Bugler, B. , Amalric, F. and Prats, H. (1991) Alternative initiation of 
translation determines cytoplasmic or nuclear localization of 
basic fibroblast growth factor. Mol. Cell. Biol., 11 , 573–577.

15. Renko, M. , Quarto, N. , Morimoto, T. and Rifkin, D.B. (1990) 
Nuclear and cytoplasmic localization of different basic fibroblast 
growth factor species. J. Cell. Physiol., 144 , 108–114.

16. Hann, S.R. , Sloan-Brown, K. and Spotts, G.D. (1992) Translational 
activation of the non-AUG-initiated c-myc 1 protein at high cell 
densities due to methionine deprivation. Genes Dev., 6 , 
1229–1240.

17. Hann, S.R. , Dixit, M. , Sears, R.C. and Sealy, L. (1994) The 
alternatively initiated c-myc proteins differentially regulate 
transcription through a noncanonical DNA-binding site. Genes 
Dev., 8 , 2441–2452.

18. Arnaud, E. , Touriol, C. , Boutonnet, C. , Gensac, M.C. , Vagner, S. , 
Prats, H. and Prats, A.C. (1999) A new 34-kilodalton isoform of 
human fibroblast growth factor 2 is cap dependently synthesized 
by using a non-AUG start codon and behaves as a survival factor.
Mol. Cell. Biol., 19 , 505–514.

19. Vagner, S. , Touriol, C. , Galy, B. , Audigier, S. , Gensac, M.C. , 
Amalric, F. , Bayard, F. , Prats, H. and Prats, A.C. (1996) Translation 
of CUG- but not AUG-initiated forms of human fibroblast 
growth factor 2 is activated in transformed and stressed cells. J. 
Cell Biol., 135 , 1391–1402.

120. Rodriguez, C.M. , Chun, S.Y. , Mills, R.E. and Todd, P.K. (2019) 
Translation of upstream open reading frames in a model of 
neuronal differentiation. BMC Genomics , 20 , 391.

121. Mamane, Y. , Petroulakis, E. , Rong, L. , Yoshida, K. , Ler, L.W. and 
Sonenberg,N. (2004) eIF4E–from translation to transformation. 
Oncogene , 23 , 3172–3179.

122. Mohler, K. and Ibba, M. (2017) Translational fidelity and 
mistranslation in the cellular response to stress. Nat. Microbiol., 
2 , 17117.

123. Chu, J. , Cargnello, M. , Topisirovic, I. and Pelletier, J. (2016) 
Translation initiation factors: reprogramming protein synthesis 
in cancer. Trends Cell Biol. , 26 , 918–933. 

124. Oksuz, O. , Henninger, J.E. , Warneford-Thomson, R. , Zheng, M.M. , 
Erb, H. , Vancura, A. , Overholt, K.J. , Hawken, S.W. , Banani, S.F. , 
Lauman, R. , et al. (2023) Transcription factors interact with RNA
to regulate genes. Mol. Cell , 83 , 2449–2463.

125. Sendoel, A. , Dunn, J.G. , Rodriguez, E.H. , Naik, S. , Gomez, N.C. , 
Hurwitz, B. , Levorse, J. , Dill, B.D. , Schramek, D. , Molina, H. , et al. 
(2017) Translation from unconventional 5’ start sites drives 
tumour initiation. Nature , 541 , 494–499.

126. Singh, K. , Lin, J. , Zhong, Y. , Burcul, A. , Mohan, P. , Jiang, M. , Sun, L. , 
Yong-Gonzalez, V. , V iale, A. , Cross, J.R. , et al. (2019) c-MYC 

regulates mRNA translation efficiency and start-site selection in 
lymphoma. J. Exp. Med., 216 , 1509–1524.

127. Hofman, D.A. , Ruiz-Orera, J. , Yannuzzi, I. , Murugesan, R. , 
Brown, A. , Clauser, K.R. , Condurat, A.L. , van Dinter, J.T. , 
Engels, S.A.G. , Goodale, A. , et al. (2024) Translation of 
non-canonical open reading frames as a cancer cell survival 
mechanism in childhood medulloblastoma. Mol. Cell., 84 , 
261–276.

128. Rajesh, K. , Krishnamoorthy, J. , Kazimierczak, U. , Tenkerian, C. , 
Papadakis, A.I. , Wang, S. , Huang, S. and Koromilas, A.E. (2015) 
Phosphorylation of the translation initiation factor eIF2alpha at 
serine 51 determines the cell fate decisions of Akt in response to 
oxidative stress. Cell Death. Dis. , 6 , e1591. 

