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Abstract

Ribosome profiling experiments support the translation of a range of novel human open reading frames. By contrast, most peptides from
large-scale proteomics experiments derive from just one source, 5" untranslated regions. Across the human genome we find evidence for 192
translated upstream regions, most of which would produce protein isoforms with extended N-terminal ends. Almost all of these N-terminal
extensions are from highly abundant genes, which suggests that the novel regions we detect are just the tip of the iceberg. These upstream
regions have characteristics that are not typical of coding exons. Their GC-content is remarkably high, even higher than &’ regions in other
genes, and a large majority have non-canonical start codons. Although some novel upstream regions have cross-species conservation - five have
orthologues in invertebrates for example - the reading frames of two thirds are not conserved beyond simians. These non-conserved regions
also have no evidence of purifying selection, which suggests that much of this translation is not functional. In addition, non-conserved upstream
regions have significantly more peptides in cancer cell lines than would be expected, a strong indication that an aberrant or noisy translation
initiation process may play an important role in translation from upstream regions.
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Introduction

of coding genes in the reference is still some way from being
The completion of the heterochromatic regions of the genome  defined.

by the T2T consortium (1) and the publication of the com- The T2T consortium has proposed more than a hundred
plete sequence of a Y chromosome (2) means that there is  new coding genes (1,2), and several of these genes have already
now a comprehensive reference sequence for all 22 human  been confirmed to code for proteins (3). In addition, the cura-
autoosomes and both sex chromosomes. Despite the annota- tors of the two main reference sets, Ensembl/GENCODE (4,5)

tion of a comprehensive human reference assembly, the full set ~ and RefSeq (6) are continually adding and removing coding

Received: February 7, 2024. Revised: June 7, 2024. Editorial Decision: June 14, 2024. Accepted: June 19, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

$202 Jaquieoaq 0 U0 Jasn (DIND) SeJe|ndseAoIpIE)) SauoloebsaAu| ap [BUOIoeN 01U AQ G0SZ0LL/Z L L8/ L /ZG/elonle/1eu/woo dno-oiwepeoe)/:sdiy wolj pepeojumod


https://doi.org/10.1093/nar/gkae571
https://orcid.org/0000-0001-9046-6370

Nucleic Acids Research, 2024, Vol. 52, No. 14

genes as new evidence comes to light and existing annotations
are revised (7,8). Ensembl/GENCODE, RefSeq and UniPro-
tKB (9). They are now working together via joint projects
such as MANE (10) to converge on an agreed set of coding
genes.

Early research suggested that humans might have as many
as 80 000 genes (11), but since the initial drafts of the hu-
man reference genome (12,13), estimates of the number of
coding genes in the human reference set have trended stub-
bornly downwards (14-18). The most recent GENCODE re-
lease (v44) annotates 19 396 coding genes.

It has long been suggested that one weakness of the
current annotation process is that curators fail to anno-
tate non-canonical small open reading frames (15). One
of the problems is that these small ORFs are generally
smaller than most coding genes, which makes it harder to
find supporting evidence for all but the most obvious cases
(19). While several small ORFs have been shown to have
functional relevance in recent years (20,21), the avalanche
of small ORFs predicted by some has not yet happened
(22).

Recently, however, ribosome profiling analyses have found
abundant transcript evidence for novel ORFs (23,24). Tran-
scripts captured in ribosome profiling analyses are in the
process of being translated. Two recent high profile large-
scale analyses have recently provided evidence for thousands
of non-canonical ORFs from ribosome profiling experiments
(25,26). A consortium has been set up to investigate what role
these small ORFs might play in the human genome and how
they should be annotated (7).

The two ribosome profiling studies found little reliable sup-
port for these non-canonical ORFs in the standard proteomics
experiments they carried out. The Chen et al. paper (26) found
just 10 novel ORFs, for example, and three of these were al-
ready annotated as coding. However, they did find consider-
able evidence for the expression of peptides in human leuko-
cyte antigen proteomics experiments (27).

We reasoned that large-scale proteomics experiments ought
to find more evidence for novel ORFs than the standard ex-
periments in the ribosome profiling papers. In an initial anal-
ysis, we found evidence for 32 of the 20337 novel sequences
predicted from ribosome profiling experiments. Remarkably,
28 of these novel sequences would produce N-terminal ex-
tensions of known proteins rather than completely novel pro-
teins, so we concentrated our analysis on the translation of 5’
untranslated regions (UTR).

Translation of 5’ UTR regions is well documented (28—
30). Although many of the N-terminal regions detected in the
initial studies had considerable cross-species conservation, a
more recent analysis of the non-canonical start codons de-
tected in ribosome profiling experiments (31) found that many
of the novel upstream regions processed by the ribosome had
little evolutionary history.

Here, we searched for evidence of translation of up-
stream regions by mapping spectra from five large-scale pro-
teomics experiments to 3-frame translations of annotated
5" exons from the GENCODE reference annotation. We
found peptide evidence for translation for 192 upstream
start codons. Although some regions had strong conserva-
tion evidence, so are clearly protein coding, more than two
thirds of these novel translated upstream regions had nei-
ther canonical ATG/AUG codons, nor are conserved beyond
primates.
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Materials and methods

Search database for evidence of genome-wide
upstream translation

Our initial analysis is detailed in the Supplementary meth-
ods section. For the genome-wide analysis the search database
was made up of known and novel protein sequences. We ap-
pended the 19606 novel ORFs from the Chen et al. analysis
(26), which are a mixture of novel isoforms, upstream ORFs
and novel ORFs, and the 340 novel IncRNA and 1091 novel
upstream ORFs from the van Heesch ef al. analysis (25) to
novel sequences predicted from 3-frame translations of all an-
notated 5" untranslated regions (UTRs) in the GENCODE v36
release (4) (Figure 1). Translating the GENCODE v36 5’ UTRs
in three frames produced 596149 predicted novel ORFs. An-
other 86255 predicted novel proteins were generated by ex-
tending GENCODE v36 coding sequences upstream from the
start codon until we reached a stop codon. These sequences
allowed us to detect peptides that mapped to the UTR—coding
exon boundary.

A total of 464 318 of the 703 348 predicted coding se-
quences were unique (Figure 1). To form the search database,
these unique sequences were appended to the GENCODE v36
coding gene set from which read-through transcripts had been
eliminated (8). The database had both ‘novel’ and known
coding sequences, though the proportion of novel sequences
was much higher. The database was completed with decoy
sequences for both novel and known sequences (decoy se-
quences were reversed with the tryptic residues maintained,
(32) and common contaminants (33).

Genome-wide proteomics analysis

In this analysis, we searched for translated upstream regions
by mapping spectra from five large-scale proteomics exper-
iments to the sequences in the search database (Figure 1).
Two of the experiments interrogated a range of normal tis-
sues (29,34), one studied a range of brain tissues (35), another
analysed just testis (36), and the final study considered a range
of cell lines and biopsy tissues (37).

We chose to analyse tissue-based experiments rather than
cell lines, because we were interested in discovering novel re-
gions that were expressed in normal tissues. We added brain
and testis experiments to the Kim and Wang analyses because
we surmised that there might be more novel regions in these
tissues. Finally, we added a large-scale experiment that anal-
ysed a range of cell lines, partly as a means of contrast and
partly because we know that some proteins are only produced
in large quantities during cell division. The combination of
experiments allowed us to detect peptides for 14888 coding
genes.

Spectra were downloaded from ProteomeXchange (38).
Peptide-spectrum matches (PSMs) were generated using
COMET (39) with default parameters, including mass toler-
ance of 10 parts per million, maximum fragment charge of 3
and maximum precursor charge of 4. Only fully tryptic pep-
tides were considered by COMET. We allowed oxidation of
methionine as a variable modification. PSMs for peptides be-
tween 7 and 40 amino acids in length that were detected by
COMET were post-processed with Percolator (40). We used
the default parameters in Percolator too, include setting the
test and training false discovery rate to 0.01.

Initially we included all PSM with Percolator posterior er-
ror probabilities (PEP) values of below 0.001. but we settled
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Figure 1. Workflow describing the process of discovering &’ translated upstream regions.

on a maximum PEP value of 0.0002 after testing. We de-
creased the maximum Percolator PEP value because six of the
44 novel peptides mapping to translated upstream regions that
had PEP values of between 0.0002 and 0.001 were directly
preceded by stop codons, so were almost certainly false pos-
itive identifications. This suggests a (minimum) 13.5% false
discovery rate (FDR) among novel peptides and shows that a
conservative PEP score of 0.001 is too lenient when dealing
with novel coding regions (41).