129. Sequeira, S.J. , Wen, H.C. , Avivar-Valderas, A. , Farias, E.F. and 
Aguirre-Ghiso,J.A. (2009) Inhibition of eIF2alpha 
dephosphorylation inhibits ErbB2-induced deregulation of 
mammary acinar morphogenesis. BMC Cell Biol. , 10 , 64. 

130. Xia, P. , Zhang, H. , Xu, K. , Jiang, X. , Gao, M. , Wang, G. , Liu, Y. , 
Yao, Y. , Chen, X. , Ma, W. , et al. (2021) MYC-targeted WDR4 
promotes proliferation, metastasis, and sorafenib resistance by 
inducing CCNB1 translation in hepatocellular carcinoma. Cell 
Death. Dis., 12 , 691.

131. Liu, Y. , Zhang, H. , Li, X. , Zhang, C. and Huang, H. (2020) 
Identification of anti-tumoral feedback loop between VHLalpha 
and hnRNPA2B1 in renal cancer. Cell Death. Dis. , 11 , 688. 

132. Champagne, J. , Pataskar, A. , Blommaert, N. , Nagel, R. , 
Wernaart, D. , Ramalho, S. , Kenski, J. , Bleijerveld, O.B. , Zaal, E.A. , 
Berkers, C.R. , et al. (2021) Oncogene-dependent sloppiness in 
mRNA translation. Mol. Cell , 81 , 4709–4721.

133. Smith, L.K. , Parmenter, T. , Kleinschmidt, M. , Kusnadi, E.P. , Kang, J. , 
Martin, C.A. , Lau, P. , Patel, R. , Lorent, J. , Papadopoli, D. , et al. 
(2022) Adaptive translational reprogramming of metabolism 

limits the response to targeted therapy in BRAF(V600) 
melanoma. Nat. Commun., 13 , 1100.

134. Manickam, N. , Joshi, K. , Bhatt, M.J. and Farabaugh, P.J. (2016) 
Effects of tRNA modification on translational accuracy depend 
on intrinsic codon-anticodon strength. Nucleic Acids Res., 44 , 
1871–1881.

135. Patil, A. , Chan, C.T. , Dyavaiah, M. , Rooney, J.P. , Dedon, P.C. and 
Begley,T.J. (2012) Translational infidelity-induced protein stress 
results from a deficiency in Trm9-catalyzed tRNA modifications. 
RNA Biol , 9 , 990–1001.



16 NAR Cancer , 2024, Vol. 6, No. 2 

 

 

 

 

136. Rozov, A. , Demeshkina, N. , Westhof, E. , Yusupov, M. and 
Yusupova,G. (2015) Structural insights into the translational 
infidelity mechanism. Nat. Commun., 6 , 7251.

137. Posner, Z. , Yannuzzi, I. and Prensner, J.R. (2023) Shining a light on
the dark proteome: non-canonical open reading frames and their 
encoded miniproteins as a new frontier in cancer biology. Protein
Sci., 32 , e4708.

138. Rathore, A. , Chu, Q. , Tan, D. , Martinez, T.F. , Donaldson, C.J. , 
Diedrich, J.K. , Yates, J.R. and Saghatelian, A. (2018) MIEF1 
Microprotein regulates mitochondrial translation. Biochemistry , 
57 , 5564–5575.

139. Sandmann, C.L. , Schulz, J.F. , Ruiz-Orera, J. , Kirchner, M. , 
Ziehm, M. , Adami, E. , Marczenke, M. , Christ, A. , Liebe, N. , 
Greiner, J. , et al. (2023) Evolutionary origins and interactomes of 
human, young microproteins and small peptides translated from 

short open reading frames. Mol. Cell , 83 , 994–1011.
140. Prensner, J.R. , Enache, O.M. , Luria, V. , Krug, K. , Clauser, K.R. , 

Dempster, J.M. , Karger, A. , Wang, L. , Stumbraite, K. , Wang, V.M. , 
et al. (2021) Noncanonical open reading frames encode 
functional proteins essential for cancer cell survival. Nat. 
Biotechnol., 39 , 697–704.

141. Chu, Q. , Ma, J. and Saghatelian, A. (2015) Identification and 
characterization of sORF-encoded polypeptides. Crit. Rev. 
Biochem. Mol. Biol., 50 , 134–141.

142. Slavoff, S.A. , Mitchell, A.J. , Schwaid, A.G. , Cabili, M.N. , Ma, J. , 
Levin, J.Z. , Karger, A.D. , Budnik, B.A. , Rinn, J.L. and 
Saghatelian,A. (2013) Peptidomic discovery of short open 
reading frame-encoded peptides in human cells. Nat. Chem. Biol.,
9 , 59–64.

143. Cloutier, P. , Poitras, C. , Faubert, D. , Bouchard, A. , Blanchette, M. , 
Gauthier, M.S. and Coulombe, B. (2020) Upstream ORF-encoded 
ASDURF is a novel prefoldin-like subunit of the PAQosome. J. 
Proteome Res., 19 , 18–27.

144. Jayaram, D.R. , Frost, S. , Argov, C. , Liju, V.B. , Anto, N.P. , 
Muraleedharan, A. , Ben-Ari, A. , Sinay, R. , Smoly, I. , 
Novoplansky, O. , et al. (2021) Unraveling the hidden role of a 
uORF-encoded peptide as a kinase inhibitor of PKCs. Proc. Natl. 
Acad. Sci. U.S.A., 118 , e2018899118.

145. Huang, N. , Li, F. , Zhang, M. , Zhou, H. , Chen, Z. , Ma, X. , Yang, L. , 
Wu, X. , Zhong, J. , Xiao, F. , et al. (2021) An upstream open reading 
frame in phosphatase and tensin homolog encodes a circuit 
breaker of lactate metabolism. Cell Metab. , 33 , 128–144. 

146. Schlesinger, D. , Dirks, C. , Luzon, C.N. , Lafranchi, L. , Eirich, J. and 
Elsasser,S.J. (2023) A large-scale sORF screen identifies putative 
microproteins and provides insights into their interaction 
partners, localisation and function. bioRxiv doi: 
https:// doi.org/ 10.1101/ 2023.06.13.544808 , 13 June 2023, 
preprint: not peer reviewed.

147. Winkelsas, A.M. , Grunseich, C. , Harmison, G.G. , Chwalenia, K. , 
Rinaldi, C. , Hammond, S.M. , Johnson, K. , Bowerman, M. , Arya, S. , 
Talbot, K. , et al. (2021) Targeting the 5’ untranslated region of 
SMN2 as a therapeutic strategy for spinal muscular atrophy. 
Mol. Ther. Nucleic Acids , 23 , 731–742.

148. Bouchiba, Y. , Ruffini, M. , Schiex, T. and Barbe, S. (2022) 
Computational design of miniprotein binders. Methods Mol. 
Biol., 2405 , 361–382.

149. Crook, Z.R. , Nairn, N.W. and Olson, J.M. (2020) Miniproteins as 
a powerful modality in drug development. Trends Biochem. Sci , 
45 , 332–346.

150. Roy, A. , Shi, L. , Chang, A. , Dong, X. , Fernandez, A. , Kraft, J.C. , Li, J. , 
Le, V.Q. , Winegar, R.V. , Cherf, G.M. , et al. (2023) De novo design 
of highly selective miniprotein inhibitors of integrins alphavbeta6
and alphavbeta8. Nat. Commun., 14 , 5660.

151. Cao, L. , Coventry, B. , Goreshnik, I. , Huang, B. , Sheffler, W. , 
Park, J.S. , Jude, K.M. , Markovic, I. , Kadam, R.U. , 
Verschueren, K.H.G. , et al. (2022) Design of protein-binding 
proteins from the target structure alone. Nature , 605 , 551–560.

152. Duffy, M.J. , O’Grady, S. , Tang, M. and Crown, J. (2021) MYC as a 
target for cancer treatment. Cancer Treat. Rev. , 94 , 102154. 
153. Llombart, V. and Mansour, M.R. (2022) Therapeutic targeting of 
“undruggable” MYC. EBioMedicine , 75 , 103756.

154. Garralda, E. , Beaulieu, M.E. , Moreno, V. , Casacuberta-Serra, S. , 
Martinez-Martin, S. , Foradada, L. , Alonso, G. , Masso-Valles, D. , 
Lopez-Estevez, S. , Jauset, T. , et al. (2024) MYC targeting by 
OMO-103 in solid tumors: a phase 1 trial. Nat Med., 30 , 
762–771.