Even at a PEP cut-off of 0.0002, the FDR calculated from
the target and decoy novel sequences was 2.83% at the PSM
level and 3.65% at the peptide level. Since the final number
of peptides used in the analysis of the translated upstream re-
gions was 316, we would expect nine or ten peptides to be
false positives. We believe this is a reasonable tradeoff between
sensitivity and specificity. The peptide level FDR for novel se-
quences at the 0.001 PEP cut-off was 11.86%.

We considered only tryptic peptides with up to two missed
cleavages in our analysis. As further measure, since we were
not able to check all the spectra in this analysis, we required
that each novel translated upstream region we identified was
supported by at least two PSMs (Figure 1).

The APPRIS database

APPRIS (42) houses annotations for splice isoforms for a
range of species, including human. The database selects a sin-
gle protein isoform as the cellular representative for each cod-
ing gene (the ‘principal’ isoform), based on a series of decisions
that make use of cross-species conservation, protein structure
and function, and experimental evidence. We have shown that
this isoform approximates well to the main cellular isoform
(43-45). Non-principal protein isoforms are labelled as ‘al-
ternative’ if they cannot be distinguished from the principal

isoform at the initial scoring pass (43), or as ‘minor’ if they
are rejected at this stage (42).

GC-content

We calculated the GC-content for all 5 UTR, and then used
the APPRIS database to separate 5" UTR from coding genes
into 3 types, S’ UTR of principal transcripts, 5’ UTR of alter-
native transcripts, and 5 UTR of minor transcripts. When cal-
culating GC-content for coding genes, we used 5’ UTRs from
APPRIS principal transcripts as the reference. Where there was
more than one APPRIS principal transcript, we chose the 5’
UTR from the MANE Select transcript (10) when it coincided
with the APPRIS principal transcript, and from the longest 5’
UTR when it did not or in those cases where there was no
MANE Select transcript. We required all 5" UTRs to have a
minimum of 20 bases. In the case of primate-derived 5’ exten-
sions that were annotated as coding, GC-content was calcu-
lated for the coding bases upstream of the principal transcript.

Human genetic variation

We calculated the non-synonymous to synonymous rates from
human germline variants from gnomADg v3.1.2 (46). The ef-
fect of the variants was predicted using VEP (47).

The non-synonymous-to-synonymous ratio for both rare
and common allele frequencies were calculated for two sets
of exons, the 192 translated upstream regions from the 191
genes, and the 262 non-conserved upstream regions annotated
as coding in the GENCODE v36 gene set. For the 192 trans-
lated upstream regions we could not use the VEP annotations
to determine the effect of the variants, as most of these regions
were not annotated as coding, and even when they were, they
were annotated as coding in a different frame. Instead, we cal-
culated the effect on the predicted protein sequences ourselves.
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An allele frequency cut-off of 0.005 was used to separate
rare (<0.005) and common (>0.005) alleles. We also checked
how many of these variants would have high impact in the
protein, for the sets of common and rare allele frequencies.

Determining the conservation and start codons of
translated upstream regions

We determined the cross-species conservation for trans-
lated upstream regions manually, based on the peptide
data, the annotated coding exons and the Cactus 100-way
and 241-way alignments (48) displayed in the MIT Co-
dAlignView server (https:/data.broadinstitute.org/compbiol/
cav.php). The translated upstream regions were categorized
into one of eight bins of evolutionary origin. We determined
which bin a region belonged to depending on whether the
reading frame was conserved across other species. The eight
bins were: in humans only (i.e. no conservation in any other
species), in chimpanzees, in chimpanzee and gorilla, in apes,
in monkeys, across all primates, in mammals and in tetrapods
(see Supplementary Table S2). For a region to be considered
conserved, the orthologous regions in the species that de-
fined the bin had to be largely free of stop codons and/or
frameshifts, and the start codon should be conserved. This
second rule was not always enforced since the start codon
might be in an unannotated exon. In the case of the uORFs
and uoORFs only, the stop codon also had to be conserved.

Canonical start codons can be ATG or AUG depending on
whether referring to the DNA or RNA sequence. We use ATG
exclusively in this analysis because we analysed DNA align-
ments to determine start codons. As with cross-species con-
servation, start codons for the upstream regions were also de-
termined from the coding exons, peptide evidence and cross-
species alignments. The start codon had to be an ATG codon
or at least near-cognate. It also had to be within an annotated
5" exon and be upstream of all the peptide evidence. Where
we found an ATG upstream of the region that produced all
the detected peptides, we chose the ATG as the start codon, ir-
respective of conservation and Kozak sequence strength (49).
For upstream regions without an ATG start codon, we looked
for possible near-canonical start codons that differed by a sin-
gle base from an ATG codon (e.g. GTG, CTG, ACG) that
could explain all the peptides. Where more than one potential
start codon was available, we chose the start codon based on
a combination of cross species conservation, Kozak sequence
strength (49) and distance from the translated region indicated
by the detected peptides. Kozak sequence strength was defined
as either strong, defined as position -3 of the Kozak sequence
adenine or guanine (49), position +4 guanine, moderate (either
position —3 adenine or guanine, or position +4 guanine), or
weak (neither position —3 adenine or guanine, nor position +4
guanine).

The process can be illustrated with two examples. The up-
stream region of C1QL4 is conserved across eutherian mam-
malian species in the Cactus alignments (and can trace its
origin back to the vertebrate clade). In the upstream region
of C1QL4, almost all the single base differences are synony-
mous and there are no frameshifts or stop codons in any other
species (Figure 2A). The translated upstream region in C1QL4
is clearly conserved in eutherian mammal species. Not all cases
were as clear as C1QI4.

We determined that the start codon for the C1QL4 trans-
lated upstream region was an ATT codon (Figure 2A). It
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is upstream of all the peptide evidence and entirely con-
served across eutherian mammals. We defined the Kozak se-
quence as ‘strong’ for the C1QL4 upstream region. A start
codon upstream of the ATT was discounted because there is a
frameshift upstream of the ATT in most species, in particular
eutherian mammals, so any potential start codon further up-
stream than the ATT would not be conserved. There are two
potential start codons downstream from the ATT. One of these
does not fit the peptide evidence (the AAG codon), while the
other is not wholly conserved across mammals (CTG codon).
In addition, the AAG codon has a weaker Kozak sequence
than the ATT codon and in any case selection pressure is evi-
dent upstream of the AAG codon.

For the translated upstream region in SCL7AS, the selection
of start codon is simpler. There is only one possible start codon
within the annotated 5" exon, a CTG that is not conserved
beyond humans (Figure 2B). There is no other possible start
codon upstream of the CTG, in part because there is a stop
codon upstream of the CTG. Most species have frameshifts
or a stop codon in the region equivalent to the translated up-
stream region in human. The frame of the region might be suf-
ficiently conserved among great apes, but the human-specific
start codon means that we classified this region as conserved
in humans only.

Results

Almost all novel sequences supported by
proteomics are N-terminal extensions

In an initial analysis of large-scale proteomics experiments
(see supplementary results), we found that almost all the
‘novel ORFs’ from the Chen et al. (26) and van Heesch et al.
(25) analyses that had peptide support in these large-scale pro-
teomics analyses were N-terminal extensions of known pro-
tein coding genes. We detected peptides for 30 of the 20337
novel ORFs that were not already accepted as coding by
GENCODE (4). Remarkably, 28 of these novel ORFs were
N-terminal extensions produced from unannotated upstream
translation initiation sites (see Supplementary Table S1).

Even when we considered the overlapping ORFs and the
bias towards smaller ORFs (less amenable to detection in pro-
teomics analysis) in the novel ORFs in the Chen et al. and van
Heesch et al. analyses, the proportion of N-terminal exten-
sions that we detected was still highly enriched. It was more
than double what was expected and clearly statistically signif-
icant (Fisher exact test < 0.00001).

Evidence of translation of 5 UTR in 191 genes from
the human gene set

The initial analysis showed a clear enrichment in isoforms
with extended N-termini, so we carried out a genome-wide
search for translated upstream regions. Translating the 5’ UTR
of GENCODE v36 coding exons into three frames generated a
list of 464318 predicted novel sequences. We appended these
to the annotated coding sequences in the GENCODE v36 gene
set and mapped spectra from five large-scale proteomics ex-
periments to this concatenated search database (see methods
for details).

Like many other discovery methods, proteomics is prone
to making erroneous identifications, particularly when pre-
dicting novel coding sequences and small ORFs (50). We at-
tempted to limit the number of false positives by imposing a
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Aminoacd P A A I A P K S E E D L L A L A A S R L S R R K R V A G A AV GV A M

Human  CCGGCAGCC[ATTISCG CCJAAGIAGT GAG GAA GAT TTG CTG GCCCTGIGCA GCG TCG C6G CTG AGC CGC CGC AAG AGG GTG GCG GGC GCG GCC GTC GGAGTG GCCAATG
Chimp CCGGCAGCCATTGCGCCCAAGAGT GAG GAAGAT TTG CTG GCC CTG[®8GCG TCG CGG CTGAGC CGC CGC AAGAGG GTG GCG GGC GCG GCC GTC GGAGTG GCCATG
Gorilla CCGGCAGCCATTGCG CCCAAGAGT GAG GAAGAT TTG CTG GCC CTGE(8§GCG TCG CGG CTGAGC CGC CGC AAG AGG GTG GCG GGC GCG GCC GTC GGAGTG GCCATG
Orangutan  CCGGCAGCCATT GCG CCC AAGAGT GAG GAA GAT TTG CTG GCC CTG([68GCG TCG CGG CTGAGC CGC CGC AAG AGG GTG GCG[HaIGCG 6CC GTC[HHHGTG GCCATG
Baboon  CCGGCAGCCATTGCGCCCAAGAGT[ENIGAA GAT TTG CTG GCC CTG(86 GCG TCG CGG CTGAGC CGC CGC AAG AGG GTG GCGElEN|GCG GCC GTC[6Ele GTG GCCATG
Marmoset CCGGCA GCCATTGCG CCC AAGAGT GAG GAA GAT TTG CTG GCC CTG(688 GCG TCG CGGMIIAGC CGC CGC AAG AGG GTG GCG GGC GCG GCC GTC[6Ele GTG GCCATG
Bushbaby ~TCCGTAGCCATTGCG CCC AAGAGT GAG GAA GATIRIICTG GCC CTG(ee GCGRIECGG CTGAGC CGC CGC AAG[HEEGTG[EHEGGC GCG GCC GTC(HEE GTG GCCATG
squirrel  TCT[H886CCATTGCG CCCYNIAGT GAG[ENEGAT TTG CTG GCC CTG[H88GCG TCG CGG CTGAGC CGC CGC AAG(EEE|GTG[EEAGGC GCG GCC GTC[EEEGTG GCCATG
Mouse ACCATTGCG CCCIVANAGT GAG[EAE|GAT TTG CTG GCC CTG[688 GCGRIFACGG CTG AGC CGC CGC AAGIHeEGTG GCG GGC[dFINGCC GTC[HEld GTG GCCATG
Rat TCClHEdGCCATTGCG CCCIVVAGT GAGIEAEGAT TTG CTG GCC CTG[E8e GCGREEA CGG CTGAGC CGC CGCIVINEEEGTG GCG GGC[E@AGCC GTC[HEdGTG GCC ATG
Guinea pig  TCC[H84GCCATT GCG CCCNIVYITVNGNEGAT TTG CTG GCC CTG|EEeIeai TCG CGG CTGAGC CGC CGC AAG[EEE|GTG GCG GGC GCG GCC GTC[EEEGTG GCCATG
Rabbit TCCGTCGCCATTGCG CCCAAGAGT GAG GAA GAT[BIIE CTG GCC CTG[E88 GCG TCG CGG CTGAGC CGC CGC AAG(EEl6|GTG GCGdHAGTG GCC GTC[HEdGTG GCCATG
Pig chscc ATTGCG CCC AAG AGT GAG[FINE GAT{®16 CTG GCC CTG[e88 6GCG TCG CGG CTGAGC CGC CGC AAGEEEGTG GCG GGC GCG GCC GTC[HEEGTG GCCATG
Dolphin  TCC[d8eACC ATT[INCCC AAG AGT GAG[EA\E| GAT[SIE CTG GCC CTG(88 GCG TCG CGG CTGAGC CGC CGC AAG AGG GTG GCG GGC GCG GCC GTC[6Ele GTG GCCATG
Horse TCAGTCGCCATTGCG CCCAAGAGT [N GAT[S1E|CTG GCC CTG{elee GCGNEN CGG CTG AGC CGC[ITIAAGEEIGTG GCG GGC 6CG GCC GTC[HEEGTG GCCATG
Dog TCC[dF8GCCATT GCG CCCAAGAGT GAG[E I @IE CTG GCC CTG(H8EGCG TCG CGG CTGAGC CGC CGC AAG(HEEIGTG GCG GGC GCG GCC GTC[HedGTG GCCATG
Ferret TCC[H8dGCCATTGCG CCCAAGAGT GAGEAE GAT[S1E|CTG GCC CTG[E88 GCG TCG CGG CTGAGC CGC CGC AAG(ele|GTG[HTIGGC 6CG GCC GTC[HHEGTG GCCATG
Panda TCC[H8dGCCATT GCG CCCAAGAGT GAGEAE GAT[S1E|CTG ACC CTG[E88 GCG TCG CGG CTG AGC CGC CGC AAG[EEl6|GTG GCGHHHCGG CCG CTG[HEE GTG GCC ATG
Megabat  TCC[6866CCATTGCG CCCIVYNAGT GAG GAATNEE ] CTG GCC CTG (e HET TCG[EERICTG AGC CGC CGC AAGHE el GCG GGC GCG GCC GTC[€ElE GTG GCCATG
Microbat  TCCGAC GCCATT GCG CCC AAGAGT GAG[TNE GAT[®(E CTG GCC CTG(H81 GCG TCG(HERICTG AGC CGC CGC AAG(He6|GTG GCG GGC GCG GCC GTC[6Ele GTG GCCATG
Hedgehog [JEeId@dGCCATT GCG CCC AAGITEEGAG GAAITNEEIE CTG GCC CTG(H8dGCG TCG/AEECTG AGC CGC CGC AAGI8 el GTGERIGGC GCG GCC GTC[HEEGTG GCCATG
Shrew —CCGCAACCATTGCG CCCAAGAGT GAG[INEEA & e CTG GCC CTG[eee GCGIYEE CGG CTG AGC CGC CGC AAG[EEEGTG GCG GGC GCG GCC GTC[EAEGTG GCCATG
Elephant  T..[dd8GCCATTGCGCCCAAGAGT GAG[EAE| GAT[SIE CTG GCC CTG (88 GCGpEA CGG CTGIYNECGC CGC AAG el V@I GGC GCG GCC GTC GGA GTG GCCATG
Manatee  T..[686GCCATT GCG CCC AAGAGT GAG[E\E| GAT[SIE CTG GCC CTG(H86 GCGRIEACGG CTGYAE CGC CGC AAGHElenr el {GGC GCG GCC GTC[dHEGTG GCCATG
Aardvark  T..[H8§GCCATTGCGCCCAAGAGT GAG(HAEGAT TTG CTG GCC CTG[E88GCG TCG CGG CTGIYNECGC CGC AAG(Eee e eae GGC[HFIGCC GTC[EEd GTGACCATG
Armadillo  A. . [€€8GCCATT 6CG CCC AAGINTHGAG(HAEGAT[BIECTG GCC CTG[HE8GCG TCG CGG CTGAGC CGC CGC AAG(EEe|GTG[HeNEHa6CG GCC GTC[HedGTG GCCATG
Opossum  GCCGCAACCATT GCG CCCIYNN e GAG(aA T A el eiRIE GCC CTG e el M IIAded CTG AGC CGC AGC AAG[EEEIGTG GTG GGC GCG GCC GTC(HedGTG GCCATG
Wallaby ~ GCCGCAACCATT GCG CCCAAGHEY GAGEAEG S S RMRIEGCC CTGlHaa e aieeece@mVVTE CGC CGC AAG[EEEGTG GTG GGC 6CG GCC GTC[HHEGTG GCCATG