155. Chong, C. , Muller, M. , Pak, H. , Harnett, D. , Huber, F. , Grun, D. , 
Leleu, M. , Auger, A. , Arnaud, M. , Stevenson, B.J. , et al. (2020) 
Integrated proteogenomic deep sequencing and analytics 
accurately identify non-canonical peptides in tumor 
immunopeptidomes. Nat. Commun., 11 , 1293.

156. Laumont, C.M. , V incent, K. , Hesnard, L. , Audemard, E. , Bonneil, E. , 
Laverdure, J.P. , Gendron, P. , Courcelles, M. , Hardy, M.P. , Cote, C. , 
et al. (2018) Noncoding regions are the main source of targetable 
tumor-specific antigens. Sci. Transl. Med., 10 , eaau5516.

157. Ouspenskaia, T. , Law, T. , Clauser, K.R. , Klaeger, S. , Sarkizova, S. , 
Aguet, F. , Li, B. , Christian, E. , Knisbacher, B.A. , Le, P.M. , et al. 
(2022) Unannotated proteins expand the MHC-I-restricted 
immunopeptidome in cancer. Nat. Biotechnol., 40 , 209–217.

158. Ruiz Cuevas, M.V. , Hardy, M.P. , Holly, J. , Bonneil, E. , Durette, C. , 
Courcelles, M. , Lanoix, J. , Cote, C. , Staudt, L.M. , Lemieux, S. , et al. 
(2021) Most non-canonical proteins uniquely populate the 
proteome or immunopeptidome. Cell Rep. , 34 , 108815. 

159. Yewdell,J.W. (2022) MHC class I immunopeptidome: past, 
present, and future. Mol. Cell. Proteomics , 21 , 100230.

160. Prensner, J.R. , Abelin, J.G. , Kok, L.W. , Clauser, K.R. , Mudge, J.M. , 
Ruiz-Orera, J. , Bassani-Sternberg, M. , Moritz, R.L. , Deutsch, E.W. 
and van Heesch,S. (2023) What can ribo-seq, 
immunopeptidomics, and proteomics tell us about the 
noncanonical proteome? Mol. Cell. Proteomics , 22 , 100631.

161. Kesner, J.S. , Chen, Z. , Shi, P. , Aparicio, A.O. , Murphy, M.R. , Guo, Y. , 
Trehan, A. , Lipponen, J.E. , Recinos, Y. , Myeku, N. , et al. (2023) 
Noncoding translation mitigation. Nature , 617 , 395–402.

162. Ragimbeau, R. , El Kebriti, L. , Sebti, S. , Fourgous, E. , Boulahtouf, A. , 
Arena, G. , Espert, L. , Turtoi, A. , Gongora, C. , Houede, N. , et al. 
(2021) BAG6 promotes PINK1 signaling pathway and is essential 
for mitophagy. FASEB J. , 35 , e21361. 

163. Li, Q. , Chu, Y. , Li, S. , Yu, L. , Deng, H. , Liao, C. , Liao, X. , Yang, C. , 
Qi, M. , Cheng, J. , et al. (2022) The oncoprotein MUC1 facilitates 
breast cancer progression by promoting Pink1-dependent 
mitophagy via A T AD3A destabilization. Cell Death. Dis., 13 , 
899.

164. Liu, K. , Lee, J. , Kim, J.Y. , Wang, L. , T ian, Y. , Chan, S.T. , Cho, C. , 
Machida, K. , Chen, D. and Ou, J .J . (2017) Mitophagy controls the 
activities of tumor suppressor p53 to regulate hepatic cancer 
stem cells. Mol. Cell , 68 , 281–292.

165. Barczak, W. , Carr, S.M. , Liu, G. , Munro, S. , Nicastri, A. , Lee, L.N. , 
Hutchings, C. , Ternette, N. , Klenerman, P. , Kanapin, A. , et al. (2023) 
Long non-coding RNA-derived peptides are immunogenic and 
drive a potent anti-tumour response. Nat. Commun., 14 , 1078.

166. Zeng, L. , Zheng, W. , Zhang, J. , Wang, J. , Ji, Q. , Wu, X. , Meng, Y. and 
Zhu,X. (2023) An epitope encoded by uORF of RNF10 elicits a 
therapeutic anti-tumor immune response. Mol. Ther. Oncolytics , 
31 , 100737.

167. Kuzuoglu-Ozturk, D. , Hu, Z. , Rama, M. , Devericks, E. , Weiss, J. , 
Chiang, G.G. , Worland, S.T. , Brenner, S.E. , Goodarzi, H. , 
Gilbert, L.A. , et al. (2021) Revealing molecular pathways for 
cancer cell fitness through a genetic screen of the cancer 
translatome. Cell Rep., 35 , 109321.