B
Amino acid: * RS C G R R A A R T L LAGPRTLTPGUV PGPAGA AQ S M
Human EETYCGC AGC TGC GGG CGGCGGGCG  GCG  CGC AC TCGCTGGGCCGCGGCTC CCGGGT GTC CCAGGCCCGGCCGGT GCG CAG AGCATG
Chimp TG CGCAGCTGC GGGCGGCGGGCG  GCG  CGC ACA[GE CTCIF®IGGGCTGCGG CTC CCGGGT GTC CCAGGCCCGGCCGGT GCG CAG AGCATG
Gorilla CGA CGC AGC TGC GGG CGGCGGGCG  GCG  CGC ACA[BIECTC GCTGGGCTG CGG CTC CCGGGT GTC CCAGGCCCGGCCGGT GCG CAG AGCATG
Orangutan TGA CGCAGC TGC GGG CGGCGGGCG  GCG  AGT ACACTCCTCGCTGGG CG CGGCTC CCGGGT GTC CCAGGCCCGGCCGGT GCG CAG AGCATG
Gibbon TGA CGC AGC TGC GGG CGG CAG GCG GCGGGCGGAG CGC ACA[SIMERIGCT GGG CTGCGG CTC CCGGGT GTC [Ad8CGCCGGGCC GGT GCGINIAGCATG
Rhesus TGA CGC AGC GGC GGG CGGCGGGCG  GCG  CGC GCACTCCGGG-TGGGTTGCGGCTCCCG GT
Macaque {ITY CGC AGC GGC GGG CGGCGGGCG  GCG  CGC GCA[SI®CGGGCTGGGTTG CGG CTC CCG GGT)
Baboon (T CGC AGC GGC GGG CGGCGGGCG  GCG  CGC GCA[SII8CGGGCTGGGTTGCGG CTC CCG GGT,
Sooty mangabey WY CGC AGC GGC GGG CGGCGGGCG  GCG  CGC GCA[GIYCGGGCT GGG TTGRXECTC CCG GGT

Green monkey TGA CGC AGC GGC GGG CGG CGG GCG GCGGGCGGLG CGC GCAEIEECGAGCTGGGTTGCGG CTC CCGGGT]
Snub-nosed monkey CC AGC GGC GGG CGG CGGGCG GCG CGCCACG[EIECCGGCTGGGTTGCGG CTC CCGGGT)
Red colobus TGA CGC AGC GGC GGG CGG CGCGC~ — ——— ACA[9{8/CCG CCTIEHETTG CGG CTC CCGGGT|
Ma's night monkey  TGA CGC AGA GGC TGG CGG CGG GCG GTG CGT ACACTCCTCGCACCACAGCGGCGCTCTAGT GTTC CCAGGC CCGGCCIEElY GCGRELIENAGCATG
White faced sapajou Y CGC AGA GGC CGG CGG GGG GTG GCG CTC ACACTCGCGCAC CGGCGC TCCAGT GTC CCAGGC CCGGCCIEEs GCGRENENAGCATG
Mouse lemur AGA CGC AG- —-GA GGG CGG CGCGCG GC [&dlcColAEcTCGC-——--AGGGACTC GCGGGG € GCACGCGGGGCG CAC GCG GCGC[dHUATG

Figure 2. Alignment of orthologous upstream regions for C1Q4L and SLC7Ab. (A) The translated upstream region in C1Q4L. The orthologous
sequences are from eutherian mammals. Alignment and colouring adapted from the CodAlignView server and based on the Cactus 241-way mammalian
alignments. Synonymous base changes are shown with a light blue background, non-synonymous changes that would result in conservative amino acid
substitutions are shown with a dark blue background, and non-synonymous changes that would produce conservative substitutions are shown with a
yellow background. Frameshifts are highlighted in orange. Stop codons are highlighted in red. The annotated downstream ATG is shown with a green
background. The detected peptide is shown above the alignment in red font. Potential start codons mentioned in the text are highlighted with a purple
box. Synonymous changes greatly outnumber non-synonymous changes suggesting that this region is under strong selective pressure. (B) The
translated upstream region in SLC7A5. Alignment and colouring as for C71Q4L. The orthologous sequences are from primates only. Most aligned species
have frameshifts or a stop codon. The CTG is only conserved in human.

particularly strict cut-off in Percolator. Even so, at least three
peptides are estimated to be false positive matches, and these
are unlikely to be the only spurious identifications.

The peptides that we identified for N-terminal extensions
in LSP1, MYL6 and XPO1 were directly preceded by stop
codons. The only possible explanation in all cases is that the
match between the peptides and spectra are false positives.
At a Percolator PEP value of 0.001, still a conservative value,
nine of the detected novel peptides would have been adjacent
to stop codons. This highlights the difficulties of controlling
for false positives when working with novel coding regions.

We excluded the upstream regions from LSP1, MYL6 and
XPO1. The remaining 192 translated upstream regions are
listed in Supplementary Table S2. In total, we found 316 pep-
tides for these novel upstream regions (Supplementary Table
S3). Most of the upstream regions that we detected peptides
for (171) were in-frame 5’ extensions (Figure 3A). But we also
found peptides for five upstream ORFs (uORFs) and 16 up-

stream ORFs that overlapped coding sequence but in a differ-
ent frame (u0oORFs).

Detecting a second peptide for the same novel coding re-
gion substantially decreases the probability that the peptide
spectrum matches are false positives (51). Even though many
of the translated upstream regions are relatively short, 71 of
the 192 novel regions (37 %) had the support of more than one
peptide. Eleven of the 21 uORFs and uoORFs were supported
by two or more peptides.

Several other recent studies have identified translation from
upstream translation initiation sites (TIS). For example, Kim
et al. detected peptides for 51 N-terminal exons and 29 uORFs
in their analysis of 30 tissues and hematopoietic cells (29),
and we coincided with 27 of these in our analysis. Our anal-
ysis includes the spectra from the Kim ez al. analysis, some
of the N-terminal extensions we did not confirm may be
from transcripts that have been annotated as coding since
their study. More recently, Zhu et al. (30) found evidence for
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Figure 3. Upstream region types and their cross-species

conservation. (A) A graphical representation of three types of translated
upstream region. Coding exons are represented by thicker boxes,
annotated 5’ exons by narrower boxes. The regions of 5" UTR differently
coloured from the background show the differences between the three
types of translated regions. 5’ extensions start upstream of the coding
exon and run into the coding exon in the same frame, so would generate
a protein with a longer N-terminal. uoORFs begin upstream of the coding
exon and invade into the coding exon in a different frame. They continue
until they reach a stop codon and would produce an entirely different
protein. UORFs also begin upstream of the coding exon and would
produce a different protein, but they reach a stop codon before the
canonical ATG. (B) The cross-species conservation of the 192 translated
upstream regions separated into six bins. Chimp/gorilla includes all
regions only conserved in chimpanzee, gorilla or both. Mammals includes
all translated upstream regions that are conserved across mammals at
least, though at least sixteen have more ancient origins.

53 N-terminal exons in A431 cells and normal tissues, and we
confirmed 36, while Na et al. (52) detected N-terminally acety-
lated peptides from 80 genes, and we confirmed 18 of these 5’
extensions. Finally, Fedorova et al. (31) detected 447 distinct
upstream regions based on ribosome profiling evidence and
PhyloCSF conservation (53), and 92 had proteomics support
(see Supplementary Table S2). Forty eight of the 447 regions
coincided with our translated upstream regions, as well as five
of the ‘not translated’ regions. Oddly enough, just two of the
N-terminal extensions in our set of translated upstream re-
gions (FXR2, KAT7) were detected in all four of the analyses.

In addition to the peptides detected for the translated up-
stream regions, we also detected peptides for a handful of al-
ternative splice variants, pseudogenes, and downstream over-
lapping ORFs. These are detailed in a section dedicated to
novel ORFs in the supplementary results.

Most translated upstream regions are
primate-derived and have near cognate start
codons

We located possible ATG or near-canonical start codons for
all but 3 of the 192 translated upstream regions. We predicted
ATG codons for just 35 regions (17.9%), though nine of 21
(43.9%) uORFs and uoORFs had detectable ATGs. Since we
were limited to the annotated 5’ UTR exons, we may have
missed the start codons for some translated upstream regions,
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Table 1. The conservation of translated upstream regions

Last common ancestor All 5’ ext uORF/uoORF ATG
Human 23 15 8 N
Chimpanzees 14 14 0 3
Gorillas 19 16 3 6
Apes 22 18 4 3
Monkeys 45 41 4 8
Primates 27 26 1 1
Mammals 38 37 1 6
Tetrapoda 4 4 0 3

and it is possible that in some cases there are canonical ATG
codons further upstream. This is certainly true in the case of
SERBP1, where we annotated an ACG start codon. If the an-
notated UTR were extended somewhat, this translated up-
stream region would have an ATG codon. The start codons
that we did not find are likely to be in unannotated 5" exons
of the three genes.