168. Hao, P. , Yu, J. , Ward, R. , Liu, Y. , Hao, Q. , An, S. and Xu, T. (2020) 
Eukaryotic translation initiation factors as promising targets in 
cancer therapy. Cell Commun. Signal. , 18 , 175. 

169. Ruggero, D. , Montanaro, L. , Ma, L. , Xu, W. , Londei, P. , 
Cordon-Cardo, C. and Pandolfi, P .P . (2004) The translation factor 
eIF-4E promotes tumor formation and cooperates with c-Myc in 
lymphomagenesis. Nat. Med., 10 , 484–486.

170. Truitt, M.L. , Conn, C.S. , Shi, Z. , Pang, X. , Tokuyasu, T. , 
Coady, A.M. , Seo, Y. , Barna, M. and Ruggero, D. (2015) 

https://doi.org/10.1101/2023.06.13.544808


NAR Cancer , 2024, Vol. 6, No. 2 17 

1

1

1

1

1

1

1

1

1

 

R
©
T
(
c

Differential requirements for eIF4E dose in normal development 
and cancer. Cell , 162 , 59–71.

71. Takahashi, K. , Maruyama, M. , Tokuzawa, Y. , Murakami, M. , 
Oda, Y. , Yoshikane, N. , Makabe, K.W. , Ichisaka, T. and 
Yamanaka,S. (2005) Evolutionarily conserved non-AUG 

translation initiation in NAT1 / p97 / DAP5 (EIF4G2). Genomics , 
85 , 360–371.

72. Lewis, S.M. , Cerquozzi, S. , Graber, T.E. , Ungureanu, N.H. , 
Andrews, M. and Holcik, M. (2008) The eIF4G homolog 
DAP5 / p97 supports the translation of select mRNAs during 
endoplasmic reticulum stress. Nucleic Acids Res. , 36 , 168–178. 

73. Marash, L. , Liberman, N. , Henis-Korenblit, S. , Sivan, G. , Reem, E. , 
Elroy-Stein, O. and Kimchi, A. (2008) DAP5 promotes 
cap-independent translation of Bcl-2 and CDK1 to facilitate cell 
survival during mitosis. Mol. Cell , 30 , 447–459.

74. Liberman, N. , Gandin, V. , Svitkin, Y .V . , David, M. , V irgili, G. , 
Jaramillo, M. , Holcik, M. , Nagar, B. , Kimchi, A. and Sonenberg, N. 
(2015) DAP5 associates with eIF2beta and eIF4AI to promote 
internal ribosome entry site driven translation. Nucleic Acids 
Res., 43 , 3764–3775.

75. Imataka, H. , Olsen, H.S. and Sonenberg, N. (1997) A new 

translational regulator with homology to eukaryotic translation 
initiation factor 4G. EMBO J. , 16 , 817–825. 

76. Weber, R. , Kleemann, L. , Hirschberg, I. , Chung, M.Y. , Valkov, E. 
and Igreja,C. (2022) DAP5 enables main ORF translation on 
mRNAs with structured and uORF-containing 5’ leaders. Nat. 
Commun., 13 , 7510.

77. Smirnova,V .V ., Shestakova,E.D., Nogina,D.S., Mishchenko,P.A., 
Prikazchikova, T.A. , Zatsepin, T.S. , Kulakovskiy, I.V. , Shatsky, I.N. 
and Terenin,I.M. (2022) Ribosomal leaky scanning through a 
translated uORF requires eIF4G2. Nucleic Acids Res., 50 , 
1111–1127.

78. David, M. , Olender, T. , Mizrahi, O. , Weingarten-Gabbay, S. , 
Friedlander, G. , Meril, S. , Goldberg, N. , Savidor, A. , Levin, Y. , 
Salomon, V. , et al. (2022) DAP5 drives translation of specific 
mRNA targets with upstream ORFs in human embryonic stem 

cells. RNA , 28 , 1325–1336.
79. Alard, A. , Katsara, O. , Rios-Fuller, T. , Parra, C. , Ozerdem, U. , 

Ernlund, A. and Schneider, R.J. (2023) Breast cancer cell 
mesenchymal transition and metastasis directed by 
eceived: December 7, 2023. Revised: April 29, 2024. Editorial Decision: April 30, 2024. Accepted: M
The Author(s) 2024. Published by Oxford University Press on behalf of NAR Cancer. 

his is an Open Access article distributed under the terms of the Creative Commons Attribution-Non
https: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits non-commercial re-use, distributio
ommercial re-use, please contact journals.permissions@oup.com 
DAP5 / eIF3d-mediated selective mRNA translation. Cell Rep., 42 ,
112646.