We traced cross-species conservation within the 192 trans-
lated upstream regions. Only 42 (21.9%) were clearly con-
served within mammalian species (Figure 3B, Table 1). Almost
half of these translated upstream regions (45.2%) were also
found in the Fedorova et al. analysis. Another 27 (14.1%) had
reading frames that were conserved across all primate species,
though not in mammals.

Last common ancestor is the most distant clade from hu-
man in which the reading frame of the 5" extension, uORF or
uoOREF is conserved. ATG indicates the numbers of each set
that has ATG start codons.

The remaining 123 translated upstream regions (64 %) ap-
peared not to be conserved across all primate species. They
had multiple premature stops, frameshifts or non-conserved
translation start codons in orthologous upstream regions in
many or all primate species. Twenty-three did not maintain
the coding frame or start codon in any other species (as was
the case with SLC7AS, for example, Figure 1), and more than
a quarter of the translated upstream regions (29.2%) were
not conserved beyond gorilla (Table 1). A majority of the
192 translated upstream regions (51%) have neither evidence
of conservation beyond monkeys nor canonical ATG start
codons and less than 5% have both an ATG start codon and
are conserved across mammals.

We looked for evidence of more distant cross-species con-
servation beyond the Cactus alignments in CodAlignView
among the 42 upstream regions that had at least mammalian
conservation using the NIH BLAST tool (54). We found that
16 of 42 had evidence for conservation beyond mammals, four
in birds and reptiles, five in fish, one in sharks and rays, one in
chordates and five in bilaterian species. We found ATG start
codons for five of these 16 upstream regions (Table 1).

Upstream regions with ATG start codons are
annotated as coding

Previous studies have also found that the vast majority of
unannotated translated upstream regions are translated from
near-cognate start codons instead of the cognate ATG codon
(30). The fact that just 15% of the 5’ extensions that we found
peptides for have an ATG start codon makes sense in the light
of the extensive work put into the manual annotation of the
human genome (4,6). The reason that we find peptides for so
few upstream regions with ATG codons is likely to be that
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almost all upstream ATGs, even those that do not have the
support of cross-species conservation, are already annotated
in the human gene set. In fact, we find 262 coding genes with
ATG-initiated upstream regions that are annotated as coding,
but that are not conserved beyond primates (see Supplemen-
tary results).

Known near-canonical start codons, such as those in genes
EIF4G2,and TEAD1 (55,56), are generally highly conserved.
Although a large proportion of the translated upstream re-
gions have little conservation support, we still found a sur-
prising number of regions with well supported non-canonical
start codons. The translated upstream region in VANGL2 has
an ATA codon with a strong Kozak sequence which is also
almost entirely conserved across all mammalian and tetrapod
species, although in some bird species the start codon changes
to ATT. It is annotated as an ‘Erroneous initiation Extended
N-terminus’ in UniProtKB.

Another clear example is CCDC8, where the upstream re-
gion is composed of 70 amino acid residues, almost entirely
conserved across 241 mammals (Figure 4A). Translation is
initiated from a conserved CTG codon with a strong Kozak
motif. The addition of these 70 residues completes a PNMA
N-terminal RRM-like domain (57). The N-terminal region of
CCDCS8 has strong similarity to the PNMA family, proteins
that have retroviral origins (58). Unlike PNMA genes which
are generally brain and testis restricted, CCDCS is widely ex-
pressed.

Both VANGL2 and CCDCS are now annotated as coding
in GENCODE, though the C1QL4 translated upstream re-
gion is not. A less clear example of a potential non-canonical
initiation site can be found with the gene HELZ2. Here the
translated upstream region adds more than 200 amino acid
residues that would include two zinc finger motifs and would
clearly complete a structural domain (Figure 4B). The up-
stream region is even conserved in Bilaterian species. We pre-
dict that HELZ2 is initiated from a GTG codon with a strong
Kozak sequence. However, although the HELZ2 translated
upstream region is highly conserved, the GTG codon is only
conserved among monkeys. In most, but not all, mammalian
species the equivalent codon is an ATG. Despite this, it is possi-
ble that the true start codon is in a not yet annotated upstream
exon.

Analysis of non-canonical start codons

We predicted near-canonical start codons for 154 translated
upstream regions. Three quarters (74.7%) had start codons
that differed from the canonical in position 1 of the codon,
particularly CTG (70) and GTG (41) codons. There were also
25 start codons that swapped a cytosine for thymine in the
second position of the codon (the ACG codon), but the re-
maining possible non-canonical start codons appeared to be
less frequently used (six ATT, four AGG, three AAG, and one
ATA). That the CTG codon has most evidence fits with previ-
ous findings, since it has been shown to be the most efficient
near-canonical start codon (60).

While many of our translated regions overlapped with those
of previous studies (30,31,52), there was less agreement than
might be expected on the start codons. Among the 48 re-
gions identified both here and in the Fedorova study (31),
just 19 had the same start codon. One curious result was
that Fedorova et al. detected evidence for upstream regions
for genes C1QL3 and C1QL2, but not C1QL4 (Figure 2A).
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The authors predict CTG and GTG start codons for these two
genes, while we predict an ATT start codon for C1QL4. Un-
like the other two potential start codons, the potential ATT
start codon is preserved in all three genes and also in gene
C1QL1. In all four genes, this ATT start codon is conserved
across mammals and it also appears to be conserved in the
earliest vertebrates (Supplementary Figure S1). This suggests
that all C1QL genes use the same non-canonical upstream TIS.
Another family with known near cognate start codons is the
transcriptional enhancer family. It seems likely that TEADI,
TEAD3 and TEAD#4 also all use the same non-canonical start
codon, a start codon that is conserved in sharks and rays
(Supplementary Figure S1).

Only ten of the 20 regions highlighted both in our analy-
sis and the Na et al. study (52) had the same start codon. Two
genes even had different predicted start codons in our analysis
and in those of Fedorova and Na. These were KCTD3 (CTG,
TTG and GTG) and HDGF (ATT, TTG and GTG). This illus-
trates the difficulty in determining the exact start codons when
multiple non-canonical start codons are available. Agreement
on the predicted start codon was stronger between our anal-
ysis and the Zhu et al. study (30), though still not perfect.
Thirty of the 37 translated upstream regions common to the
two studies had the same start codon.

Translated upstream regions have an elevated
GC-content
The mean GC-content of the entire human genome is 41%
(12), but GC-content rises to 52.3 % among coding exons (61),
with the first exon having the average highest GC-content. The
GC-content of 5 UTR is even higher—it is 58.3% over GEN-
CODE v36 5 UTR. Curiously, functionally relevant coding
transcripts have higher GC-content than less functionally rele-
vant transcripts. The GC-content of the 5" UTRs of transcripts
tagged as APPRIS principal (59.8%) or alternative (59.9%)
was substantially higher than that of the 5’ UTR of minor
transcripts (57.2%). Transcripts tagged as minor by APPRIS
make up a large majority of annotated coding transcripts.
Remarkably, GC-content of the 5" UTRs from genes with
translated of upstream regions, was higher still, 69.4% of the
bases in exons housing translated upstream regions were ei-
ther guanine or cytosine (Figure SA). This is an exceptionally
high GC-content, a third higher than the average for coding
exons (52.3%), and more than two thirds higher than the av-
erage of the whole genome. This high GC-content may partly
explain the bias towards non-canonical start codons. Regions
with high GC-content will also have longer ORFs because
there will be fewer stop codons.

Genes with translated upstream regions are highly
expressed

We used the total number of peptide-spectrum matches (PSM)
detected across the five large-scale analyses as a proxy for
protein level expression. Although the total number of PSM
detected is partly related to protein length, it also indicates
whether a protein product is widely expressed.

Over the five large-scale experiments the mean PSM per
gene for the 14 888 genes that we detected peptides for was
425.2. By way of contrast, the 191 genes with evidence of up-
stream translation had an average of 762.3 PSM per gene. All
the difference was due to the genes with 5" extensions; the 21
genes with detected peptides for uUORFs and uoORFs had an
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A

Amino acid
Human

EILKTLEKSHVGGWFPWGFLPSPDCLILWSVPDVCKDVDLDVLVEALKPVGTFKEKIGKVFRKEEDSTVGM
AG ATC TTA AAG ACT CTC GAG AAA AGC CAC GTG GGG GGC TGG TTC CCC T66 GGC TTC CTG CCG TCC CCC GAC TGC CTC ATT CTT T66 AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC GTC CTC GTG GAA GCC CTAAAG CCC GTG GGG ACA TTT AAG AAG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG GTG GGG,
Chimp ‘CTG GAG ATC TTA AAG ACT CTC GAG AAA AGC CAC GTG GGG GGC T6G TTC CCC TGG GGC TTC CT6 CCG TCC CCC GAC TGC CTC ATT CTT TGG AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC GTC CTC 6TG GAA GCC CTA AAG CCC GTG GGG ACA TTT AAG AAG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG GTG GGG
Gorilla CTG GAG ATC TTA AAG ACT CTC GAG AAA AGC CAC TG GGG GGC T6G TTC CCC TGG GGC TTC CT6 CCG TCC CCC GAC TGC CTC ATT CTTTGG AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC 6TC CTC 6T6 GAA GCC CTA AAG CCC GTG GGG ACG TTT AAG AAG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG TG GGG,
Orangutan (CTG GAG ATC TTA AAG ACT CTC GAG ARA AGC CAC GTG GGG GGC T6G TTC CCC TG GGC TTC CTG CCG TCC CCC GAC TGC CTC ATT CTT TG AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC GTC CTC 676 GAA [T AAG CCC GTG GGG ACA TTT AAG ARG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG GTG GGG
Gibbon CT6[FHIATC TTA AAG ACT CTC GAG AAA AGC CAC TG GGG GGC TGG TTC CCC TGG GGC TTC CTG CCG TCC CCC GAC TGC CTC ATT CTTTGG AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC GTC CTC GTG GAA GCC CTA AAG CCC GTG GGG ACA TTT AAG AAG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG GTG GGG,
Rhesus CTG GAG ATC TTA AAG ACT CTC GAG AAA AGC CAC GTG GGG GGC T6G TTC CCC TGG GGC TTC[SI8 CCG TCC CCC GAC TGC CTC ATT CTT TGG AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC GTC CTC 676 GAA GCC CTAJNI cCC GTGEEIJACA TTT AAG AAG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG GTG GGG,
Macaque CTG GAG ATC TTA AAG ACT CTC GAG AAA AGC CAC TG GGG GGC TGG TTC CCC TGG GGC TTC |88 CCG TCC CCC GAC TGC CTC ATT CTTTGG AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC GTC CTC GTG GAA GCC CTARUH CCC GTG(SELJACA TTT AAG AAG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG GTG GGG,
Baboon CTG GAG ATC TTA AAG ACT CTC GAG AAA AGC CAC GTG GGG GGC TGG TTC CCC TGG GGC TTC 818 CCG TCC CCC GAC TGC CTC ATT CTT TGG AGC GTC CCC GAT GTC TGC AAA GAT GTG GAT TTG GAC GTC CTC 6TG GAA GCC CTARUN CCC GTG(SELYACA TTT AAG AAG ATC GGC AAG GTG TTC CGC AAG GAG GAG GAC TCC ACG GTG GGG
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Figure 4. Conserved upstream regions extend functional domains. (A) The translated upstream region in CCDC8. The orthologous sequences are from
eutherian mammals. The alignment and colouring adapted from the CodAlignView server and based on the Cactus 241-way mammalian alignments.
Synonymous base changes are shown with a light blue background, non-synonymous changes that would result in conservative amino acid substitutions
are shown with a dark blue background, and non-synonymous changes that would produce conservative substitutions are shown with a yellow
background. The annotated downstream ATG is shown with a green background. The detected peptide is shown above the alignment in red font. The
start codon is highlighted with a purple box. (B) The Alphafold (59) model for coiled coil domain containing 8 from Iberian lynx downloaded from UniProt
(AOA485NL47) with the novel human N-terminal sequence painted onto the structure. The novel region coded by the translated upstream region (in
yellow) completes a PNMA N-terminal RRM-like domain. (C) The Alphafold model for Helicase with zinc finger 2 (from gene HELZ2) from Pallas’ mastiff
bat downloaded from UniProt (AOA7J8HGE4) with the novel human N-terminal sequence painted onto the structure. The novel region coded by the
translated upstream region (in yellow) completes a globular structural domain.
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Figure 5. Translated upstream region characteristics. (A) Distribution of the GC-content of the exons containing the translated upstream regions (blue)
versus principal 5" UTR (yellow) and principal coding transcripts (green). (B) The proportion of PSM in three types of proteomic experiments, tissues, cell
lines and biopsies for genes with upstream translations. PSM have been divided into four groups by age of translated upstream regions, either
non-conserved (<50 MYA) or conserved at least in Strepsirrhini (=75 MYA), and by whether the peptide mapped to the annotated gene (Canonical) or to
the upstream region (TUR). (C) Protein expression and Kozak strength. Plots the percentage of the PSMs for genes that map to the N-terminal
extensions versus the strength of the Kozak motif for four different start codons (ACG, ATG, CTG and GTG). (D) Non-synonymous to synonymous ratios
(NS/Syn) for rare and common alleles for all translated upstream regions, for recently evolved translated upstream regions (<50 million years) and for

translated upstream regions conserved at least in Strepsirrhini (>75 MYA).

average of 411.4 PSM per gene, close to the average for all
detected genes.

Genes that produce N-terminally extended isoforms are
much more highly expressed than other genes. The 170 genes
with 5’ extensions had an average of 808.4 PSM per gene,
almost double that of the background. The difference was
even more obvious with non-conserved N-terminal exten-
sions. Genes with 5 extensions that have no evidence of con-
servation beyond primates had a mean of 866.7 PSM per gene.
This is more than double the PSM of background genes, and
only a little over 2000 genes had more PSM than this in our
analysis.

The fact that we are detecting peptides for N-terminal ex-
tensions for the most highly expressed genes suggests two
things. Firstly, that the upstream start codons that produce
the N-terminal extensions in these genes are not used exclu-
sively and may even be used much less frequently than the
canonical start codons. Secondly, it is reasonable to assume
that there will also be translation of 5" extensions in less highly
expressed genes, but our proteomics analysis is not capable of
detecting it. Proteomics experiments struggle to detect pep-
tides from proteins that have low expression levels (62).

Tissue specificity of translated upstream regions

The five large-scale experiments that we analysed interrogated
a total of 43 tissues, 6 cell lines and 3 patient samples. In our
analysis, the vast majority of the PSM that mapped to an-

notated coding exons came from normal tissues. Just 17%
of the detected peptides were from cell lines. The cell line
samples were among the experiments with most PSM over-
all, but they were dwarfed by the PSM from brain and testis
(Supplementary Figure S2).

Almost half, 46.3%, of the PSM that we detected for trans-
lated upstream regions were detected in the 6 cell lines, more
than twice as much as would be expected. This agrees with
the results of Zhu et al., who found evidence for more than
four times as many N-terminal extensions in A431 cell lines
as there were in normal tissues.

Once again, we separated translated upstream regions with-
out cross-species conservation from those that were conserved
and found differences between the two sets (Figure 5B). For
genes with translated upstream regions that are conserved
across all primates the proportion of PSM detected in cell
line experiments was 17.7% for peptides that mapped to an-
notated principal isoforms (close the average for all genes)
and 44.4% for peptides that mapped to translated upstream
regions. Peptides for translated upstream regions were de-
tected more than twice as often in cell lines. For genes with
translated upstream regions that are not conserved across pri-
mates, just 11.4% of the PSM from peptides that map to anno-
tated principal isoforms were detected in cell line experiments
against 48% of the PSM for peptides that map to the trans-
lated upstream regions, Non-conserved translated upstream
regions are detected more than 4 times as often in cell lines as
the principal isoforms for the same genes.
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Evidence for tissue-specific expression of these upstream re-
gions was weak. Where we could measure it, the tissue speci-
ficity of the upstream regions followed that of the gene in al-
most all cases. Tissue specificity is discussed in more detail in
the Supplementary results.