180. Boussemart, L. , Malka-Mahieu, H. , Girault, I. , Allard, D. , 
Hemmingsson, O. , Tomasic, G. , Thomas, M. , Basmadjian, C. , 
Ribeiro, N. , Thuaud, F. , et al. (2014) eIF4F is a nexus of resistance 
to anti-BRAF and anti-MEK cancer therapies. Nature , 513 , 
105–109.

181. Fan, S. , Li, Y. , Yue, P. , Khuri, F.R. and Sun, S.Y. (2010) The 
eIF4E / eIF4G interaction inhibitor 4EGI-1 augments 
TRAIL-mediated apoptosis through c-FLIP down-regulation and 
DR5 induction independent of inhibition of cap-dependent 
protein translation. Neoplasia , 12 , 346–356.

182. Fang, C. , Xie, H. , Zhao, J. , Wang, W. , Hou, H. , Zhang, B. , Zhou, D. 
and Geng,X. (2021) eIF4E-eIF4G complex inhibition 
synergistically enhances the effect of sorafenib in hepatocellular 
carcinoma. Anticancer Drugs , 32 , 822–828.

183. Moerke, N.J. , Aktas, H. , Chen, H. , Cantel, S. , Reibarkh, M.Y. , 
Fahmy, A. , Gross, J.D. , Degterev, A. , Yuan, J. , Chorev, M. , et al. 
(2007) Small-molecule inhibition of the interaction between the 
translation initiation factors eIF4E and eIF4G. Cell , 128 , 
257–267.

184. V itting-Seerup, K. and Sandelin, A. (2017) The landscape of 
isoform switches in Human cancers. Mol. Cancer Res., 15 , 
1206–1220.

185. Weber, R. , Ghoshdastider, U. , Spies, D. , Dure, C. , 
Valdivia-Francia, F. , Forny, M. , Ormiston, M. , Renz, P .F ., 
Taborsky, D. , Y igit, M. , et al. (2023) Monitoring the 5’UTR 

landscape reveals isoform switches to drive translational 
efficiencies in cancer. Oncogene , 42 , 638–650.

186. Zhang, Y. , Weh, K.M. , Howard, C.L. , Riethoven, J .J . , Clarke, J.L. , 
Lagisetty, K.H. , Lin, J. , Reddy, R.M. , Chang, A.C. , Beer, D.G. , et al. 
(2022) Characterizing isoform switching events in esophageal 
adenocarcinoma. Mol. Ther. Nucleic Acids , 29 , 749–768.

187. Wu, Q. , Wright, M. , Gogol, M.M. , Bradford, W.D. , Zhang, N. and 
Bazzini,A.A. (2020) Translation of small downstream ORFs 
enhances translation of canonical main open reading frames. 
EMBO J., 39 , e104763.

188. Zheng, C. , Wei, Y. , Zhang, P. , Xu, L. , Zhang, Z. , Lin, K. , Hou, J. , 
Lv, X. , Ding, Y. , Chiu, Y. , et al. (2023) CRISPR / Cas9 screen 
uncovers functional translation of cryptic lncRNA-encoded open 

reading frames in human cancer. J. Clin. Invest., 133 , e159940.

ay 7, 2024 

Commercial License 
n, and reproduction in any medium, provided the original work is properly cited. For 


	Graphical abstract
	Introduction
	Basic mechanisms of mRNA translation
	5UTRs in gene regulation and cancer
	Upstream open reading frames as genic elements
	Features of uORF translation
	Regulation of cancer genes by uORFs
	5UTR mutations in cancer may impact uORFs
	uORF-modulating variants in cancer
	Regulation of cancer genes through non-canonical start sites
	Non-canonical start sites in uORFs
	Signatures of uORF regulation by oncogenes
	Oncogene induced changes in translation during tumorigenesis
	Cancer-relevant microproteins produced by uORFs
	uORFs in cancer therapy
	Deconstructing mechanisms of uORF translation in cancer
	Beyond uORFs: other non-canonical ORFs in cancer
	Conclusions and future directions
	Data availability
	Acknowledgements
	Funding
	Conflict of interest statement
	References