Kozak sequence strength affects translation

We found translation initiation sites for 189 of the trans-
lated upstream regions, including all the uORFs and uoORFs.
Eighty-one translation initiation sites had strong Kozak se-
quences, another 94 had moderate Kozak sequences and 14
had weak Kozak sequences. To estimate whether the strength
of the Kozak sequence had any effect on the relative transla-
tion of the upstream regions, we divided the translation initi-
ation sites of the 168 5" extensions we found translation ini-
tiation sites for by the strength of their Kozak sequence and
calculated the percentage of PSMs detected for the translated
upstream regions as a percentage of the PSM detected for the
genes as a whole.

Those translated upstream regions with weak Kozak se-
quences produced an average of 6.8 PSM per translated up-
stream region, which was just 0.78% of the PSM detected
for the corresponding genes, while we found 10.4 PSM per
region for translated upstream regions with moderate Kozak
sequences (1.16% of all PSM from the corresponding genes).
Regions with strong Kozak sequences produced more than
double the PSMs as the weak Kozak sequences, reaching 15.5
PSM per translated upstream region (2.09% of all PSM de-
tected for the genes). The rule held true for each of the four
most common start codons (ACG, ATG, CTG and GTG, see
Figure 5C). Stronger Kozak sequences produced more trans-
lation of upstream regions than weaker Kozak sequences in
our analysis.

Are translated upstream regions undergoing
purifying selection?

Recently derived coding exons have little or no evolutionary
track record to support their functional importance. However,
human germline variation can shed light on whether a group
of exons is currently under selection pressure.

The translated upstream regions that we detected peptides
for can be divided into two groups, those that have clear ev-
idence of purifying selection among distantly related species,
and those that do not. A total of 42 translated upstream re-
gions are clearly conserved in mammals and so have been
under negative selection pressure. Most other translated up-
stream regions have frameshifts or stop codons in aligned or-
thologous regions in monkeys, in apes and sometimes even in
great apes, so have little evidence of cross-species conservation
among other species.

The fact that these upstream regions are translated suggests
that these regions may be functionally relevant in humans. We
can test for evidence of purifying selection in the translated
upstream regions by analysing the numbers of germline vari-
ants that would be synonymous and non-synonymous if the
region was coding. In the case of the 42 translated upstream
regions conserved at least across mammals, we would expect
to detect evidence of purifying selection, as long as the trans-
lated upstream regions are still functionally important. In the
case of those with little evidence of cross-species conservation,
we would expect to find evidence of purifying selection only
if regions have gained sufficient functional importance.
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We analysed non-synonymous to synonymous (NS/Syn) ra-
tios for variants in all 192 translated upstream regions, a to-
tal of 694 variants. Over all 192 regions, we found that the
NS/Syn ratio was slightly lower for commonly found alleles
(1.8) than they were for more rare alleles (2.16), suggesting
that at least some of the translated upstream regions are func-
tionally relevant in humans (Figure 5D). This difference was
not significant.

We divided the translated upstream regions into two
groups, those that were conserved across mammals or at least
conserved across all primates (including Strepsirrhini), and
those that were not. For the mammal and primate conserved
translated upstream regions the NS/Syn ratio for common al-
leles was half that of rare alleles (1.25 versus 2.49). Although,
there were only 54 common variants, too few to detect sta-
tistical evidence of purifying selection among the conserved
translated upstream regions using dndscv (63), a Fisher exact
test found that the distribution of non-synonymous and syn-
onymous variants was marginally significantly different be-
tween the common and rare alleles (0.04), confirming that at
least some of the conserved translated upstream regions are
functionally relevant, as we would expect.

At the same time, translated upstream regions not con-
served beyond simians had almost identical NS/Syn ratios for
rare (2.03) and common (2.07) alleles. There was no evidence
for purifying selection among these translated upstream re-
gions. These regions also had eight potentially high impact
frameshifting variants in common alleles. It appears that few,
if any, of the non-conserved translated upstream regions have
gained functional relevance as proteins.

We also analysed NS/Syn ratios for variants for the 262
non-conserved upstream regions with ATG start codons that
are annotated as coding in the GENCODE v36 reference set.

We found that there was no evidence for purifying selection
in these upstream regions either (Supplementary Figure S3).

Annotating translated upstream regions as part of
the human gene set

Since we carried out the analysis, several translated upstream
regions have been annotated as coding in the human gene
set. Ensembl/GENCODE have principally annotated trans-
lated upstream regions with conservation support, irrespec-
tive of the start codon, for example transcripts in VANGL2
(conserved in fish species, ATA start codon), SFPQ (mammals,
GTG), H1-10 (mammals, CTG), FXR2 (mammals, GTG),
CYTH?2 (reptiles, CTG) and CCDCS (fish, CTG) have been
added.

Translated upstream regions are also annotated in the Ref-
Seq gene set. Curiously, the two annotation projects seem to
have had different annotation criteria because RefSeq have
mainly annotated translated upstream regions with ATG start
codons, whether these regions have conservation evidence
or not. These include RANGAPI (conserved in mammals),
SPATA31A1 (monkeys), NABP2 (chimpanzee), TPST2 (ATG
only conserved apes), USP10 (ATG only in great apes), and
SHANKS3 (a uoORE, and conserved only in human).

The GRIN2A uoORF is the only translated uoORF that
is conserved in mammals. Not only is the reading frame con-
served, but there is also evidence of cross species purifying
selection. The uoORF has two potential conserved ATG start
codons. Both with medium strength Kozak motifs that if trans-
lated would produce polypeptides of 57 or 109 amino acids.
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Since the peptide we detect for the GRIN2A uoORF overlaps
the downstream ATG, the peptide supports only the upstream
ATG (Figure 6A).

GRIN2A produces glutamate-binding subunits for the
NMDA receptor/ion channel involved in neurite develop-
ment, synapse formation and synaptic plasticity (66). NMDA
receptors are tetramers made up of two GluN1 monomers
and two regulatory GluN2 subunits. There are four GluN2
genes, GRIN2A, GRIN2B, GRIN2C and GRIN2D, and the
two GluN2 subunits in the NMDA receptor can be a combi-
nation of any two of the four GluN2 proteins (66). Variants
in GluN2 genes are implicated in a range of developmental
disorders (67).

The precise combination of GluN2 regulatory subunits
within NMDA receptors depends on cell type and develop-
mental stage. GluN2B and GluN2D subunits are most com-
mon during early development, while GluN2A and GluN2C
production increases after birth. This shift from GluN2B to
GIluN2A occurs at different time frames in different tissues
(68). Curiously, GRIN2B also has a conserved uoORF that
overlaps the canonical ATG (Figure SA). Since both genes have
conserved uoORFs, it may be that the uoORFs are involved
in the regulation of expression of GIluN2 subunits.

If translated the GRIN2B uoORF would be 80 amino acids
residues in length. Despite the coincidence between the two
uoORFs, there is no obvious homology. The GRIN2B uoORF
is in a different frame to the GRIN2A uoORF (relative to the
coding frame), and the GRIN2B uoOREF overlaps the LIVBP-
like domain, while the GRIN2A uoOREF does not (Figure SA).

Unlike the GRIN2A uoORE the GRIN2B uoORF ap-
pears not to be under purifying selection. Many single nu-
cleotide differences in GRIN2B uoORF orthologues are non-
synonymous even though the ORF is conserved. For exam-
ple, 15 of the 20 single nucleotide differences between the
GRIN2B uoORF and the mouse orthologue would produce
radical amino acid changes according to Codalignview, and
just one would be synonymous.

The upstream region detected in NHSL1 (Nance-Horan
Syndrome-like 1) is annotated in RefSeq, but not yet in
Ensembl/GENCODE. It would extend the N-terminus of an
alternative NHSL1 isoform. The novel upstream region is con-
served in orthologues across the bilaterian clade and the ATG
and the dozen amino acids that follow are remarkably con-
served in species as distant to humans as sea cucumber, mol-
luscs, beetles and spiders. Peptides for the NHSL1 N-terminal
region have been reported previously (69).

Both the novel extended alternative N-terminus and
the N-terminus of the principal isoform of NHSLI,
ENST00000427025, are homologous to the N-terminal
coiled coil from WASF1 (Wiskott-Aldrich syndrome protein
family member 1). The WASF1 protein is part of the Arp2/3-
regulating WAVE complex (see Figure 6B) and NHSL1 has
been shown to negatively regulate WAVE-Arp2/3 activity and
inhibit cell migration (70). This shared homology shows that
the two alternatively spliced N-termini arose by tandem exon
duplication (71). Tandem duplicated exon substitution events
are mostly ancient (the NHSL1 duplication can be traced back
to the Chondrichthyes clade) and likely to have played impor-
tant roles in the evolution of tissues and organs (72).

The NHSL1 protein without the N-terminal interacts with
one the members of the WAVE complex, ABI1, via the ABI1
SH3 domain (70), but the homology of the NHSLI N-
terminals to the N-terminus of WASF1 suggests that NHSL1-
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mediated WAVE complex inhibition may also be facilitated
through the interaction with the N-terminal coiled coil do-
mains of the ABI interactor proteins (Figure 6B).

Two 5’ extensions with both mammalian conservation and
ATG start codons (MROHS8 and WWC3) have been anno-
tated by both Ensembl/GENCODE and RefSeq. However,
both extensions require a change of frame to incorporate
both the ATG and peptides. For example, the 5" extension
in WWC3 involves two exons and contains a WW domain
that gives the gene its name and that is highly conserved even
across the protostomia clade (Figure 6C). The WW domain
is important for interaction with DVL2 and LATS1 and has
an important role in promoting Hippo signalling (73). The
upstream ATG that precedes the translated upstream region
certainly seems to have been the ancestral start codon, but
a frame-shifting deletion in the first exon specific to humans
means that much of the region (including the WW domain)
cannot be translated in frame, putting the coding sequence in
doubt (Figure 6D). We find peptides upstream of the frame
shift and peptides downstream of the frameshift, but if the
reference sequence is to be believed, these peptides must have
been produced from different frames. There are also peptides
in the PeptideAtlas database (74) that cross the indel that
causes the frameshift (Figure 6D), so there is considerable ev-
idence that much of the population produces a protein that is
not affected by the frameshift.

At present both RefSeq and Ensembl/GENCODE have
made a compromise by annotating a two-base deletion in the
middle of the upstream exon to account for the frameshift
(the PeptideAtlas peptides suggests that there is really a single
base insertion). There is an indel variant that would restore the
frame (rs1338690519), but it is annotated as being present in
1% or less of the population. Unless there is human-specific
ribosomal frameshifting for this exon (unlikely), a different
explanation will have to be found to explain all the upstream
peptides in WWC3.

Discussion

We detected evidence for translation from 192 distinct 5’ un-
translated regions (5" UTR) regions in large-scale proteomics
experiments. There was considerably more peptide evidence
for the translation of 5" UTR than for any other type of pre-
dicted novel sequence. Most of these translated regions have
stop codons or frameshifts across mammalian species and
most would initiate from non-canonical start codons. The
abundance of evidence for upstream translation (29-31,52),
the use of non-canonical start codons (28,30,31,52) and the
lack of cross-species conservation (31) have all previously
been reported.

Almost 90% of the translated upstream regions were in-
frame with the downstream coding sequence so would pro-
duce proteins with extended N-terminal regions. The mean
protein expression of genes with these extended N-terminal
regions was twice that of the other genes which we detected
peptides for. This suggests that the translated upstream regions
we detect are only the tip of the iceberg. It would not be a sur-
prise to find that thousands of genes produce can proteins with
extended upstream regions.

Given the apparent high frequency of upstream translation,
it is important to know whether it has any adaptive benefit
or whether it is neutral in nature (75,76). Excess upstream
translation may have costs for the cell (76) including wasting
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Figure 6. Translated upstream regions in GIuN2 genes, in NHSLT and in WWC3. (A) uoORFs in GRIN2A (yellow) and GRIN2B (blue). For each gene
there are two sets of exons, the upper set (darker shade) shows the potential coding region of the uoORF, the lower set, the first coding exon of the
principal transcript for each gene. Potential coding exons are shown as wide boxes, non-coding exons are more narrow boxes, and introns are black
lines. Exons and introns are not to scale. Potential ATG codons are shown as green bars, conserved stop codons as red bars. The frame of each coding
ORF is shown (compared to the principal coding exon, which is frame 0). The dark green blocks show where the translation of the LIVBP-like domain
(PBP1_iGIUR_NMDA_NR2) would start in the principal transcript. The red horizontal line indicates the position of the peptide detected for the GRIN2A
uoOREF. (B) The resolved cryo-EM structure of the WAVE regulatory complex (PDB: 7usc, (64)) with the sequence of the NHSLT N-terminal extension
mapped onto the homologous WASFT protein. The WASFT protein is in blue and yellow, dark blue where it is homologous to the sequence of the
NHSL 1 isoform, yellow where it is similar to the NHSL 1 translated upstream region, and light blue where there was no detectable homology. Homology
determined with the HHPRED server (65). The other visible proteins in the complex are the CYFIP1 protein (light green), the BRK7 protein (orange) and
the ABI2 protein (teal). (C) The Alphafold model for N-terminus of the complete WW(C3 protein downloaded from UniProt (T2C6S4) with the novel
human N-terminal sequence painted onto the structure. The novel region coded by the translated upstream region (in yellow) completes a WW domain.
(D) The upstream exons of WW(C3 (not to scale), with the positions of the upstream and downstream ATGs and the two-base gap marked. Peptides
detected for the upstream region mentioned in the text are shown above the exons. Peptides found in our analysis are in red, gap-spanning peptides
found in PeptideAtlas in blue.
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cellular resources, attenuating gene function even if the pro-
tein product is not toxic. It is known that ATG codons are re-
duced in number upstream of canonical ATG codons (77,78),
so upstream translation is selected against in some genes at
least.

The novel upstream regions that we detected peptides for
have many features that would not normally be considered in-
dicative of coding regions. More than three-quarters are likely
to initiate in non-canonical translation initiation sites, for ex-
ample. Although most of the non-canonical start codons were
not conserved beyond primates, we find non-canonical start
codons for 33 translated upstream regions that are conserved
in mammals. Non-AUG start codons have been shown to gen-
erate proteins in a handful of genes, for example EIF4G2 (56),
which has a role in leaky scanning (79), and TEAD1 (55), but
our results suggest that non-canonical start codons may be
more commonly used than thought.

Some of the upstream regions can be traced back to the
mammalian lineage and five have equivalent regions in Bila-
teria. In a number of cases, the upstream regions would com-
plete missing structural and functional domains. This group
of sequences appears to be under purifying selection (though
we lack sufficient variants to confirm this). These are coding
regions that were missed by gene annotators until now.

However, most translated upstream regions have little evi-
dence of cross-species conservation. Equivalent regions across
multiple primate species have stop codons or frameshifts that
would disrupt them. More than a quarter have no evidence of
coding conservation beyond great apes. These non-conserved
upstream regions have remarkably high GC-content, allow-
ing longer potential coding regions without stop codons and
promoting the generation of near-cognate translation initia-
tion sites. Among these upstream regions there is no evidence
of purifying selection at all, which suggests that few, if any,
of these regions are under functional constraint. Genes with
these regions are among the most highly expressed at the pro-
tein level, and it is noticeable that the peptides that we detect
are disproportionately enriched in cancer cell line experiments
(48% versus a background of 11.4%). Given that translation
is known to be dysregulated in cancer cells (27,80,81), it indi-
cates that at least a certain proportion of these peptides may
be the result of an aberrant translation process.

Although some translation from these non-conserved up-
stream regions might be explained by aberrant translation,
most of the PSM that we detected for these regions came
from normal tissues. Since our results suggest that most non-
conserved translated upstream regions are unlikely to have
adaptive benefits, the most parsimonious explanation for their
translation to protein is that translation is the result of an in-
efficient translation initiation step.

As part of the canonical translation process, the ribosome
binds upstream of the start codon and then scans the mRNA
for possible start codons (82,83). If the recognition of the start
codon is not efficient, we would expect there to be low-level
translation from upstream regions. In proteomics experiments
we would expect to detect this low-level translation only in
highly expressed genes. This appears to be exactly what is
happening.

Low-level translation of non-coding regions will be permit-
ted if the cost to the cell is minimal. Only the more deleterious
errors are selected against because the cost of preventing all
erroneous translations is high. However, the fact that these re-
gions are translated means that some upstream regions may
become useful components of the cell with time. The patterns
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of human germline variation that we find suggest that some
of the translated upstream regions that are conserved in mam-
mals, or at least across all primates, may have gained cellular
roles in this way.
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